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Abstract 

 
The ageing of high density polyethylene geomembrane (GM) liners used to 

minimize advection and diffusion of contaminants in municipal solid waste landfill 

leachate and in hydrocarbon spills to the environment is examined. 

The evaluation of the ageing of GMs used in landfills involved four components. 

First, a laboratory-accelerated ageing investigation of a GM exposed to air, water and 

leachate at elevated temperatures. Service life of a GM (Stage I: Antioxidant depletion, 

Stage II: Induction, and Stage III: Polymer degradation) is examined. The results 

demonstrate the critical role of antioxidants in protecting against oxidative degradation. 

The service life of the GM is predicted. Second, a study was conducted to provide an 

estimate of Stage I for a GM in a composite liner. The results indicated that immersion 

tests are too severe and the service life is substantially greater for a GM in composite 

liner than implied by leachate immersion tests. Third, a comparison of ageing with three 

different “protection” layers between the GM and overlying gravel and leachate is 

reported. A slower antioxidant depletion rate is observed when geotextile-geosynthetic 

clay liner and geotextile-sand-geotextile are applied than with a typical geotextile alone. 

This could be partially attributed to the attenuation of leachate constituents by the 

protection layer as well as the buildup of antioxidant concentration on either side of GM 

thereby reducing the concentration gradient and outward diffusive flux of antioxidants. 

Fourth, diffusion modelling is used to evaluate the results from immersion and composite 

liner simulation tests. Diffusion modelling provided a means for predicting the 

performance of the GMs in conditions other than the typical test conditions. 
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The evaluation of the ageing of GM used in barrier system for hydrocarbon 

involved two components. First, untreated and fluorinated GMs immersed in jet fuel were 

tested. Results show that antioxidants depleted at slower rate from fluorinated GM than 

untreated GM. This suggested a significant beneficial effect of fluorination. Antioxidant 

depletion time is predicted at field temperatures. Second, the time dependant change in 

GM samples used at jet fuel containment site constructed in 2001 is reported. The GM is 

shown to be performing very well. 

 

Key Words: ageing of geomembrane, antioxidants, durability, fluorinated, HDPE 

geomembrane, jet fuel, landfill, leachate, performance of geomembrane, service life. 
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Chapter 1 
Introduction 

 

1.1 Problem Definition 

To minimize environmental impact, modern waste disposal facilities typically 

include an engineered landfill with a barrier system to control the outward migration of 

contaminated water (known as “leachate”). Leachate is generated in landfills due to 

percolation of water through waste and waste biodegradation.  For a landfill with a single 

liner, a barrier system typically involves, from top down: (1) a gravel leachate drainage 

layer (for leachate collection); (2) a geosynthetic protection layer (to minimize damage to 

the underlying liner by overlying gravel); and (3) a composite liner comprised of a high 

density polyethylene (HDPE) geomembrane (GM, a manufactured plastic sheet typically 

1.5-2.5 mm thick) and either a geosynthetic clay liner (GCL, about 10 mm thick layer of 

bentonite clay typically encased between two geotextiles) and/or a compacted clay liner 

(CCL, about 0.6 to 1.2 m thick). 

HDPE GMs are extensively used in composite landfill liners because of their 

excellent ability to reduce advective and diffusive flow of contaminants out of the landfill 

(Rowe 2005; Cartaud et al. 2005; Barroso et al. 2006; Touze-Foltz et al. 2006). HDPE 

GMs have relatively high chemical resistance to leachate components (Haxo, 1990; Haxo 

and Nelson 1984; Tisinger et al. 1991). Field evidence suggests that the properties of a 

GM change with time due to ageing (Schmidt et al. 1984; Hsuan et al., 1991; Brady et al. 

1994; Rollin et al., 1994; Rowe et al 1998). Ageing has implications for the long-term 

performance of a GM used as a barrier to contaminant transport. Degradation of GMs 
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properties has also been observed in simulated laboratory ageing studies (e.g.  Hsuan and 

Koerner 1998; Sangam and Rowe 2002; Müller and Jakob, 2003; Gulec et al. 2004). 

Oxidation is the principal mechanism of chemical ageing for HDPE GMs (Grassie and 

Scott 1985).  Antioxidants are added in the GM during manufacturing to prevent the 

harmful oxidative reactions and increase service lives. HDPE GM degradation is 

envisaged as having three distinct stages (Hsuan and Koerner 1998), antioxidant 

depletion (Stage I), induction time to the onset of polymer degradation (Stage II) and 

polymer degradation (Stage III) involving the decrease in a GM property to an arbitrary 

level, often taken to be 50% of the original value. The sum of the three stages is regarded 

as the service life of GM. During the antioxidant depletion stage oxidative induction time 

(OIT) is typically monitored as an index measure of the amount of antioxidants present in 

the GM. In the polymer degradation stage changes in melt flow index (MFI), stress crack 

resistance (SCR) and tensile properties are of importance (Rowe and Sangam 2002). 

Among these, stress cracking is likely to have the greatest impact on the actual service 

life of HDPE GM. Semi-crystalline HDPE GMs are known to be susceptible to stress 

cracking, which is external or internal cracking in plastic induced by a tensile stress less 

than its short-term mechanical strength (ASTM D883, Hsuan and Koerner, 1993). Stress 

cracking occurs in a brittle manner with little or no elongation near to the crack surface 

(Hsuan and Koerner 1993). One can anticipate that the oxidative degradation of HDPE 

with time will cause reduction in SCR. The decrease in SCR combined with tensile 

stresses will lead to cracking in the GM. Thus following extensive cracking GM would 

no longer act as an effective contaminant barrier. 
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Since the contaminating lifespan of most modern landfills is large (typically 

hundreds of years or more for large modern landfills, Rowe et al. 2004), it is of the 

interest to landfill designers and regulators to know how long GM will function as 

designed. Thus it is important to assess the long-term performance and deduce the service 

life of the GM for typical exposure conditions, which in a landfill involves adverse 

chemical exposure, elevated temperatures and physical stresses. 

The most reliable way of assessing the length of the three stages and hence the 

service life of the GM would be to exhume samples from the field at different time 

intervals over the service life. However, this is not feasible due to the long time it would 

take to obtain useful results under field conditions. Consequently, laboratory-based 

accelerated ageing tests are used to assess the service life with the emphasis to date being 

on Stage I (Hsuan and Koerner 1998; Sangam and Rowe 2002; Müller and Jacob 2003; 

Gulec et al. 2004). 

HDPE GM can also play an important role in barrier systems designed to 

minimize contaminant migration from hydrocarbon spills. A composite liner comprised 

of a fluorinated high-density polyethylene (f-HDPE) GM and GCL has been used to 

control the migration of jet fuel spill on Brevoort Island in the Canadian Arctic since 

2001 (Bathurst et al 2006). Hydrocarbons in jet fuel pose a threat to the ground and 

surface water at many hydrocarbon contaminated sites worldwide and the problem can be 

especially severe when the spill is near a body of water that could be contaminated; 

especially in environmentally sensitive environments such as the Arctic. When exposed 
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to jet fuel, GMs may experience a change in properties with time. Thus estimate of the 

service life of a GM used at the hydrocarbon-contaminated sites is required. 

The effect of GM immersion in air, water, municipal solid waste leachate, 

industrial waste leachate, acid mine drainage leachate and some hydrocarbons on the 

ageing and physical properties of HDPE GM have been investigated (e.g., see Rowe et al. 

2004; Gulec et al. 2004; Koerner 2005; and Müller 2007). However, there is a paucity of 

information concerning the long-term performance of GMs exposed to jet fuel. There is a 

need to investigate the effects of interaction of GM with jet fuel and impact of the 

climatic conditions in the Arctic on the GMs. 

1.2 Scope of Thesis 

This thesis is undertaken to address questions regarding the ageing of HDPE GM 

liners used in a MSW landfill and hydrocarbon spill containment applications. The 

general objective of the research is to investigate the potential long-term performance of 

HDPE GM liners. The work mainly involves interpretation and modelling of the results 

of various laboratory-accelerated ageing experiments conducted at typical exposure 

conditions.  

The examination of the ageing of HDPE GM liners in MSW landfill applications 

has four components: (1) an investigation of ageing, degradation and service life of a GM 

exposed to air, water and synthetic leachate; (2) a study to provide an improved estimate 

of antioxidant depletion stage of a GM in a simulated composite liner configuration, and 

comparison with traditional leachate immersion test; (3) a study to compare the effect of 

three “protection” layers between the GM and overlying gravel-leachate layer; and (4) a 
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study to develop and apply diffusion modelling techniques to evaluate accelerated ageing 

test results on antioxidant depletion from immersion and composite liner simulation test 

in order to  provide means for predicting the performance of GMs other than in typical 

test conditions. 

The evaluation of the ageing of GM used in barrier system for hydrocarbon 

containment involves two components: (1) a laboratory investigation on ageing of 

various untreated and fluorinated HDPE GMs exposed to jet fuel; and (2) laboratory 

examination of field exhumed HDPE GM samples used in jet fuel containment 

application in the Arctic. 

1.3 Thesis Outline 

The thesis is comprised of eight chapters including introduction (Chapter 1) and 

the conclusions and recommendations (Chapter 8). Chapters 2-7 have been written in 

manuscript form for separate publication. Each of these chapters is self-supporting and 

independent of other chapters. The background information and review of previous work 

relevant to each chapter is included in that chapter. Each chapter addresses a specific 

aspect of overall study, with its own introduction, results, conclusions and references as 

per manuscript type format. 

Chapter 2 focuses on accelerated ageing laboratory experiments conducted to 

study the degradation of HDPE GM exposed to air, water and leachate. The chapter 

describes results of the three stages of degradation of GM in laboratory tests. This chapter 

demonstrates the critical role of antioxidants in protecting the GM from the effects of 

oxidative degradation. Based on laboratory investigation this chapter provides estimates 
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of the three stages and overall service life of a GM immersed in synthetic landfill 

leachate at typical landfill temperatures. 

Chapter 3 describes the results from an accelerated ageing study conducted to 

provide an improved estimate of antioxidant depletion stage of a GM by simulating a 

composite liner configuration. In the composite liner the top face of the GM was exposed 

with leachate while the bottom face was exposed to the hydrated GCL. This chapter 

provides a comparison of results for leachate immersion and composite liner simulation 

tests. This chapter discusses the implication of conducting more realistic composite liner 

simulation tests than simple leachate immersion tests. 

Chapter 4 presents the results of a study conducted to compare the effect of three 

“protection” layers between the GM and overlying gravel and leachate. The protection 

layers involved (1) a traditional nonwoven geotextile (GT), (2) a GT-GCL, and (3) a GT-

sand-GT layer. The chapter provides insights regarding the effect of using different 

protection layers on the rate of antioxidant depletion. This chapter also discusses a 

theoretical diffusion modelling technique and its application for assessing the effect of 

various protection layers on outward diffusion of antioxidant from GM. 

In Chapter 5 diffusion modelling was applied to evaluate antioxidant depletion in 

accelerated-ageing tests involving leachate immersion and composite liner simulation. 

The results of diffusion model and the first order decay model of antioxidant depletion 

are compared. Then the diffusion modelling technique is used as a tool to predict the 

outward diffusion of antioxidants from the GM in scenarios other than the test conditions. 
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Chapter 6 presents the results of immersion test conducted in jet fuel on various 

untreated and fluorinated HDPE GMs (f-HDPE). It examines the potential beneficial 

effects of the surface fluorination on improving the antioxidant depletion time. The 

results of jet fuel immersion test at three different temperatures were used to provide 

likely estimates of antioxidant depletion time for a containment application in the 

Canadian arctic and also at temperatures applicable to other locations. This chapter also 

examines the effect on GM thickness on antioxidant depletion of untreated GM. The 

performance of GM with of one sided exposure to jet fuel is addressed.  The effects of jet 

fuel exposure on mechanical properties of GM are also presented. 

Chapter 7 focuses on laboratory investigation conducted to assess the properties f-

HDPE GM exposed to jet fuel at a containment application site in the Arctic. This chapter 

examines the durability of f-HDPE GM and its performance during the time prior to the 

remediation of the jet fuel spill. It also provides a comparison with the expected results 

based on the laboratory tests. 

1.4 Original Contributions 

A few previous investigations have given some attention related to areas of 

research examined in this thesis (e.g. Cazzuffi et al. 1995; Duquennoi 1995; Surmann et 

al. 1995; Maisonneuve 1997; Carraro et al. 1997; Lopes et al. 1998 etc.). However, none 

of these studies have identified or directly considered the three stages of GM degradation. 

Three long-running laboratory projects on long-term oxidative degradation of HDPE GM 

in MSW landfill application have been reported by Hsuan and Koerner (1995; 1998), 

Sangam and Rowe (2002); and Müller and Jacob (2003). Their findings have provided 
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the basis of current understanding on antioxidant depletion, and to a limited extent on 

subsequent oxidative degradation of HDPE GM. Rowe and Sangam (2002) and Needham 

et al. (2006) have provided comprehensive literature reviews on this topic. 

Although there has been previous research, many questions regarding ageing and 

service life of HDPE GM remained unresolved. The novel and unique aspects of the 

present work address these questions through: (a) laboratory evaluation of three stages of 

ageing and overall service life of HDPE GM, (b) laboratory assessment of ageing of 

HDPE GM in composite liner system, (c) application of diffusion modelling techniques 

for predicting depletion of antioxidants in landfill environments, and (d) laboratory and 

field evaluation on ageing of HDPE GM exposed to jet fuel. The original contributions 

derived from this thesis are multiple. Chapter 2 provides an update of the data reported in 

Sangam (2001) and Sangam and Rowe (2002) based on 6 years of additional testing. To 

the author’s knowledge, it is first such assessment that provides the results for all 3 stages 

of degradation of HDPE GM exposed to leachate (as well as air and water) based on 

ageing parameters (OIT, SCR, MFI and tensile properties of a HDPE GM). It also 

provides the first estimate and prediction of induction time, polymer degradation time, 

and overall service life of GM immersed in synthetic landfill leachate. The laboratory 

experiments presented in Chapter 3 and 4 are likewise unique in their examination of a 

GM in simulated composite liner systems. This provides for the first time key insights on 

antioxidant depletion time of GM in a composite liner and comparison with conventional 

immersion test. The study also identifies the effect of various protection layers on 

depletion of antioxidant from GM. It provides unique diffusion modelling of outward 

diffusion of antioxidants from the GM in immersion and composite liner simulation test. 
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The work presented in Chapter 5 is a first attempt to apply diffusion modelling technique 

to accelerated ageing test results on HDPE GM in composite liners at various 

temperatures. The technique can also be used as means to predict performance of GM in 

other conditions. 

Immersion tests conducted in jet fuel on various untreated and fluorinated GM 

reported in Chapter 6 provide insights regarding the potential beneficial effect of 

fluorination on antioxidant depletion. The results provides first estimate of antioxidant 

depletion time for GM exposed to jet fuel at different temperatures. It also provides a first 

study on the effect of GM thickness on antioxidant depletion rates. The study gave 

greater insights into the durability and performance of GM in immersion and with one 

sided exposure to jet fuel. The investigation into the f-HDPE GM exposed to jet fuel spill 

at the arctic in Chapter 7 provides a valuable field case record. It helps answer questions 

regarding how the interaction with the hydrocarbons and climatic conditions in the Arctic 

impact the durability of f-HDPE GM. 
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Chapter 2 
Ageing of HDPE Geomembrane Exposed to Air, Water, and 

Leachate at Different Temperatures1 

2.1 Introduction 

High density polyethylene (HDPE) geomembranes (GM) are used as a part of 

liner systems in modern landfills. The primary function of a GM is to provide a barrier to 

advective and diffusive migration of contaminants (Rowe 2005). Field and laboratory 

data suggest that the properties of a GM change with time due to ageing (Rowe et al. 

2004; Rowe 2005; Müller 2007).  Thus it is important to assess the long-term 

performance and deduce service life of the GM for typical exposure conditions. 

Conceptually HDPE GM service life can be divided into three stages (Hsuan and 

Koerner 1998). Stage I: Antioxidant depletion, Stage II: Induction time to the onset of 

polymer degradation, and Stage III: Polymer degradation involving the decrease in a GM 

property to an arbitrary level often taken to be 50% of the original value or “half-life”. 

The sum of the three stages is regarded as the service lives of GM. Typically 0.5-1% of 

antioxidant is added to the GM to inhibit oxidation and increase their service life (Hsuan 

and Koerner 1995a). The long-term performance of a GM in a landfill is initially 

controlled by the rate of antioxidant depletion in Stage I. The depletion of antioxidants 

leaves the GM vulnerable to the oxidative degradation as described by Grassie and Scott 

(1985). In Stage II, oxidation of polymer takes place without any measurable decline in 

mechanical properties. In Stage III oxidative degradation of polymer continues and the 

                                                      
1 A version of this chapter has been accepted for publication in Geotextiles and Geomembranes. 
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mechanical properties (e.g. tensile strength at break) change to the end of service life 

(Hsuan and Koerner 1998). 

The ideal way of assessing the service life of GM would be by examining actual 

field samples over the service life. However this is not feasible because it would take too 

long to obtain results under field conditions. Thus the service life is generally assessed 

using laboratory accelerated ageing tests. Most of these studies (e.g.  Hsuan and Koerner 

1998; Sangam and Rowe 2002; Gulec et al. 2004; Rimal et al. 2004) have focused on 

Stage I of GM exposed to media such as air, water, synthetic municipal solid waste 

(MSW) landfill leachate, acid mine drainage, and hydrocarbons. Results of these studies 

have shown that the Stage I depends on the exposure conditions. 

This chapter provides the latest findings regarding the long-term performance and 

service life of a HDPE GM immersed in air, water and leachate. The GM samples have 

now been ageing for eight to ten years. The chapter provides an update of the data 

reported by Sangam (2001) and Sangam and Rowe (2002) based on six years of 

additional testing and is an updated and substantially expanded version of Rowe and 

Rimal (2008b). Some of the GM samples are in Stage II, some in Stage III and some have 

completed all three stages of the service life.  The  objectives of this chapter are:  (1) to 

provide an update of oxidative induction time (OIT) monitoring and improved estimates 

of antioxidant depletion rates in air, water and leachate based on six years of additional 

data since the work reported in Sangam and Rowe (2002); (2) to conduct Arrhenius 

modelling to provide antioxidant depletion time (Stage I) at typical liner temperatures in 

air, water and leachate and, based on this data, to provide an estimate of Stage I for a 
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composite liner at typical liner temperatures; (3) to provide update of other physical and 

mechanical properties monitoring  since the data was reported in Sangam (2001); (4) to 

provide results of surface analysis of virgin and aged GM (5) to provide an initial 

estimate of the induction time (Stage II) and polymer degradation time (Stage III) and 

service lives of GM in laboratory immersion tests, and (6) to predict Stage II, Stage III 

and service life of leachate-immersed GM at typical landfill temperatures.  

2.2 Experimental Investigation 

2.2.1 Materials and Procedure 

The work reported herein represents a significant extension of the work reported 

by Sangam (2001) and Sangam and Rowe (2002).  It uses exactly the same GM material 

and incubation as described therein but reports the results after six additional years of 

testing. The smooth black-surfaced 2.0 mm thick HDPE GM (GSE Linings Inc. Houston, 

Texas) used in this study has properties as given in Table 2.1. The GM contained 

approximately 97% polyethylene, 2.5% carbon black and with trace amounts of 

antioxidants and heat stabilizers. The standard and HP-OIT oxidative induction time 

(OIT) values for the GMs were greater than the minimum value of 100 min. and 250 min 

specified by Ontario Regulation 232/98 of the Environmental Protection Act, (MoE 

1998) and GRI-GM13 at the time the testing was commenced (GRI 1997).  The HP-OIT 

(380 min) is marginally below that currently specified by GRI-GM13 (400 mins.). The 

stress crack resistance (SCR) of the GM greatly exceeded the 200 hours required to May 

2003 and 300 hours presently (August 2008) required by GRI-GM13.  The stress crack 

tests reported by Sangam and Rowe (2002) were terminated at 210 hours.  Subsequent 
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tests for this study showed that the stress crack resistance of the virgin material is about 

5200 hours.  This represents excellent stress crack resistance and is at the upper end of 

the range obtained by Hsuan et al. (1993) and Hsuan (2000) for 18 GMs. 

The manufacturer would not provide information regarding the types and amounts 

of antioxidants in the GM. Nevertheless, the linear relationship between standard OIT 

and high pressure OIT (HP-OIT) obtained by Sangam and Rowe (2002) and the similar 

depletion in both tests suggests that the main antioxidants in the GM probably consisted 

of hindered phenols (primary antioxidant) and phosphite (secondary antioxidant) and that 

hindered amine light stabilizer (HALS) were not present in the material. As part of the 

present study, the virgin GM was analyzed for antioxidants at CIBA® Testing services, 

Tarrytown, New York. Antioxidants and ultra violet absorbers (UVA) were screened by 

high performance liquid chromatography (HPLC). The hindered phenols Irganox 1010 

(1850ppm) and Irganox 1076 (105 ppm) were identified. The phosphite Irgafos 168 PO3 

(<50 ppm) and phosphate Irgafos 168 PO4 (245 ppm) were also present. The phosphate is 

attributed to oxidation of phosphite during polymer processing and/or ageing (Haider and 

Karlsson 2002). HALS was screened by thin layer chromatography (TLC) and gel 

permeation chromatography (GPC). No HALS was detected in the material confirming 

the inference made based on the std-OIT and HP-OIT testing discussed above. 

The laboratory-accelerated tests involved immersion of the GM coupons in air, 

distilled water and synthetic leachate. It is acknowledged that these represent conditions 

that are not typical field conditions but, as discussed by Sangam and Rowe (2002) and 

Rowe (2005), they do provided some insight regarding the service life of the GM. For the 
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leachate immersion tests, synthetic leachate based on leachate from the Keele Valley 

MSW landfill was used. It contained volatile fatty acids, inorganic salts, trace metals, and 

surfactant (Table 2.2). The leachate was highly reduced (Eh ~ -120 mV) to simulate the 

leachate in an anaerobic environment at the bottom of a landfill. The GM coupons placed 

in air, water and leachate were kept at 85, 70, 55, 40 and 22oC (room temperature). The 

selected temperatures were: (1) high enough to accelerate the ageing process and 

practically allow ageing evaluation in a reasonable time period, (2) not so high to modify 

the nature of material, (3) not so high to destroy the antioxidant, and (4) within the 

effective temperature range of the antioxidants.  The elevated temperature tests were 

conducted in temperature controlled forced air ovens (VWR Scientific). The synthetic 

leachate was replaced with new leachate every two weeks to ensure that the leachate 

strength remained relatively constant. The distilled water in the water immersion tests 

was also regularly changed to prevent antioxidant build up in the water. At various time 

intervals the incubated GM samples were retrieved and tested to evaluate degradation. 

The test methods are described in the following section.    

2.2.2 Testing Methods to Evaluate Degradation of GM 

2.2.2.1 OIT Test 

The Stage I of service life of GM is greatly dependent on the rate of depletion of 

antioxidants. During the Stage I OIT value of the GM decreases as antioxidants are 

depleted with time (Hsuan and Koerner 1995a; Hsuan and Koerner 1998; Sangam and 

Rowe 2002; Müller and Jakob 2003; Gulec et al. 2004; Rimal et al. 2004). Thus the 

standard OIT (ASTM D3985) test was used to monitor the depletion of antioxidants from 
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the GM using two differential scanning calorimeters (DSC): TA Instruments 2910 and 

Q100.  The GM specimen was heated to 200oC in nitrogen. The specimen was held 

isothermally at 200oC and 35 kPa in an oxygen environment until the exothermic peak 

was detected. The time to the onset of exothermic peak resulting from oxidation was 

taken as the OIT value. 

2.2.2.2 Crystallinity Test 

Degree of crystallinity indicates the amount of crystalline region in polymer. 

Crystallinity influences physical and mechanical properties such as yield stress, modulus 

of elasticity, impact resistance, density, permeability and melting point (Kong and Hay 

2002; Sperling 1992). The change in crystallinity during ageing was monitored using the 

DSC as per ASTM E794. A known mass of GM specimen was heated in the DSC under a 

nitrogen atmosphere to 200oC. DSC measured heat absorbed or released from the sample. 

The heat of fusion was represented by the area under the endothermic peak. The degree 

of crystallinity was obtained as the ratio of measured heat of fusion of GM specimen with 

the heat of fusion of 100% crystalline polyethylene, 290 J/g (Flory and Vrij 1963). 

2.2.2.3 Melt Flow Index Test 

Melt Flow Index (MFI) can be defined as the weight of the polymer (in grams) 

extruded in 10 minutes through a standard orifice at prescribed temperature and pressure 

(Shenoy and Saini 1986).  MFI is useful index for assessing the changes in molecular 

weight of the polymer due to ageing. In general MFI is inversely correlated to molecular 

weight (Shenoy and Saini 1986; Hsuan and Guan 1998, Shah 2002). The oxidative 

degradation results in changes in molecular weight of the polymer due to cross-linking or 
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chain scission (Schnabel 1981; Hsuan and Guan 1998; Peacock 2000). Generally, cross-

linking results in an increase in molecular weight and chain scission decreases the 

molecular weight (Hsuan and Guan 1998; Hsuan and Koerner 1998; Peacock 2000). 

Therefore MFI was used as a qualitative measure to infer the change in polymeric 

structure due to oxidative degradation. The MFI test was carried out using Dynisco LMI 

4000 series melt flow indexer as per ASTM D1238 for condition E at 190oC.  Typically, 

the GM melt was extruded through the orifice at a load 2.16 kg.  Some samples were also 

tested using a load of 21.6 kg where specifically noted. 

2.2.2.4 SCR Test 

Stress cracking, as defined in ASTM D883, is external or internal cracking in 

plastic induced by tensile stress less than its short-term mechanical strength. Stress 

cracking occurs in a brittle manner with little or no elongation near to the crack surface 

(Hsuan and Koerner 1993). Many instances of stress cracking have been observed in the 

GM as described by Fisher (1989), Peggs and Carlsson (1989), Hsuan and Koerner 

(1993), and Hsuan (2000). Thus it is important to evaluate the SCR of an HDPE GM in 

order to assess its long term performance. The SCR was monitored using single point 

notched constant tensile load (SP-NCTL) test as described in ASTM D5397-Appendix 

and Hsuan and Koerner (1995b). This test evaluated the slow crack growth resistance of 

HDPE GM. The dumbbell shaped GM sample with a controlled notch (20% of thickness) 

on one side was subjected to tensile load (30% of yield strength). To accelerate the 

cracking the specimen was immersed in the solution comprised 10% of surfactant 

(Igepal® CO-630) mixed with 90% water and incubated at 50oC. The SCR is expressed 
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as time to rupture (in hours). A minimum acceptable SCR value of 300 hours is presently 

specified in GRI GM-13 for a virgin HDPE GM. 

2.2.2.5 Tensile Test 

The tensile properties of a GM provide and index to how it will respond to 

physical stress and is useful in evaluating oxidative stability due to ageing. As a 

consequence of oxidation that occurs during Stage III degradation, the tensile properties 

of GM begin to change. Generally this is indicated by a marked decrease in stress and 

strain at break (Hsuan and Koerner 1995a; Rowe and Sangam 2002). Oxidation can also 

cause an increase in yield stress and decrease in yield strain although to a lesser extent 

than for the tensile break properties (Hsuan and Koerner 1995a). As degradation 

progresses the GM will become increasingly brittle. The decrease in tensile properties at 

break signifies the transition from a ductile to a brittle material as a result of degradation 

(Sangam 2001). The tensile properties of the GM were tested in accordance techniques 

described in ASTM D6693. The dumbbell shaped GM specimens (ASTM D638 Type 

IV) were tested in Instron and Zwick Roell universal testing machines equipped with load 

cell, cross-head monitor and self aligning wedge grips. The GM specimens were 

stretched at the strain rate of 50 mm/min till rupture. 

2.2.2.6 Surface Analysis Tests 

Surface of some GM samples were analyzed by X-ray photoelectron spectroscopy 

(XPS) using Kratos Axis X-ray photoelectron spectrometer. XPS can detect all elements 

except hydrogen and helium at samples depths of 7-10 nanometers. The detection limit 

ranged from 0.01 to 0.5 atomic percent.  Survey and high resolution scan analyses were 
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conducted in an area of 300-700 microns at pass energy of 160 and 20 eV respectively. 

The high resolution carbon s1 XPS analysis detected various carbon bonds in the GM 

surface as a percentage of total carbon. The GM surface were given a light conductive 

coating of gold and analyzed by scanning electron microscopy coupled with energy 

dispersive X-ray spectroscopy (SEM/EDX). The coating alleviated charging problems 

during examination. SEM micrographs were taken at two magnifications (times 50 and 

200) to observe changes in GM surface due to ageing. 

2.3 Results and Discussions 

2.3.1 Rates of Antioxidant Depletion under Three Exposure Conditions 

Depletion of antioxidant from HDPE GM follows a first-order decay model 

(Hsuan and Koerner 1998; Sangam and Rowe 2002). At ageing time t, the OIT 

representing the total amount of antioxidant remaining in the GM can be expressed as: 

)exp()( stOITtOIT o −⋅=         [2.1] 

or taking logarithm of both sides, 

( ) ( )oOITsttOIT ln)(ln +−=         [2.2] 

where OITo = initial OIT (in minutes); s = antioxidant depletion rate (in month-1); and t = 

ageing time (in months). 

Figures. 2.1 and 2.2 present typical plots of logarithm of OIT with ageing time for 

GM samples immersed in leachate and water respectively. One month was taken to be 

thirty days. Each data point represents the average of 3 to 5 OIT measurements and the 

vertical bars represents standard deviations. Result obtained for GM samples exposed to 



 23

air are given in Appendix A.  A linear regression of the data (Equation 2.2) yields slopes 

that are the antioxidant depletion rates for each temperature as summarized in Table 2.3 

for all exposure conditions. The coefficient of determination R2 of the regression line 

ranged from 0.80 to 0.99. It is evident that the antioxidant depletion rates are higher at 

high temperatures than at low temperatures.  

Variation of OIT with ageing time at 55oC under different exposure condition is 

illustrated in Figure 2.3. Similarly the variation of logarithm of OIT with ageing time at 

40oC is shown in Figure 2.4. The reduction in the OIT at a particular temperature was 

dependent on the exposure conditions. Table 2.3 shows the highest antioxidant depletion 

rates were for GM samples immersed in leachate and slowest for samples in air at all 

incubation temperatures.  

In air exposure antioxidants are lost by evaporation and chemical reactions (e.g. 

with oxygen, free radicals and alkylperoxides) at the polymer surface (Luston 1986). For 

water immersion, dissolution and chemical reactions involving the antioxidants are 

dominant (Gandek et al. 1989). In the present tests, the water was regularly changed to 

prevent the build up of antioxidant in the aqueous phase. Loss of antioxidant from the 

surface increases the concentration gradient between the core and the surface of the 

material and hence increases the outward diffusive flux of antioxidants (Sangam and 

Rowe 2002). Compared to air exposure, immersion in water accelerated the rate of loss of 

antioxidants from the GM. Smith et al. (1992) had observed that antioxidants extraction 

in water was about three times faster than evaporation in air at temperatures of 80, 95 and 

105oC for medium density polyethylene pipe material. They attributed this to the 
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influence of water on adsorption of antioxidants by carbon black particles. Antioxidants 

are adsorbed at the surface of carbon black, which can retard their migration. Water 

possibly interferes with carbon black–antioxidants interactions thereby increasing the 

apparent diffusion coefficient of the antioxidants (Smith et al. 1992). Exposure to water 

may increase chemical consumption of some antioxidants. Phosphite antioxidant 

commonly used in GMs can chemically react with water (i.e. undergo hydrolysis 

reactions; Haider and Karlsson 2002). Müller and Jakob (2003) observed a sharp decline 

in OIT from GM immersed in water at 80oC compared to that in air exposure. This was 

attributed to hydrolytic deterioration of the phosphite stabilizer in water.  

Immersion in leachate accelerated the rate of loss of antioxidants from the GM. 

The higher rates for leachate immersion compared to water immersion is attributed to the 

role of leachate constituents i.e. surfactant (Igepal® CA-720) and trace metals. The 

surfactant increases the wettability of the solid surface by decreasing the surface tension 

(Myers 1988). This allows the antioxidants on the GM surface to more quickly dissolve 

in leachate. This increases the rate of outward migration of antioxidants from the GM. 

The trace metals are known to catalyze the decomposition of hydroperoxide which 

increase the rate of generation of free radicals and consumption of antioxidants (Osawa 

and Ishizuka 1973; Schnabel 1981; Osawa 1992).  The trace metals can increase the 

consumption of antioxidants even in relatively anoxic conditions (Osawa and Saito 1978; 

Wisse et al. 1990). This is also most likely to occur at the surface of the GM given the 

low diffusion coefficient of metals in HDPE GM (August et al. 1992).   Studies by Rowe 

et al. (2008) have demonstrated that the surfactant is the primary ingredient in the 

synthetic leachate affecting the antioxidant depletion rate. 
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2.3.2 Prediction of Antioxidant Depletion Time – Stage I of GM Service Life 

The temperature dependence of antioxidant depletion rate can be described by the 

Arrhenius equation: 
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where s is the antioxidant depletion rate (month-1), A is the constant, Ea is the Activation 

energy (kJ/mol), R is the universal gas constant (8.31 Jmol-1K-1) and T is the absolute 

temperature (K). 

The relationship can be used to predict antioxidant depletion rates at a 

temperature of interest (e.g. typical landfill liner temperatures). The assumptions 

associated with Equation 2.3 and 2.4 are: (1) value of s is a function of temperature, (2) 

value of A does not affect the temperature sensitivity of the reaction, and (3) value of Ea 

remains constant over the time and temperature range of interest for evaluation, 

extrapolation and prediction. 

The parameters in the Arrhenius equation (Equation 2.4) can be established by 

obtaining a best-fit to the data plotted in terms of the logarithm of antioxidant depletion 

rate versus the inverse of the incubation temperature using linear regression (Figure 2.5). 

The activation energies deduced from the slope (Ea/R) of the regression curves are given 

in Figure 2.5 for each exposure condition. The highest activation energy was obtained for 

air exposure (53.0 kJ/mol), next for water immersion (49.5 kJ/mol), and lowest for 
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leachate immersion (44.1 kJ/mol). This corresponds to the fastest antioxidant depletion 

rates being observed for the leachate-immersed GM. 

The Arrhenius equations (Equations. 2.3 and 2.4) can be used to estimate the 

antioxidant depletion rate at typical MSW landfill liner temperatures. Based on currently 

available data the primary liner temperatures can be expected to be between 30 to 40oC 

and 35oC can be taken as the median temperature (Rowe 2005). In some landfills with 

leachate recirculation and/or moisture augmentation systems designed to accelerate 

biodegradation of organic waste, the liner temperature may exceed 40oC (Koerner and 

Koerner 2006) and could in some circumstances reach 60oC (or even higher in some 

unpublished cases). Liner temperatures of 40-60oC have been observed in landfills where 

there is a significant leachate mound (Rowe 2005). Using the Arrhenius equations given 

in Figure 2.5, the antioxidant depletion rates were estimated for temperatures of between 

10oC to 60oC (Figure 2.6). 

The time required for depletion of antioxidants (Stage I of the GM service life) 

can be calculated as time taken for reduction of OIT from the initial value of OITo=133 

min to the final residual value of OIT(f) for a pure HDPE resin without any antioxidant 

(Hsuan and Koerner 1998). Rearranging Equation 2.2 gives, 

( ) ( )
s

OITOIT
t fo

d
)(lnln −

=        [2.5] 

Equation 2.5 can be used to calculate the antioxidant depletion time, td, for 

antioxidant depletion rate, s at typical MSW landfill liner temperatures.  

The OIT value reported for unstabilized HDPE, OIT(f)=0.5 min., has been 

traditionally adopted for estimating the time to OIT depletion (Hsuan and Koerner 1998) 



 27

and based on this, the calculated antioxidant depletion times for each exposure condition 

examined at typical liner temperatures are illustrated in Figure 2.7. However, there is 

uncertainty in determining OIT(f). This may be due to the difficulty of measuring such 

low values, since one can get different values depending on where exactly the tangents 

are taken on the baseline and exothermic portion of the curve, or it may be that the 

residual value varies from one resin to another. In any event, in the present tests 

consistent OIT values below 1 min were not typically observed even after prolonged 

aging and it may well be that for the GM tested the residual value, OIT(f), is of the order 

of 1 min.  To assess the effect of this uncertainty, the antioxidant depletion times were 

also calculated using OIT(f)=1 min. and the inset table in Figure 2.7 gives the numerical 

values for predicted antioxidant depletion times at 20, 35 and 50oC (rounded to nearest 5 

years for time greater than 10 years) for both OIT(f)=1 min. (the lower values) and 0.5min 

(the higher values) for each temperature.  Where there is only one number the two 

predictions were the same after rounding to the nearest 5 years. The practical implication 

on service life of GM on evaluating Stage I using OIT(f)=1 min. is discussed in greater 

detail later in the chapter.  

Results given in Figure 2.7 indicate that the depletion times for air exposure was 

greatest followed by water immersion, with leachate immersion giving the shortest times. 

For example based on OIT(f)=0.5 min. at 35oC the depletion time for air exposure was 65 

years followed by water immersion with 35 years, and leachate immersion with 10 years.  

For air exposed GM the antioxidant depletion time ranged from 405 years at 10oC to 15 

years at 60oC. In water the depletion time varied from 200 years at 10oC to 8 years at 

60oC, and for in leachate from 50 years at 10oC to about 3 years at 60oC. 
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It is emphasized that these inferred depletion times correspond to the actual test 

conditions and do not directly apply to the Stage I of service life of GM in the landfill. 

The GM used in a primary composite liner in a landfill is in contact with a leachate at its 

top surface and unsaturated (typically nearly saturated) GCL or CCL at its bottom surface 

(Sangam and Rowe 2002; Rowe 2005). The antioxidant depletion time for a GM in a 

primary composite liner can be estimated based on exposure condition at its two sides. As 

an approximation to the real situation, the  top side can be considered to be continuously 

exposed to the leachate while the bottom side is considered to be in contact with the 

underlying CCL or GCL, which (following from Sangam and Rowe, 2002) for present 

purposes is approximated by an average of exposure to air and water (i.e. “unsaturated” 

soil). Based on these assumptions the antioxidant depletion time for a composite liner 

was inferred by: 

(a) calculating the depletion time in “unsaturated soil” (tunsat) from the depletion time in 

air (tair) and water (twater) 

( )waterairunsat ttt += 5.0          [2.6] 

and, (b) calculating the depletion time for a composite linear (ticl) using the depletion time 

for leachate (tleachate) and tunsat. 

( )unsatleachateicl ttt += 5.0         [2.7] 

The antioxidant depletion time calculated for the GM in unsaturated soil and in a 

composite liner are shown in Figure 2.7. The depletion time inferred for the composite 

liner at 35oC  was 30 years. The depletion time ranged from 175 years at 10oC to 7 years 
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at 60 oC. Although based on approximations, these values are considered to provide a 

better estimate of the likely field depletion time than those based solely on air, water or 

leachate immersion experiments.  

2.3.3 Change in Physical and Mechanical Properties with Time 

2.3.3.1 Crystallinity 

At 85oC the variation in crystallinity with respect to time is shown in Figures 2.8a, 

2.9a and 2.10a for air, water, and leachate immersion respectively. During the initial 

ageing period there was an increase in crystallinity from the unaged value of 44% to 59-

63%. This increase in crystallinity can be attributed to a physical ageing process in which 

the GM attempts to establish equilibrium from its as-manufactured non-equilibrium state 

(Petermann et al. 1976, Wrigley 1989; Hsuan and Koerner 1995a) and there was 

antioxidant present in the GM in all cases during this physical aging. Dörner and Lang 

(1998) also observed an initial increase in crystallinity of polyethylene incubated in hot 

water at 105oC. They attributed this change to re-crystallization and/or post-

crystallization that took place mostly during the initial ageing time. Islam and Rowe 

(2008 a, b) have also observed increase in crystallinity of GM aged at 85oC in leachate. 

They examined the effect of ageing on barrier properties of GM and showed that the 

increase in crystallinity had a positive effect on transport properties of volatile organic 

compounds (VOCs; e.g. benzene, toluene, ethylbenzene, and xylenes) through the GM. 

The permeation coefficients of these compounds decreased by 36-62% after ageing of 

GM at 85oC in leachate for about 10-32 months. This was attributed to an increase in 
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polymer crystallinity which causes a decrease in the mobility of amorphous chain 

segments and also an increase in tortuous flow paths in the polymer. 

 For the air and water exposed GM at 85oC, the crystallinity subsequently 

decreased and remained between 46 to 52% during at later times. Similarly in leachate-

immersed GM, crystallinity reduced to between 48% and 55%.  In each case, this 

decrease in crystallinity appears to have occurred after cross-linking due to chemical 

ageing became evident from a decrease in MFI results and consequently appears to be the 

results of chemical ageing of GM. As indicated by Peacock (2000), cross-linking in 

polyethylene can result in decrease in crystallinity due to the reduction in the degree of 

freedom of molecular segments to form crystallites. Also crystallite thickness can 

decrease due to strains imposed by the cross-links on the interfacial zones between the 

crystallites (Peacock 2000).  

For the GM incubated at 55oC, the crystallinity stabilized at between 44% and 

51% and hence was generally similar to the stabilized values at 85oC. At lower 

incubation temperatures of 40oC and 22oC there was no significant change in crystallinity 

over the incubation period (presently about  8 to 9 years). 

2.3.3.2 MFI 

During the period of increase in crystallinity discussed above, there was some 

reduction in MFI to a lower stabilized value (Figures 2.8a, 2.9a and 2.10a) where it 

remained until the OIT was depleted and subsequent polymer degradation commenced. 

For example, for the GM samples exposed to air at 85oC. MFI experienced a slight 

decrease (83% retained) in the first 10 months and then remained relatively stable until 
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about 32 months when OIT was depleted. Following OIT depletion, the MFI value 

gradually decreased with time until, after 105 months, the MFI was no longer measurable 

for standard test conditions of 190oC/2.16kg (the GM sample clogged the piston of the 

melt flow indexer). Thus the remaining sample was tested using higher load of 21.6 kg at 

190oC for verification. It was found that the MFI (at 190oC/21.6 kg) had reduced from 

unaged value of 12.1 g/10 min. to 2.5 g/10 min.  

The three stages of degradation of the GM at laboratory test temperatures are 

given in Table 2.4. The length of Stages I and II given are based on Stage I end at 

OIT(f)=0.5 min and the second on Stage I end at OIT(f)=1 min. For some cases given the 

scatter and/or availability of the data there was some room for interpretation of when 

Stage II and III ended based on MFI.  Based on MFI it appears that Stage II in air was 

short 0-4.5 months (i.e. the transition from Stage I to Stage III occurred quickly) and 

based on a best-fit (linear regression through the data in Stage III) the MFI reached 50% 

of its original value at about 54 months (Figure 2.8a).  

The gradual reduction in MFI in Stage III (Figure 2.8a) with ageing is attributed 

to oxidative cross-linking. Shenoy and Saini (1986) have indicated that the MFI 

decreases due to the increase in molecular weight and melt viscosity of the polyethylene. 

The MFI results are in agreement with those obtained by Neverov and Vasi’leva (1984) 

for low density polyethylene stored for 17 years. Hsuan and Guan (1998) observed 

decrease in MFI for 1.5 mm HDPE GM aged in air at 115oC and attributed this change to 

cross-linking resulting from oxidation reactions. Müller and Jakob (2002) had also 

observed reduction in MFI for a 2.5 mm HDPE GM aged in air at 80oC for 13.6 years.  
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Similar results were observed in GM incubated in water (Figure 2.9a) and 

leachate (Figure 2.10a) at 85oC. The GM sample aged in water for 64 months clogged the 

piston of the melt flow indexer. As MFI could not be measured at the standard test 

conditions of 190oC/2.16kg, the remaining sample was tested at test conditions of 

190oC/21.6 kg for verification. It was found that the MFI (190oC/21.6 kg.) reduced from 

unaged value of 12.1 g/10min. to 0.1 g/10 min. at 64 months. Similar results were 

obtained for leachate-immersed GM aged for 41 months. For samples immersed in water 

there was not enough data to clearly define Stage II.  Based on the last data point before 

the substantial drop in MFI, the length of Stage II was 0-4 months (for end of Stage I 

defined based on OIT(f) of 0.5 min and 1 min respectively) and by fitting a line between 

this and the low MFI data point the time to failure (end of Stage III) was consequently 

estimated to be 46 months.  Similarly, for samples immersed in leachate, the MFI data 

suggest that Stage II was about 12.6-14.2 months. The time in Stage III was about 6.7 

months and the total time to failure (service life) was about 32 months (Table 2.4). 

Based from the MFI test results on samples incubated at 85oC, it appears that the 

MFI is a useful parameter for evaluating changes in HDPE GM and is a potentially useful 

means of establishing the time of the transition from Stage II to Stage III.  As will be 

discussed later, “failure” as defined by the drop of MFI to half its original value appears 

to be too conservative (i.e. it occurs earlier than for “failure” based on SCR or tensile 

properties discussed below).  

At 55oC the OIT test results indicate that the samples in air and water were in 

Stage I during the entire incubation period. Nevertheless, a slight decrease in MFI was 
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observed for all exposure conditions similar to that noted above at 85oC.  The samples in 

leachate entered Stage II after 39 months based on Stage I end at OIT(f)=0.5 min. and 34 

months based on Stage I end at OIT(f)=1 min. (Table 2.4, Figure 2.11). The leachate-

immersed samples were also tested at 190oC/21.6 kg for verification. Only a slight 

decrease in MFI was observed. The results confirmed that the leachate-immersed samples 

were still in Stage II after 63 months in Stage II. At lower incubation temperatures of 

40oC and 22oC there was no significant reduction in MFI. 

2.3.3.3 Stress Crack Resistance 

The change in SCR with respect to time for GM samples incubated at 85oC is 

shown in Figures 2.8a, 2.9a and 2.10a for air, water and leachate exposures respectively. 

The SCR began to decrease earliest for immersion in leachate, then for water, and latest 

of immersion in air.  There is some evidence that the crystallinity may have dropped in 

parallel with the reduction in MFI and SCR although the correlation is not strong. Hsuan 

et al. (1993) investigated the correlation between MFI and crystallinity and SCR of 18 

virgin GMs. A poor correlation was found and they suggested that SCR is not uniquely 

related to a single parameter but, rather, is influenced by many factors. Reduction in SCR 

was generally consistent with the decrease in tensile properties at break (described below) 

during the polymer degradation stage (Stage III).  

At the incubation temperatures of 55oC in leachate, there was no significant 

change in SCR of the GM over 8.5 year testing period. Thus no change in SCR was 

expected in samples in air and water at 55oC.  
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For GM in air, a best fit line (obtained using linear regression through the data 

points in Stage III) gave an estimate of the end of Stage II of about 34 months and hence 

a length of Stage II of between 0-2 months as indicated in Table 2.4 (note from Figure 

2.8b that the predicted end of Stage I based on OIT(f) of 0.5 min. slightly exceeds the 

estimated end of Stage II).  Due to limited data, the transition from Stage II to III could 

not be clearly distinguished apart from this extrapolation and the problem was more 

severe for the other exposure conditions due to even less data.  Thus a sensitivity analysis 

was carried out assuming that Stage II ended at times corresponding to 25%, 50% and 

75% of the time interval between the last data point when there was no change in SCR, 

and first data point when there was significant change in SCR. The results of sensitivity 

analysis given in Table 2.5. The GM tested in this study had an initial SCR of 5220 

hours. Ageing at 85oC resulted in reduction of SCR however a service life based on 50% 

reduction in SCR (to 2610 hours) can be considered very conservative because the virgin 

GM had a much higher SCR than the minimum value of 300 hours specified by GRI GM-

13. Hence, the time to reach 50% of 300 hours (i.e. 150 hours) was used to estimate the 

service life (Tables 2.4 and 2.5). The time was shortest in leachate (41 months), next for 

water (64 months), and longest in air exposure (105 months). 

The SCR resistance is considered to be the characteristic of the GM most relevant 

to assessing the service life of the GM since it will be the formation of cracks in the GM 

that ultimately reduces its performance as a hydraulic barrier. 
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2.3.3.4 Tensile Properties 

At 85oC the change in tensile properties versus incubation time are illustrated in 

Figures 2.8b, 2.9b, 2.10b for the three immersion mediums. The tensile strength at yield 

has gradually increased since the beginning of incubation. This can be attributed to the 

increase in crystallinity. In air, the yield strength had increased by 20% and the yield 

strain decreased by up to 12% of its unaged value during 115 months of testing. In water, 

the yield strength of the GM increased by 22% while the yield strain had decreased by up 

to 15% of the unaged value during the testing period. In leachate, the yield strength of the 

GM increased by 23% and the yield strain reduced by up to 20% of the unaged value 

during the test period. These trends indicate an increased embrittlement of the samples. 

Given the data scatter there is some room for interpretation of when Stage II 

ended for both the break strength and strains.  In order to estimate Stage II and III a best 

fit line (obtained using linear regression through the data points in Stage III – solid line in 

Figures 2.8b, 2.9b and 2.10b) and an interpreted line (based on the authors engineering 

judgment given by dashed line where different from the regression line) were obtained 

for the break strength and strain data once they began to decrease. The intersection of 

these lines with the 100% property retained line was taken as the end of Stage II. The 

intersection of the lines with 50% property retained line was taken as the end of Stage III. 

The estimated lengths of three stages of degradation and service life for GM samples at 

85oC are given in Table 2.4. 

In air (Figure 2.8b), the tensile properties at break started to decrease (marking the 

end of Stage II)  between  0 and 15.1 months after the end of Stage I. During the period 

examined the tensile properties at break had not yet reduced to 50% of the unaged value 
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however an extrapolation of the data provided an estimate of the service life of 178-199 

months (14.8-16.6 years) based on tensile strength at break and 178 months (14.8 years) 

based on break strain (Table 2.4).     

At 85oC in water and leachate, the GM had completed the service life (Figures 

2.9b and 2.10b) during the testing period.  In water, Stage II was between 0 and 22 

months and the service life between 79 and 92 months (6.6-7.7 years) based on the tensile 

properties at break (Table 2.4).  In leachate, Stage II was between 4 and 27.6 months and 

the service life of the GM was between 65 and 67 months (5.4-5.6 years). 

The variation in tensile properties with time during incubation in leachate at 55oC 

is shown in Figure 2.11. The yield strength was higher for the aged GM than the virgin 

GM. This can be attributed the physical ageing indicated by the increase in crystalinity.  

The leachate-immersed GM was still in Stage II and no significant changes in tensile 

properties at break were observed during after 63 months in Stage II (Table 2.4).  The 

service life exceeds 8.5 years (likely by a very substantial amount as discussed later). 

 The GM samples at 55oC and 40oC in air and water are still in Stage I. The 

sample in leachate at 40oC entered Stage II at about 93 months.  All samples at room 

temperature were in Stage I.  

2.3.3.5 Surface Analysis 

GM surface was examined using XPS and SEM/EDX. The analysis was 

conducted on the unaged GM and GM aged for 105 months in air, 105 months in water 

and 82 months in leachate at 85oC (the different times arise from the fact that the leachate 

tests were started later than those in air and water). The results of carbon 1s XPS analyses 
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as a percentage of total carbon are shown in Table 2.6. It was found that the percentage of 

C-OH, C-O-C significantly increased in the surface of aged GMs.  This was due to 

oxidation of the polyethylene. 

The SEM image (Figure 2.12a) shows that the surface of the unaged GM was 

fairly smooth and without any cracks. No significant changes were observed in the 

surface of the GM exposed to air (Figure 2.12b). This sample was early in Stage III as 

indicated by tensile properties at break data discussed earlier. The surface of GM sample 

aged in water shown in Figure 2.12c had micro-cracks (about 15-20 microns wide) all 

over the surface. This sample was highly degraded and had completed the service life. 

Flakes were observed on the surface of GM aged in leachate (Figure 2.12d). This sample 

was also highly degraded and had completed its service life. The flakes at the surface 

might be the result of chemical reactions and/or precipitation of leachate components. 

The sample in leachate was aged for about 2 years less than the sample in water and may 

not have aged long enough to develop micro-cracks at the surface. Also there might be a 

difference in surface degradation mechanism in two media due to chemicals present in 

the leachate.  It is noted (Table 2.6) that the percentage of C=O and O-C=O bonds was 

much greater for the water immersed samples than for the air or leachate-immersed 

samples. 

2.3.4 Prediction of GM Service Life in Leachate Immersion Tests 

In this section the three stages and service life of the GM immersed in leachate 

will be predicted based on OIT, tensile break properties, and SCR. At a lower testing 

temperature of 55oC, the GM immersed in leachate was still in Stage II. The latest tensile 
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strength test at 55oC was taken after 63 or 68 months in Stage II based on OIT(f)=0.5 min. 

and 1 min. respectively. On basis of this information, an estimate of Stage II can be 

predicted assuming the Arrhenius time-temperature relationship between the Stage II 

time and temperature. The Arrhenius plots for Stage II are shown in Figures. 2.13, 2.14 

and 2.15. Corresponding Arrhenius equations of Stage II and deduced activation energies 

are given in Table 2.7. Using this relationship, an estimate of Stage II can be made at 

other service temperatures. The predictions from the time-temperature relationship for 

Stage II are provided in Table 2.8 based on tensile properties at break and in Table 9 

based on SCR. As can be seen from Figure 2.14, the predictions based on MFI will lie 

between those for break strength and break strain and hence are omitted from discussion. 

Based on the current laboratory data for Stage III at 85oC and activation energy of 

80 kJ/mol for air-water exposed PE pipe (Viebke et al. 1994), Stage III can be estimated 

at a temperature of interest.  If sT1 and sT2 are rates of reduction in property at two 

different temperatures i.e. T1 =85oC and T2 = temperature of interest, respectively, then 

Arrhenius equations for Stage III at the two temperatures can be written as, 
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where, A is the constant pre-exponential factor, Ea is the constant activation energy of 

Stage III (80 kJmol-1) and R is the universal gas constant (8.31 Jmol-1K-1).  The ratio of 

Equations [2.8] and [2.9] gives, 
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If t1 and t2 are the lengths of Stage III at T1 and T2 respectively then the ratio 

between the two rates can also be represented by, 
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Therefore t2 can be calculated using Equations 2.10 and 2.12 based on observed 

time t1 at 85oC from the laboratory tests reported herein. The calculated length of Stage 

III at typical liner temperatures are given in Tables 2.8 and 2.9. The estimated service life 

of the GM at 35oC as estimated from leachate immersion tests is 335-380 years based on 

tensile strength at break and 190-250 years based on tensile strain at break using 

parameters based on Stage I end at OIT(f)=0.5 min (Table 2.8). The predicted service 

lives using parameters based on Stage I end at OIT(f)=1 min. are also given in parentheses 

in Table 2.8 and can be seen to be slightly lower but otherwise very similar to those 

obtained for OIT(f)=0.5 min. and hence it appears that uncertainty regarding these values 

is not of great practical significance in terms of predicting the overall service life of the 

GM.  

The GM service life was estimated based on SCR as per the sensitivity analysis 

for the end of Stage II (given in Table 2.5) are given in Table 2.9. The predicted service 
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life based on SCR using Stage I end at OIT(f) of 0.5 and 1 min. were found to be similar 

as observed for the tensile properties at break.   It is evident that there is considerable 

uncertainty regarding the service life predictions based on SCR given the limited data in 

Stage II and III and this highlights the need for the collection of more data in these 

critical regions. Comparing the results in Table 2.9 with those in Table 2.8, it would 

appear that the results for a short Stage II (25%) fall within the range predicted based on 

tensile break strain and this suggests that probably Stage II is relatively short.  Additional 

testing is required to confirm this inference.  

 It should be emphasized that the predictions in Tables 2.8 and 2.9 are based on 

tests at two temperatures on one GM immersed in leachate.  They suggest that previous 

estimates (Rowe 2005) of Stage II and III may have been conservative, however these 

new values should be used with considerable caution until more data is available since 

only the test at 85oC has reached the end of Stages II and III and hence an estimate of the 

Stage II time at 55oC has been used to get Stage II predictions.  Furthermore, the 

activation energy of Vibeke et al. (1994), which has not been confirmed for this GM, was 

used to get Stage III.  Based on the available data it appears likely that the service life of 

the tested GM immersed in leachate is likely to exceed 700 years and will probably be of 

the order of 1000 years (or longer) at 20oC, more than 150 years and likely 225-375 years 

at 35oC and more than 40 years and likely 50-90 years at 50oC.  The service life in a liner 

configuration may be expected to be longer than when immersed in leachate as indicated 

by Rowe and Rimal (2008a). 
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2.4 Summary and Conclusions 

This accelerated ageing study examined the three stages service life of a 2 mm 

thick HDPE GM immersed in air, water and simulated MSW landfill leachate. For the 

GM and conditions examined, based on the currently available data; the following 

conclusions have been reached. 

1. Improved estimates of antioxidant depletion rates were made for air, water and 

leachate exposed GM based on six years of additional data since reported in Sangam 

and Rowe (2002). Antioxidant depletion rates were faster for samples exposed to 

leachate than for water and slowest in air. The higher rate of antioxidant depletion in 

from GM exposed to leachate is primarily attributed to the effect of surfactant in the 

leachate. 

2. Arrhenius modelling was conducted to provide estimates of the antioxidant depletion 

time (Stage I) for the GM at typical liner temperatures in air, water and leachate. The 

calculated Stage I at a typical liner temperature of 35oC was 65 years in air, 35 years 

in water, 10 years in leachate. 

3. An estimate of the antioxidant depletion time of 30 years at 35oC  was provided for 

the same GM in a composite liner.  

4. An increase in crystallinity was observed for the GM incubated at 85oC during the 

early stages of ageing. This was attributed to the physical ageing process. The 

crystallinity subsequently decreased at later time and this was attributed to chemical 

ageing process. At 55oC, a slight increase in crystallinity was attributed to physical 

ageing. At lower testing temperatures there was no significant change in crystallinity 

over the incubation period of about 9 years.  
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5. For GM incubated at 85oC the GM passed from Stage II into Stage III, with an 

observed decrease in MFI with time attributed to the oxidative crosslinking.  There 

was a corresponding decrease in SCR and tensile properties at break.  The SCR was 

more critical than tensile properties in terms of estimating the GM service life (giving 

shorter service lives).  The service life at 85oC  for the GM was greatest when 

immersed in air and least when immersed in leachate (8.75 years based on SCR and 

projected up to 17 years based on tensile break in air, 5.3-7.7 years in water, 3.4-5.6 

years immersed in leachate). 

6. Temperature was shown to have a critical effect on the service life of the GM  At 55 

oC the GM immersed in air and water was still in Stage I (antioxidant depletion) after 

9 years with projected times to antioxidant depletion being 19-21 years and 11-13 

years or air and water respectively. The samples immersed in leachate reached the 

end of Stage I after about 3 years but are still in Stage II with  no significant reduction 

in tensile properties at break were or SCR having been observed to date (i.e. after 5.2 

years in Stage II).  

7. XPS analysis at the surface of the aged GM at 85oC detected oxidative products of 

polyethylene. SEM images reveled micro-cracks at the surface of water immersed 

sample aged for 105 months at 85oC. Whereas flakes were observed at the surface of 

leachate-immersed sample aged for 82 months at 85oC. Both samples had completed 

their service life. This indicated a difference in surface degradation mechanism of 

GM immersed in water and leachate. The flakes seen at the surface of leachate-

immersed GM might be due to chemical reactions and/or precipitation of leachate 

components. 
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8. For the GM immersed in leachate, an estimate of Stage II was made assuming the 

Arrhenius relationship for the Stage II between 85oC and 55oC.  Stage III was 

evaluated using the stage III data at 85oC and the activation energy of degradation of 

80 kJ/mol from the literature. Based on these predictions,  it appears likely that the 

service life of the tested GM immersed in leachate is likely to exceed 700 years and 

will probably be of the order of 1000 years (or longer) at 20oC, more than 150 years 

and likely 225-375 years at 35oC and more than 40 years and likely 50-90 years at 

50oC.  The service life in a liner configuration may be expected to be longer than 

when immersed in leachate.   

9. Predictions of service life of the GM were made based on traditional end of Stage I 

using OIT(f)=0.5 min. and also using OIT(f)=1 min.  The uncertainty regarding OIT(f) 

had no significant influence on the predicted service lives. 

This present study did not consider the effect of overburden pressure due to the 

waste load that would be expected in a real landfill.  Improved estimates of service life 

would be obtained by considering the performance of the GM in a composite liner 

subjected to typical landfill stresses. The combined effect of temperature, stress and 

exposure to leachate on ageing of a GM is the subject of current studies (Brachman et al. 

2008). 
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Table 2.1. Properties of the HDPE geomembrane examined. 

Property Method (ASTM) Average COV (%) 
Thickness (mm)* As received 2.0 1.4 
Density (g/cm3)* D1505 0.940 -- 
Carbon Black Content (%)* D1603 2.54 -- 
OIT (min)* D3895 133 3.7 
HP-OIT (min)* D5885 380 1.3 
Crystallinity (%)* E794 44 1.2 
MFI (g/10 min.)* D1238 0.42 1.5 
Initial Tear Resistance (N)* D1004 354 3.6 
Puncture Resistance (N)* D4833 736 1.3 
Tensile Properties (Machine Direction) D6693   

Tensile-strength at yield (kN/m)  33.9 0.89 
Tensile-strength at break (kN/m)  80.5 3.2 
Tensile-strain at yield (%)  22 1.6 
Tensile-strain at break (%)  1034 6.0 

Tensile Properties (Cross Machine Direction) D6693   
Tensile-strength at yield (kN/m)  34.0 2.2 
Tensile-strength at break (kN/m)  79.6 3.9 
Tensile-strain at yield (%)  23 0.69 
Tensile-strain at break (%)  1012 6.7 

Single Point Stress Crack Resistance (hrs) D5397, Appendix 5220 3.0 
Notes:  COV = coefficient of variation. 
                 *Data from Sangam and Rowe (2002) 
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Table 2.2. Composition of Keele Valley Landfill synthetic leachate (adapted from 
Hrapovic, 2001 and Sangam and Rowe, 2002). 

Component Concentration (mg/L) 
1. Volatile Fatty Acids  

Acetic acid 4000  
Propionic acid 3000  
Butyric acid 500  

2. Inorganics  
Na+ 1615 
K+ 354 
NH4

+ 618 
Ca2+ 1224 
Mg2+ 473 
Cl- 4414 
HCO3

- 4876 
NO3

2- 40 
SO4

2- 137 
HPO4

2- 18 
CO3

2- 156 
CO(NH2)2 772 

3. Trace Metal Solution Components – 1 ml/L in synthetic leachate  
FeSO4

.7H2O 2000 
H3BO3 50 
ZnSO4

.7H2O 50 
CuSO4

.5H2O 40 
MnSO4

.H2O 500 
(NH4)6Mo7O24

.4H2O 50 
Al2(SO4)3

.16H2O 30 
CoSO4

.7H2O 150 
NiSO4

.6H2O 500 
Sulfuric Acid (+96% purity) – 1 mL  

4. Surfactant  
Igepal® CA-720 5000 

5. Eh and pH Adjustment  
Eh (adjusted by Na2S.9H2O) ~ -120 mV 
pH (adjusted by NaOH) ~ 6 
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Table 2.3. Summary and comparison of inferred antioxidant depletion rates  
(month-1) for different exposure conditions from laboratory test.  

Temperature Exposure Conditions 
(ºC) Air (A) Water (W) Leachate (L)
85 0.1535 (0.99) 0.1724 (0.97) 0.4341 (0.96)
70 0.0480 (0.97) 0.1097 (0.99) -- 
55 0.0216 (0.99) 0.0357 (0.95) 0.1438 (0.98)
40 0.0119 (0.98) 0.0233(0.98) 0.0586 (0.99)
22 0.0028 (0.80) 0.0048 (0.82) 0.0185 (0.98)

Note: The numbers in parenthesis represents coefficient of determination R2. The values 
reported here may differ from that given in Sangam and Rowe (2002) since they are 
updated/reassessed values based on six years of additional testing. 
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Table 2.4. The three stages in degradation of GM at laboratory test temperatures 

Length 
of   
Stage I 
(months) 

Length of  Stage II 
(months) 

Length of  
Stage III 
(months) 

Service life* 
(months) 

Property 
evaluated  
for Stage 
II 
and III 

 Best fit Interpreted Best 
fit 

Inter-
preted 

Best 
fit 

Inter-
preted 

 

85oC Air 
36.4-31.9 0-4.5 n/a 17.3 n/a 53.7 n/a MFI 
36.4-31.9 0-2 Table 2.5 71**  Table 2.5 105 105 SCR 
36.4-31.9 0-4.5 10.6-15.1 162 131 199 178 B.Strength 
36.4-31.9 10.6-15.1 10.6-15.1 131 131 178 178 B.Strain 
85oC Water 
32.4-28.4 n/a 0-4 n/a 13.6 n/a 46.0 MFI 
32.4-28.4 n/a Table 2.5 n/a Table 2.5 n/a 64 SCR 
32.4-28.4 0-4 0-4 46.6 46.6 79.0 79.0 B.Strength 
32.4-28.4 12.3-16.3 18-22 42.5 42 87.2 92.4 B.Strain 
85oC Leachate 
12.9-11.3 n/a 12.6-14.2 n/a 6.7 n/a 32.2 MFI 
12.9-11.3 n/a Table 2.5 n/a Table 2.5 n/a 40.5 SCR 
12.9-11.3 4.1-5.7 7-8.6 50.1 45 67.1 64.9 B.Strength 
12.9-11.3 17.7-19.3 26-27.6 34.7 26 65.3 64.9 B.Strain 
55oC Air 
259-227α --  --  --  All 
55oC Water 
157-137α --  --  --  All 
55oC Leachate 
38.9-34.0 >62.8-67.7 β  --  >102 β  All 
Note:  
Where two numbers are given, the first is based on Stage I end at OIT(f)=0.5 min. and the second on Stage I 
end at OIT(f)=1 min. 
* to the point where there is 50% reduction from original value except for SCR where service life was based 
on SCR reduction to 150 hours (i.e. 50% of GRI-GM-13 specification of 300 hours) which is  about 3% of 
the initial SCR of the GM tested. 
**  Note that based on OIT(f)=0.5 min., Stage II is negative and since a value of zero was assigned for 
negative values, the three  stages  do not add to 105 months- however this is the time for end of Stage III.  
The problem does not arise for OIT(f)=1 min. 
n/a = not applicable 
α Stage I is projection, has not started Stage II 
β Stage II is not yet complete so this represents a lower bound 
B.Strength = Break Strength 
B.Strain = Break Strain



 

 

Table 2.5. Sensitivity analysis for the end of Stage II based on SCR for GM 
incubated at 85oC. End of Stage III taken at SCR=150 hrs. 

Assuming Stage II ended at a 
specified point in the period between 
last time where there was no change, 
A,  and the first time, B, when there 
was significant change in SCR 

Length 
of    
Stage I 
(months) 

Length 
of    
Stage II 
(months) 

Length 
of    
Stage III 
(months) 

Service 
life 
(months)

85oC Air     
at 25% of time between A and B 36.4-31.9 4.3-8.8 64.0 104.7 
at 50% of time between A and B 36.4-31.9 12.2-16.7 56.1 104.7 
at 75% of time between A and B 36.4-31.9 20.1-24.6 48.2 104.7 

     
85oC Water     

at 0% of time between A and B 32.4-28.4 0.4-4.4 31.3 64.1 
at 25% of time between A and B 32.4-28.4 8.3-12.3 23.4 64.1 
at 50% of time between A and B 32.4-28.4 16.2-20.2 15.5 64.1 
at 75% of time between A and B 32.4-28.4 24.1-28.1 7.6 64.1 

     
85oC Leachate     

at 25% of time between A and B 12.9-11.3 3.2-4.8 24.4 40.5 
at 50% of time between A and B 12.9-11.3 6.4-8.0 21.3 40.5 
at 75% of time between A and B 12.9-11.3 9.5-11.1 18.2 40.5 

Note: Three stages may not add up exactly due to rounding. Where two numbers are 
given, the first is based on Stage I end at OIT(f)=0.5 min and the second on Stage I end at 
OIT(f)=1 min. Note Stage I is independent of this sensitivity study but the length of Stage 
II does depend on the end of Stage I. End of Stage III taken at SCR=150 hrs. 
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Table 2.6. Results from high resolution carbon 1s XPS analyses as a percentage of 
total carbon  

Sample C-C, C-H C-OH, C-O-C C=O O-C=O 
New 90.7 6.3 0.9 2.0 
Air* 79.1 18.2 0.7 2.0 

Water* 77.6 14.7 2.5 5.1 
Leachate** 81.6 15.0 1.0 2.4 

Note: *Aged in air and water at 85oC for 105 months. **Aged in leachate for 82 months. 
 
 
 
 
 
 
 

Table 2.7. Arrhenius equations and activation energies of Stage II. 

Parameter Arrhenius equation Ea 
(kJ/mol)

Plot 
in 
Fig. 

Break Strength* ln(1/t)=28.43-10682/T 88.8 2.13 
Break Strain* ln(1/t)=10.97-4957/T 41.2 2.13 
Break Strength** ln(1/t)=25.32-9686/T 80.5 2.13 
Break Strain** ln(1/t)=10.97-4912/T 40.8 2.13 
    
Break Strength* ln(1/t)=22.04-8588/T 71.4 2.14 
Break Strain* ln(1/t)=6.38-3452/T 28.7 2.14 
MFI* ln(1/t)=15.03-6287/T 52.3 2.14 
Break Strength** ln(1/t)=20.41-8076/T 67.1 2.14 
Break Strain** ln(1/t)=6.49-3512/T 29.2 2.14 
MFI** ln(1/t)=14.42-6113/T 50.8 2.14 
    
SCR (25%)* ln(1/t)=31.33-11634/T 96.7 2.15 
SCR (50%)* ln(1/t)=23.24-8982/T 74.7 2.15 
SCR (75%)* ln(1/t)=18.46-7415/T 61.7 2.15 
SCR (25%)** ln(1/t)=27.30-10338/T 86.0 2.15 
SCR (50%)** ln(1/t)=21.35-8384/T 69.7 2.15 
SCR (75%)** ln(1/t)=17.39-7086/T 58.9 2.15 
Note: *Results based on Stage I end at OIT(f)=0.5 min. **Results based on Stage I end at 
OIT(f)=1 min. 
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Table 2.8. Service life predictions at typical liner temperatures for leachate-immersed GM based on tensile parameters in 
Table 2.4. 

Note: Times above 10 years are rounded to nearest 5. Three stages may not add up exactly due to rounding. Where two ranges are 
given, the first is based on Stage I end at OIT(f)=0.5 min and the second (in parenthesis) on Stage I end at OIT(f)=1 min. Lower values 
are based on "interpretation of data" and higher values based on "best fit". The Stage II,  III and service life predictions are based on 
very limited data and will be revised when more data becomes available. The numbers should only be used as a general guide and 
should be used with caution.

Temp. 
(oC) 

Stage I 
leachate 

immersion 
OIT data 

(years) 

Stage II 
leachate 

immersion 
(years) 

Stage III leachate 
immersion and Ea 

of degradation, 
80kJ/mol (years) 

Service life 
(years) 

 

Stage II 
leachate 

immersion) 
(years) 

Stage III leachate 
immersion and Ea of 

degradation, 
80kJ/mol (years) 

Service life 
(years) 

 Based on OIT Based on tensile break strength Based on tensile break strain 
20 25 

(25) 
120-255 

(105-190) 
1455-1625 

 
1605-1905 

(1585-1840) 
20-30 

(20-35) 
840-1125 

 
885-1180 

(885-1180)
35 10 

(10) 
30-45 

(30-40) 
295-330 

 
335-380 

(330-375) 
10-15 

(10-15) 
170-225 

 
190-250 

(190-250) 
50 5 

(4) 
8-9 

(8-9) 
70-75 

 
80-90 

(80-90) 
6-7 

(7-7) 
40-55 

 
50-65 

(50-65) 
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Table 2.9. Service life predictions at typical liner for leachate-immersed GM temperatures based on SCR parameters in Table 
2.5. 

Temp. 
(oC) 

Assuming that Stage II ends 25% 
between no change and significant 

change in SCR 
(years) 

Assuming that Stage II ends 50% 
between no change and significant 

change in SCR 
(years) 

Assuming that Stage II ends 75% 
between no change and significant 

change in SCR 
(years) 

20 1180-1055 855-830 695-685 
35 225-215 180-180 150-150 
50 50-50 45-45 40-40 

Note: Times above 10 years are rounded to nearest 5. Where two numbers are given, the first is based on Stage I end at OIT(f)=0.5 min 
and the second on Stage I end at OIT(f)=1 min. End of Stage III taken at SCR=150 hrs. The service life predictions are based on very 
limited data and will be revised when more data becomes available. The numbers should only be used as a general guide and should 
be used with caution.
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Figure 2.1. Variation of OIT with incubation time at different temperatures in water 
exposure. 
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Figure 2.2. Variation OIT with incubation time at different temperatures in 
synthetic leachate exposure. 
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Figure 2.3. Variation of OIT with incubation time at 55ºC under different exposure 
conditions. 
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Figure 2.4. Plot of ln(OIT) with incubation time for tests at 40ºC under different 
exposure conditions. 
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Figure 2.5. Arrhenius plot of antioxidants depletion rate for different exposure 
conditions. 
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Figure 2.6. The predicted antioxidant depletion rates at typical liner temperatures 
ranging from 10oC to 60oC. These antioxidant depletion rates may differ from those 
given in Sangam and Rowe (2002) since they are updated values based on six years 
of additional testing. 
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Figure 2.7. Estimated antioxidant depletion time at typical liner temperatures in air, 
water and leachate. Approximations for unsaturated soil and leachate-unsaturated 
soil are also shown. The antioxidant depletion times plotted in the figure are based 
Stage I end at OIT(f)=0.5 min. Stage I based on OIT(f)=1 min. were also calculated. 
Lower value in the inset table is based on Stage I end at OIT(f)=1 min and the higher 
value is for Stage I end at OIT(f)=0.5 min. Values over 10 years are rounded to 
nearest 5 years. Where single number is given there was no difference to rounding 
accuracy. The antioxidant depletion times may differ from those given in Sangam 
and Rowe (2002) since they are updated values based on six years of additional 
testing. ICL=inferred composite liner. 
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Figure 2.8. Variation in (a) molecular properties and (b) tensile properties with time 
during incubation in air at 85ºC.  Dotted and dash vertical lines shows end of Stage I 
based on OIT(f) of 1min and 0.5min respectively. For Fig 8a there was no difference 
between interpreted and best fit lines. For Figure 8b the interpreted line is the same 
for the break strength and break strain and is the same as the best fit line for break 
strain. Vertical lines with arrowheads represent the end of Stage II and III as 
applicable. See Table 4 for values deduced from this Figure. 
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Figure 2.9. Variation in (a) molecular properties and (b) tensile properties with time 
during incubation in water at 85ºC. Dotted and dash vertical lines shows end of 
Stage I based on OIT(f) of 1min and 0.5min respectively. Best fit = solid line; 
Interpreted = short dashed line.  For Fig 9a there was no difference between 
interpreted and best fit lines. For Figure 9b the interpreted line is the same as the 
best fit line for break strength. Vertical lines with arrowheads represent the end of 
Stage II and III as applicable. See Table 4 for values deduced from this Figure. 
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Figure 2.10. Variation in (a) molecular properties and (b) tensile properties with 
time during incubation in leachate at 85ºC. Dotted and dash vertical lines shows end 
of Stage I based on OIT(f) of 1min and 0.5min respectively. Best fit = solid line; 
Interpreted = short dashed line.  For Fig 10a there was no difference between 
interpreted and best fit lines.  Vertical lines with arrowheads represent the end of 
Stage II and III as applicable. See Table 4 for values deduced from this Figure. 
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Figure 2.11. Variation in (a) molecular properties and (b) tensile properties with 
time during incubation in leachate at 55ºC. See Table 4 for values deduced from this 
Figure. Solid vertical line represents the end of Stage I of service life based on 
OIT(f)=0.5 min. Dotted vertical line represents the end of Stage I based on OIT(f)=1 
min. 
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Figure 2.12. SEM micrographs of the surface of (a) unaged GM (b) GM aged at 
85oC in air for 105 months (c) GM aged at 85oC in water for 105 months and (d) 
GM aged at 85oC in leachate for 82 months. 
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Figure 2.13. Arrhenius plot of Stage II in leachate based on ‘best fit’ parameters in 
Table 4. (Note: the GM has not completed Stage II at 55oC. The lower bound value 
of 63 and 68 months is based on the current time in Stage II assuming an end of 
Stage I based on OIT(f) of 0.5min and 1 min. respectively.) *Results based on Stage I 
end at OIT(f)=0.5 min. **Results based on Stage I end at OIT(f)=1 min. 
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Figure 2.14. Arrhenius plot of Stage II in leachate based on ‘interpreted’ 
parameters in Table 4. (Note: the GM has not completed Stage II at 55oC. The lower 
bound value of 63 and 68 months is based on the current time in Stage II assuming 
an end of Stage I based on OIT(f) 0f 0.5min and 1 min. respectively.) *Results based 
on Stage I end at OIT(f)=0.5 min. **Results based on Stage I end at OIT(f)=1 min. 
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Figure 2.15. Arrhenius plot of Stage II in leachate based on SCR parameters in 
Table 5. (Note: the GM has not completed Stage II at 55oC. The lower bound value 
of 63 and 68 months is based on the current time in Stage II assuming an end of 
Stage I based on OIT(f) of 0.5 min and 1 min. respectively.) *Results based on Stage I 
end at OIT(f)=0.5 min. **Results based on Stage I end at OIT(f)=1 min. 
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Chapter 3 
Depletion of Antioxidants from High Density Polyethylene 

Geomembrane in a Composite Liner2 
 

3.1 Introduction 

Due to their ability to minimize advective flow and provide an excellent diffusive 

barrier to inorganic contaminants, high density polyethylene (HDPE) geomembranes are 

extensively used as a part of composite base liner systems in modern landfills (Rowe 

2005; Cartaud et al. 2005a,b; Barroso et al. 2006; Touze-Foltz et al. 2006). These liner 

systems often comprise (from top to bottom) a gravel leachate collection layer, a 

geotextile protection layer, a 1.5 or 2 mm thick HDPE geomembrane and either a 

geosynthetic clay liner (GCL) or a compacted clay liner. HDPE geomembranes have 

been shown to have good chemical resistance to wide range of contaminants found in 

landfill leachate constituents (Tisinger et al. 1991; Eith and Koerner 1997; Koerner 1998; 

Rowe et al. 2004). The long-term behavior of geomembranes in landfill base liners is 

initially controlled by the rate of extraction of antioxidants. This process involves the 

dissolution or chemical reaction of antioxidants at the surface of the geomembrane and 

their diffusion from the core structure to the surface due to concentration gradient (Hsuan 

and Koerner 1998; Sangam and Rowe 2002).  The loss of antioxidants leaves the 

geomembrane vulnerable to the second principal degradation mechanism of oxidative 

degradation as described by Grassie and Scott (1985).  

                                                      
2  This chapter has been published in the Journal of Geotechnical and Geoenvironmental Engineering, 
ASCE (Volume 134, Issue 1, pp 68-78). 
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HDPE geomembrane degradation is envisaged as having three distinct stages 

(Viebke et al. 1994; Hsuan and Koerner 1998), antioxidant depletion (Stage I), induction 

time to the onset of polymer degradation (Stage II) and polymer degradation involving 

the decrease in a geomembrane property to an arbitrary level often taken to be 50% of the 

original value (Stage III). The sum of the three stages is regarded as the service life of 

geomembrane. The most reliable way of assessing the length of the three stages and 

hence the service life of the geomembrane would be to exhume samples from the field at 

different time intervals over the service life. However this is not feasible due to the long 

time it would take to obtain useful results under field conditions. Consequently laboratory 

based accelerated ageing tests are utilized to estimate the length of these stages with the 

emphasis to date being on Stage I (Hsuan and Koerner 1998; Sangam and Rowe 2002; 

Müller and Jacob 2003; Rimal et al. 2004; Gulec et al. 2004; and Müller 2007). These 

previous studies have examined extraction of antioxidants from geomembrane immersed 

in air, water, leachate and various hydrocarbons. Hsuan and Koerner (1998) also 

examined a case with water saturated sand above and dry sand below the geomembrane. 

It has been shown that there can be a substantial difference in the projected time to 

depletion of antioxidants (Stage I) depending on the exposure conditions (Sangam and 

Rowe, 2002; Rimal et al., 2004). However to date there has been no examination of the 

depletion rate for a geomembrane in a simulated composite liner environment nor any 

comparison of this with that obtained from more conventional immersion tests. Thus the 

objective of this chapter is to provide results to address this issue. 
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3.2 Experimental Investigation  

3.2.1 Materials 

The simulated liner examined in these tests is shown schematically in Figure 3.1 

The components are described below from top down. The gravel (leachate “collection” 

layer) was 19 mm crushed, washed, limestone. The 2 mm thick (ASTM D5199) 

geotextile protection layer had a mass per unit area of 270 g/m2 (ASTM D5261), a 

hydraulic conductivity of 3 x 10-3 m/s (ASTM D4491), an apparent opening size of 0.180 

mm (ASTM D4751), a grab tensile strength of 975 N and a grab elongation 50% (ASTM 

D4632).  The smooth 1.5 mm thick HDPE geomembrane was manufactured by GSE 

Linings Inc., Houston, Texas, USA and the had properties given in Table 3.1.  

The GCL used in the composite liner cell was Bentofix® Thermal Lock NWL 

provided by Terrafix Geosythetics Inc., Toronto, Canada. This needlepunched GCL had a 

layer of granular sodium bentonite with mass per unit area of 3.66 kg/m2 (minimum 

average roll value – MARV, ASTM D5993) encapsulated between a scrim reinforced 

nonwoven carrier geotextile (mass per unit area of 200g/m2 MARV) and a virgin staple 

fiber nonwoven cover geotextile (mass per unit area of 200 g/m2 MARV, ASTM D 

5261). The needlepunched fibers were thermally fused to the carrier geotextile to 

improve the reinforcing bond. It had a hydraulic conductivity of 5x10-11 m/s (ASTM 

D5084), an internal shear strength of 24 kPa (ASTM D5321), and a minimum bentonite 

swell index of 24 mL/2g (ASTM D5890).   The underlying foundation layer was poorly 

graded clean (washed) grade 24 Ottawa silica sand without contaminants such as dust, 

clay, or iron compounds. It had specific gravity of 2.65 and sieve testing for grain size 
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distribution (ASTM D6913) indicated mean grain size, D50, of 0.5 mm with coefficient 

of uniformity Cu of 3 and coefficient of curvature Cc of 1.02. The Standard Proctor 

optimum moisture content was 13.7% at dry density of 1.6 g/cm3 (ASTM D698). 

The synthetic leachate used in this study was based on leachate from the Keele 

Valley municipal solid waste landfill and comprised volatile fatty acids, inorganic salts, 

trace metals, and surfactant (Table 3.2).  

Once assembled, the stainless steel composite liner cells (Figure 3.1) were placed 

in 117 cm x 86 cm x 40 cm (high), fully insulated, incubation baths made of 3 mm thick 

stainless steel. A pump was used to provide circulation and an immersion heater with 

Omega CN1A series temperature control system was used to maintain the bath 

temperature at ±1oC of the specified value.   

3.2.2 Ageing Procedure 

Moist Ottawa sand (14% moisture content) was compacted in the bottom part of 

the cell in three equal layers in a similar manner as that described in the Standard Proctor 

test (ASTM D698). Fifty blows were applied to each layer using the Standard Proctor 

compaction rammer ensuring that the rammer is lifted all the way to the top. The average 

properties of the compacted sand were: porosity 0.41, void ratio of 0.71, dry density of 

1.55 g/cm3, and a degree of saturation of 52%. About 210 ml of water was added to the 

top of the sand to provide sufficient moisture to hydrate the GCL without significantly 

changing the moisture content of the sand from the compacted value after hydration. The 

precut GCL sample was placed on top of the sand. The precut HDPE geomembrane 
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sample was then placed on top. The upper part of the cell was installed on top of the 

geomembrane sample, and was connected to the bottom part of the cell. The geotextile 

protection layer was placed over the geomembrane and clean gravel was placed above the 

geotextile. 

To assess the hydration of the GCL, cells were prepared and left at laboratory 

temperature for hydration. These cells were opened at various times and the moisture 

content of GCL and sand layers was measured to obtain the moisture content profile 

(Figure 3.2).  Three days were required for the GCL to reach a gravimetric water content 

of 95%, 19 days to reach 120%, and 30 days to reach 138%. At 30 days the GCL had a 

bulk void ratio of 4.4, bentonite porosity of 0.80 and a degree of saturation of 92%. 

Synthetic leachate was added to the gravel portion of the composite liner cells 

allowing the geomembrane to be exposed to the synthetic leachate from the top. The 

leachate was replaced with new leachate at about every two weeks. The geomembrane to 

be immersed in leachate was cut into 10 cm x 6 cm coupons, placed upright in glass 

containers, and separated by 5 mm diameter glass rods. The container was filled with 

synthetic leachate. The glass rod was used to ensure that coupons did not touch and hence 

that both faces of the geomembrane were completely exposed to synthetic leachate. The 

synthetic leachate-immersed geomembrane specimens were also placed in the incubation 

baths. The synthetic leachate was replaced in the glass containers at the same time as in 

the composite liner cells. 
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The incubation baths were maintained at temperatures of 85oC, 70oC, 55oC, and 

26oC. These temperatures were selected to meet the following criteria. 

(1) The incubation temperatures should be high enough to accelerate the ageing 

process and practically allow the ageing evaluation in a reasonably short time period. 

Similar temperatures ranges were used by Hsuan and Koerner (1998) and Sangam and 

Rowe (2002).  

(2) The incubation temperatures should not be so high that modification on the 

nature of material occurs (Verdu, 1988). The melt point of the geomembrane, measured 

by a Differential Scanning Calorimeter, was 131±1oC. The glass transition temperature of 

polyethylene occurs at very low temperature, within -130oC to – 100oC (Peacock 2000). 

The highest incubation temperature examined in this study (85oC) is 46oC below the 

melting point. The glass transition temperature is well below the range of temperature 

examined or that anticipated in typical field applications. 

(3) The selected temperatures should not destroy the antioxidants present in the 

geomembrane. Antioxidants have specific ranges of temperature in which they are 

effective (Fay and King, 1994; Lutz and Grossman, 2001). Antioxidants such as hindered 

phenols (primary antioxidant with an effective temperature range 0 to 300oC), 

thiosynergists (secondary antioxidant with an effective temperature range 0-200oC) and 

hindered amines (primary/secondary antioxidant which are most effective below 135oC 

and preferably below 120oC; Fay and King 1994). Hence the selected temperatures were 

well within the effective range of primary and secondary antioxidants. Prior studies on 
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polyethylene pipe have shown that at temperatures over 95oC, volatilization of 

antioxidants may be a concern (Karlsson et al. 1992; Smith et al. 1992).  

The simulated composite liner cells were removed from the incubation tanks at 

after different times and the geomembrane samples were retrieved, rinsed with distilled 

water, wiped, and prepared for testing. The GCL thickness was measured, and both GCL 

and sand specimens were immediately placed in the oven to obtain the gravimetric water 

content. Various analytical and mechanical tests were performed on the geomembrane 

sample as described in the following section. 

3.2.3 Analytical Testing Methods for HDPE Geomembrane 

The standard oxidative induction time (Std-OIT) test (ASTM D3895) is a well 

known indicator of the amount of antioxidant present in the geomembrane. Yim and 

Godin (1993) demonstrated the relationship between long-term ageing and the OIT. They 

showed that there is no relationship between the initial OIT value and the long-term 

stability of polyethylene. The high initial OIT value does not mean that the polyethylene 

is highly stable. They also showed that several combinations of stabilizers with different 

initial OIT values gradually declined with time during oven ageing. OIT has been used by 

many researchers (Hsuan and Koerner 1995; Hsuan and Koerner 1998; Sangam and 

Rowe, 2002; Müller and Jakob 2003; Rimal et al. 2004; Gulec et al. 2004) for monitoring 

the depletion of antioxidant in the HDPE geomembrane. For this study, the standard OIT 

tests were carried out using two differential scanning calorimeters (DSC): TA 

Instruments 2910 and Q100. For the evaluation of OIT the testing temperature of 200oC 
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was used at a pressure of 35 kPa and flow of ultra high pure nitrogen and oxygen of 50 

ml/min Three to five replicate specimens were tested from each geomembrane sample. 

High pressure oxidative induction time tests (HP-OIT) (ASTM D5885) were also 

used to monitor the antioxidant depletion from some samples. This test has been utilized 

in the past by Hsuan and Koerner (1998) and Sangam and Rowe (2002) to assess ageing 

of HDPE geomembranes. A TA Instrument 2910 DSC with a special pressure cell having 

a maximum capacity 7000 kPa was used to conduct the HP-OIT test.  The specimen was 

kept isothermally at 150oC and 3500 kPa in an oxygen environment until the exothermic 

peak was detected. For both the Std-OIT the HP-OIT test, OIT is taken as the time to the 

onset of the exothermal peak. 

Each approach has advantages and disadvantages. The standard OIT test is more 

sensitive for measurement of low OIT values and is simpler to conduct. However, in the 

Standard OIT test at 200oC, hindered amines lose their effectiveness (Hsuan and Koerner 

1998).  In contrast, Thomas and Ancelet (1993) demonstrated that hindered amines were 

active at 150oC in HP-OIT test.  Thus the use of the lower testing temperature (150oC) in 

the HP-OIT test decreases the potential for volatilization of these antioxidants during 

testing and the high pressure increases the concentration of the reacting oxidizing gas 

(Tikuisis et al. 1993), giving more accurate OIT results when hindered amines are present 

in the geomembrane. Thomas and Ancelet (1993) established a relationship between Std-

OIT and HP-OIT values for 12 different combinations of phenols, hindered amines and 

phosphites. It was found that the additive packages with hindered amines yielded low 
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initial Std-OIT values but high initial HP-OIT values. Thus the HP-OIT test was found to 

be useful in distinguishing the additive type. 

The crystallinity of polyethylene can be obtained from various simple and 

advanced methods such as density, differential scanning calorimetry, wide-angle x-ray 

diffraction, nuclear magnetic resonance spectroscopy and ultrasonic techniques. In this 

investigation crystallinity tests were performed on the geomembrane samples according 

to ASTM E794 using a DSC. The geomembrane specimen of known mass was placed in 

the DSC and heated at the rate of 20oC/min. to 200oC in nitrogen. The percentage 

crystallinity was obtained as a ratio of measured heat of fusion with the heat of fusion of 

100% crystalline HDPE, 290 J/g (Flory and Vrij, 1963). 

3.2.4 Mechanical Testing Methods for HDPE Geomembrane 

Tensile tests were performed in Instron 3396 universal testing machine in 

accordance with ASTM D6693. Tensile properties have been widely used in evaluating 

the oxidative stability of polymeric materials and geosynthetics (Sung and Nikolov 1992; 

Salman et al. 1997; Dörner and Lang 1998; Hsuan and Koerner 1998; Sangam 2001). In 

particular, the elongation at break is known to a good indicator of oxidative degradation 

(Hamid et al. 1992). 

The melt flow index test (MFI) is useful in for assessing the changes in molecular 

weight of the polymer due to ageing. The MFI is inversely proportional to the molecular 

weight (Shah 2002) e.g. a low molecular weight polymer has high MFI value and vice 

versa. The oxidative degradation of polyethylene results in either a cross-linking or a 
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chain scission reactions (Peacock 2000). A cross-linking increases the molecular weight 

(higher molecular weight molecules are formed) whereas the chain scission decreases the 

molecular weight (Hsuan and Koerner 1998; Peacock 2000). Hence as MFI and 

molecular weight are inversely proportional to each other, the decrease in MFI value 

(increase in molecular weight) suggests cross-linking and the increase in MFI value 

suggests chain scission. The MFI test was performed in Dynisco LMI 4000 series melt 

flow indexer according to ASTM D1238 for condition E at 190oC with the geomembrane 

melt being extruded through the orifice at a load 2.16 kg.  

The gravimetric moisture content of the GCL and sand (ASTM D4959) and 

thickness of the GCL was measured after the composite liner cells were taken out of the 

incubation cell.  

3.3 Results and Discussions 

3.3.1 Std-OIT versus HP-OIT 

Both Std-OIT and HP-OIT tests were performed for the composite liner 

geomembrane sample incubated at 70oC and the test results are shown in Figure 3.3. The 

OIT depletion rates were estimated from the exponential decay fit to the data. Because of 

the very different initial OIT values obtained with the two tests, the antioxidant depletion 

rates are quite different (0.212 per month and 0.132 per month for the Std-OIT and HP-

OIT tests respectively) however both methods give the same time for OIT depletion.   

Figure 3.4 shows the relationship between Std-OIT and HP-OIT test results. The 

linear correlation between the data from the two tests suggests that either test could be 
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used to evaluate the depletion of antioxidant for the specific antioxidant package used in 

the geomembrane examined. More importantly the linear relationship provides evidence 

that the higher temperature in the Std-OIT test did not destroy the antioxidants used in 

this geomembrane. These findings are similar to those of Hsuan and Koerner (1998) and 

Sangam and Rowe (2002) for the geomembrane they tested. Hsuan and Koerner (1998) 

indicate that a linear relationship between the data from the two tests implies that there 

are no hindered amine antioxidants present in the geomembrane. Thus the major 

antioxidant in the geomembrane probably consists of hindered phenols (primary 

antioxidant) and phosphites (secondary antioxidant added for polymer processing) which 

are effective at the temperature of 200oC used in Std-OIT test (Hsuan and Guan 1997; 

Hsuan and Koerner 1998; Sangam and Rowe 2002). The initial HP-OIT of the 

geomembrane was 660 minutes. Several previous investigators have found that the 

combination of phenols and phosphites do not produce initial HP-OIT values of above 

about 370 min. (Thomas and Ancelet 1993; Hsuan and Guan 1998). Thus it is possible 

that another class or combination of stabilizers is present in the geomembrane and that 

this gives rise to the high HP-OIT value.  Hsuan and Guan (1998) have reported Std-OIT 

of 126 min. and HP-OIT of 1125 min. for an antioxidant combination of phenols, 

phosphites and thiosynergists. Although their HP-OIT (1125 min.) is higher than that for 

the geomembrane used in this study (660 min.), a different combination of phenols, 

phosphites and thiosynergists may be present.   It is also possible that different members 

of an antioxidant group, such as hindered phenols, exhibit different responses with 

respect to laboratory measurements of OIT in the standard and high pressure tests and 
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that this reflects a different  formulation than tested by others when reporting typical Std-

OIT and HP-OIT results, even though they are of the same type. Since the manufacturer 

would not supply the details regarding the antioxidant type, ratio or concentration used in 

this geomembrane, the reason for the difference with other published values must remain 

hypothesis and it is entirely possible that there are additional components affecting the 

OIT performance.  

3.3.2 OIT Depletion 

The OIT was measured for both the composite liner geomembrane samples and 

leachate-immersed coupons incubated at all temperatures and one illustrative set of data 

is given in. Figure 3.5. The OIT values decreased exponentially with time and the OIT 

reduction was faster at higher incubation temperatures as previously observed by Hsuan 

and Koerner (1998) and Sangam and Rowe (2002).  It was found that the depletion of 

antioxidants was dependent on the exposure conditions. For example, Figure 3.6 shows 

that the leachate-immersed geomembrane experienced a faster reduction in OIT than the 

geomembrane in the composite liner.  At 70oC it took about 11 months for the decrease 

from the initial OIT value of 135 min. to the value less than 1 min for the leachate-

immersed geomembrane whereas for the composite liner it took about 28 months for this 

same reduction to occur. A similar trend was observed at the other temperatures with the 

depletion being consistently faster for the leachate-immersed geomembrane than for the 

composite liner geomembrane. 
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Since antioxidants depletion follows a first-order decay model, the OIT value at 

time t, can be expressed as (Hsuan and Koerner 1998): 

)exp()( stOITtOIT o −⋅=         [3.1] 

or taking logarithm of both sides, 

( ) ( )oOITsttOIT ln)(ln +−=         [3.2] 

where OITo is the initial OIT (in minutes); s is the antioxidant depletion rate (in month-1); 

and t is the time (in months). 

Figure 3.7 and Figure 3.8 show the plot of ln(OIT) with incubation time which yields the 

linear response curves given by Equation 3.2. The slope of the lines represents 

antioxidant depletion rates at each temperature and these are summarized in Table 3.3.  

The antioxidant depletion rates obtained at each temperature were significantly higher 

(2.2-4.8 times) for the leachate-immersed geomembrane samples than for the composite 

liner. For example the depletion rate at 85oC was 1.24 month-1 for the leachate-immersed 

sample compared to 0.275 month-1 for the composite liner geomembrane sample. This 

difference is attributed to the fact that for simple leachate immersion (a) the antioxidants 

diffusing out of the geomembrane could be readily removed into the leachate hence 

maintaining a relatively high concentration gradient and outward diffusive flux, and (b) 

the geomembrane was directly exposed to the constituents in the leachate.  In contrast, for 

the simulated liner there could be a build up of concentration of antioxidant in the GCL 

and geotextile on either side of the geomembrane, thereby reducing the concentration 
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gradient and outward diffusive flux.  Furthermore only one side of the geomembrane was 

exposed to leachate. 

Exposure to leachate can increase antioxidant depletion. In particular, the 

presence of surfactant in leachate plays a major role in the depletion of antioxidants from 

a geomembrane (Islam and Rowe 2007). This is attributed to the fact that the surfactant 

increases the wettability of the geomembrane by decreasing the surface tension and 

allowing the antioxidant on the surface of the geomembrane to more readily dissolve in 

the leachate.   This increases the concentration gradient between the core and the surface 

of the material and hence the outward diffusive flux of antioxidants. The trace metals 

have also been reported to increase the consumption of antioxidants under anoxic 

conditions (Osawa and Saito 1978; Wisse et al. 1990).  

Sangam and Rowe (2002) have shown that the antioxidant depletion rate in 

synthetic leachate is 1.6-3.2 times faster than in water. Dörner and Lang (1998) 

monitored the decline in OIT from polyethylene pipes (wall thickness 2 mm) immersed 

in water. Although they did not explicitly state the antioxidant depletion rate, one can 

deduce a rate of 0.173 per month from their data at 85oC. This is very close to 0.175 per 

month obtained by Sangam and Rowe (2002) for 2 mm thick geomembrane in water. 

Islam and Rowe (2007) examined OIT depletion for 1.5 mm thick geomembrane 

immersed in four different leachates (all containing trace metals and surfactant) and 

observed depletion rates very similar to those obtained for synthetic leachate immersion 

in this study.  
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The antioxidant depletion rates published in the literature for various HDPE 

geomembranes are given in Table 3.4. The rate of antioxidant depletion obtained for 

leachate-immersed 1.5 mm thick HDPE geomembrane sample at 85oC (1.24 month-1) in 

this study is higher than that obtained by Sangam and Rowe (2002) for 2 mm thick HDPE 

geomembrane immersed in the same leachate (i.e. 0.407 month-1). The difference is most 

probably due to a difference in antioxidant formulation.  In support of this hypothesis it is 

noted that the geomembrane tested by Sangam and Rowe (2002) had an HP-OIT of 380 

min. while the present geomembrane had an HP-OIT of 660 min. and, as discussed 

above, appears to have a different antioxidant package. Gulec et al. (2004) aged 1.5 mm 

geomembrane in synthetic acid mine drainage (AMD) leachate and the antioxidant 

depletion rate at 80oC was 1.206 month-1. A recent study of 2.5 mm thick specimens cut 

out of HDPE leachate collection  pipe immersed in a synthetic leachate at 85oC gave a 

depletion  rate of 1.18 per month (Krushelnitzky 2006). This rate is similar to the value of 

1.24 per month obtained for the leachate-immersed 1.5 mm HDPE geomembrane 

examined in this study. 

It is noted that Müller and Jakob (2003) observed an initial sharp decline in OIT 

shortly after geomembrane immersion in water at 80oC.  This was followed by a slow 

subsequent decline. This two stage exponential decline in OIT was attributed to an initial 

hydrolytic deterioration of phosphite followed by slower depletion of the remaining 

phenolic antioxidants.   

The renewal rate of immersion fluid can also affect the loss in OIT (Islam and 

Rowe 2007). A slow renewal rate of the fluid appears to allow a buildup of antioxidant 
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concentration in the immersion fluid. Thus the outward diffusion of antioxidants from the 

geomembrane will be retarded.  This may be a factor affecting depletion rates.  The 

leachate in the present tests was renewed at a frequency (2 weeks) which, based on 

studies by Islam and Rowe (2007), was sufficiently frequent to prevent a build-up of 

antioxidants that would significantly affect the results. 

 

3.3.3 Arrhenius Modeling of Antioxidant Depletion Rates 

The Arrhenius equation (Equation 3.3) is a relationship between antioxidant 

depletion rates and temperature. 
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Taking logarithm of both sides the above equation can also be expressed as, 
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where s is the antioxidant depletion rate (month-1), A is the constant, Ea is the activation 

energy (kJ/mol), R is the universal gas constant (8.31 Jmol-1K-1), and T is the absolute 

temperature (K) 

The Arrhenius equation is commonly used to extrapolate the experimental data 

obtained at high temperatures to the site-specific lower temperatures (Koerner et al. 1992; 

Viebke et al. 1994; Hsuan and Koerner 1995;  Hsuan and Koerner 1998; Sangam and 

Rowe 2002; and Gulec et al. 2004). The assumptions associated with the use of Arrhenius 

equation are (1) the antioxidant depletion rate is a function of temperature, (2) value of 
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the constant A does not affect the temperature sensitivity of the reaction, and (3) the 

activation energy remains constant over the time and temperature range of interest for 

evaluation, extrapolation and prediction. 

The data listed in Table 3.3 can be used to obtain a relationship between 

logarithm of antioxidant depletion rate and inverse of the temperature as shown in Figure 

3.9. The activation energy can be deduced from the slope Ea/R of the regression curve 

and both the Arrhenius equation and the corresponding inferred activation energy are 

given in Table 3.5 for the composite liner geomembrane (62.7 kJ/mol) and leachate-

immersed geomembrane sample (58.9 kJ/mol). Although there was not a big difference in 

activation energies, the higher activation energy was obtained for the composite liner. 

Rowe (2005) has discussed the temperatures observed for landfill liners. For a 

normal MSW landfill operation the liner temperatures can be expected to reach 30-40oC 

and 35oC can be taken as a representative temperature based on currently available data. 

If the landfill has augmented moisture to accelerate degradation of organics the liner 

temperature may increase faster than in normal operations and could exceed 40oC 

(Koerner and Koerner 2006). In presence of a significant leachate mound, liner 

temperatures of 40-60oC may occur. Using the equations listed in Table 3.5 the 

antioxidant depletion rates at site specific lower temperatures were estimated and are 

given for temperatures ranging from 10oC to 60oC in Table 3.6. 
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3.3.4 Prediction of Antioxidant Depletion Time 

Based on the depletion rates in Table 3.6, the time for depletion of antioxidants 

can be calculated. The antioxidant depletion time was calculated as the time taken for 

depletion of OIT from the initial value of 135 minutes to final residual value of 0.5 

minutes reported for pure HDPE resin (Hsuan and Koerner 1998). For example, based on 

the Std-OIT data the antioxidant depletion time for the composite liner at 70oC can be 

calculated from Equation 3.2 as follows:  

( ) ( )135ln2123.05.0ln +⋅−= t , giving 

t =  26.4 months (2.2 years) 

Likewise from the  HP-OIT data, and using the initial measured value of 660 min. 

and the residual value for pure unstabilized HDPE resin of 20 min (Hsuan and Koerner 

1998), the time required for OIT depletion is given by: 

( ) ( )660ln1318.020ln +⋅−= t  and hence 

t = 26.5 months (2.2 years). 

Thus both the Std-OIT and HP-OIT data give very similar predictions. 

The results, shown in Figure 3.10, indicate that the antioxidant depletion times in 

composite liner geomembrane were substantially longer than for leachate-immersed 

geomembrane. The depletion time at 35oC for the composite liner geomembrane was 

about 40 years compared to about 10 years for the leachate-immersed geomembrane. The 

predicted antioxidant depletion time ranged from 335 years at 10oC to 6 years at 60oC for 

the composite liner geomembrane. For the leachate-immersed geomembrane the 
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depletion time ranged from 85 years at 10oC to 2 years at 60oC. These results clearly 

demonstrate the importance of liner temperature on the antioxidant depletion time of the 

geomembrane. They also show that immersion tests are too severe and the service life 

will be substantially greater for a composite liner than implied by immersion tests in 

leachate. 

3.3.5 Crystallinity 

The degree of crystallinity was measured for both composite liner geomembrane 

and leachate-immersed coupons incubated 85oC. Figure 3.11 shows the change in 

crystallinity with respect to time for the composite liner geomembrane. It was observed 

that ageing at 85oC resulted in an increase in crystallinity from an unaged value of 49% to 

56% within 2 months. This initial increase in crystallinity remained stable (between 54% 

and 56%) at later times and no significant further change was observed. Similar results 

were observed for the leachate-immersed geomembrane. These results are in agreement 

with the results obtained by Dörner and Lang (1998) for the hot water ageing of 

polyethylene and Sangam (2001) on HDPE geomembrane.  The increase in crystallinity 

may be attributed to recrystallization and/or and postcrystallization that takes place due to 

incubation at high temperature (Dörner and Lang 1998). 

3.3.6 Melt Flow Index 

MFI was measured for both leachate-immersed and composite liner 

geomembranes. At 85oC the MFI experienced a slight decrease over the 35 months of 

testing however the change was not significant and no change in the molecular structure 
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of the polymer was evident over this testing period for either the leachate-immersed or 

composite liner geomembranes. Given the three stage ageing process discussed earlier, 

the mechanical properties would not be expected to change significantly until after 

completion of the induction period (Stage II) (Hsuan and Koerner 1998). Thus the MFI 

results suggest that the leachate-immersed geomembrane was still in the second stage of 

degradation at 35 months.  

3.3.7 Tensile Properties 

Tensile tests were conducted only on the composite liner geomembrane samples. 

No significant change in tensile properties at yield and break was observed over the 35 

months of testing at 85oC for the geomembrane in the composite liner. The yield 

properties were evaluated for composite liner samples incubated at 85oC and the impact 

on the yield strength was examined. 

With the increase in crystallinity a small increase in tensile strength at yield was 

observed after 2 months. The tensile strength of the virgin geomembrane was 26.9 kN/m 

(SD=0.67). After two months it slightly increased to 28.8 (SD=0.43). At 35 months the 

tensile strength at yield was 27.4 kN/m (SD=0.49). Although there was a slight increase 

in the yield strength there was also some scatter in the tensile properties data and the 

differences were not large. This suggests that there was no significant mechanical 

degradation of geomembrane over the testing period. This is consistent with the MFI 

results. Even after the antioxidants are depleted significant reduction in tensile properties 

would not be expected until after Stage 2 of ageing (induction time) is completed.  The 
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tensile data are consistent with the other data in suggesting that this had not happened on 

the 35 months of testing reported herein. 

3.3.8 Water Content of the GCL and Sand Subgrade 

The gravimetric water content in GCL and sand were measured after the cells 

were taken out of incubation. It was found that the water content in GCL increased with 

time. The water content increased more readily at higher temperatures than lower 

temperatures. For example after one month of incubation the average water content in 

GCL taken from replicates of three simulated composite liner GCL specimens were 

156% (at 85oC), 147% (70oC), 142% (55oC), and 131% (26oC). After a six month 

incubation the water content increased to 262% (85oC), 261% (70oC), 204% (55oC), and 

140% (26oC). The water content in sand was lower close to the GCL-sand interface and it 

was found to increase with depth. The water content in the sand ranged from 8 to 10% 

near the GCL to 17 to 20% at the base of the cell. 

3.4 Summary and Conclusions 

The results of accelerated ageing tests conducted at elevated temperatures on 

leachate-immersed geomembranes and composite liner geomembranes have been 

described. In the composite liner the top face of the geomembrane was exposed with 

leachate while the bottom face was exposed to the hydrated GCL. The results from OIT 

tests indicated that the antioxidant depletion rates were about 2.2-4.8 times faster for the 

leachate-immersed than the simulated composite liner geomembrane specimens. The 

higher rates are attributed to the higher extraction of antioxidants from two sides of the 
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geomembrane immersed in leachate. The different exposure to leachate on the top and 

bottom face of the composite liner geomembrane, and possible buildup of antioxidants on 

the bottom interface of geomembrane retarded the antioxidant depletion processes. 

The measured antioxidant depletion rates were extrapolated to a range of 

temperatures (10-60oC) using Arrhenius modelling and depletion time for the 

consumption of antioxidant were estimated. The results indicated that at a liner 

temperature of 35oC the antioxidant depletion time would be 40 years for the composite 

liner geomembrane compared to 10 years for the leachate-immersed geomembrane. The 

prediction from simple immersion tests was found to be quite conservative. These tests 

show that to obtain more realistic estimates of geomembrane service life one needs to 

perform tests which simulate the expected liner condition in a composite liner. This 

chapter has presented the first such results for the time of antioxidant depletion for a 

geomembrane in a composite liner with a GCL. Additional research is needed to assess 

the subsequent stages of the ageing of a geomembrane under simulated field conditions. 
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Table 3.1. Properties of the 1.5 mm thick HDPE geomembrane examined 
(Avg.=average, COV=coefficient of variation). 
 
Property Method (ASTM) Avg. COV (%) 
Density (g/cm3) D1505 0.944 2.43 
Carbon Black Content (%) D1603 2.43 -- 
OIT (min) D3895 135 3.3 
Crystallinity (%) E794 49 6.1 
MFI (g/10 min.) D1238 0.492‡ 3.2 
Tensile Properties (Machine Direction) D6693   

Tensile-strength at yield (kN/m)  26.9 2.5 
Tensile-strength at break (kN/m)  64.7 1 
Tensile-strain at yield (%)  18.1 3.7 
Tensile-strain at break (%)  962 0.8 

Tensile Properties (Cross Machine Direction) D6693   
Tensile-strength at yield (kN/m)  27.1 2.5 
Tensile-strength at break (kN/m)  59.9 8.1 
Tensile-strain at yield (%)  18.1 1.4 
Tensile-strain at break (%)  898 8.4 

Single Point Stress Crack Resistance (hrs) D5397, Appendix >400  
Notes: ‡This is an updated value of MFI from the journal paper version of this chapter. This value 
was tested by the author at GeoEngineering Centre, Queen’s-RMC. The value reported in the 
journal paper version was tested at a commercial laboratory.
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Table 3.2. Composition of Keele Valley Landfill synthetic leachate (adapted from Hrapovic, 2001 
and Sangam and Rowe, 2002). 

 

Component Concentration (mg/L) 

1. Volatile Fatty Acids  
Acetic acid 4000  
Propionic acid 3000  
Butyric acid 500  

2. Inorganics  
Na+ 1615 
K+ 354 
NH4

+ 618 
Ca2+ 1224 
Mg2+ 473 
Cl- 4414 
HCO3

- 4876 
NO3

2- 40 
SO4

2- 137 
HPO4

2- 18 
CO3

2- 156 
CO(NH2)2 772 

3. Trace Metal Solution Components – 1 ml/L in synthetic leachate  
FeSO4

.7H2O 2000 
H3BO3 50 
ZnSO4

.7H2O 50 
CuSO4

.5H2O 40 
MnSO4

.H2O 500 
(NH4)6Mo7O24

.4H2O 50 
Al2(SO4)3

.16H2O 30 
CoSO4

.7H2O 150 
NiSO4

.6H2O 500 
Sulfuric Acid (+96% purity) – 1 mL  

4. Surfactant  
Igepal® CA-720 5000 

5. Eh and pH Adjustment  
Eh (adjusted by Na2S.9H2O) ~ -120 mV 
pH (adjusted by NaOH) ~ 6 
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Table 3.3. List of first-order antioxidant depletion rates for 1.5 mm thick HDPE 
geomembrane at different incubation temperatures. 
 

Exposure Temperature 
(ºC) 

Antioxidant Depletion 
Rate, s 

(month-1) 

R2 
 

Leachate 85 1.2423 0.95 
immersed 70 0.4809 0.99 

 55 0.1183 0.99 
 26 0.0253 0.98 

Simulated 85 0.2750 0.89 
composite liner 70 0.2123 0.96 

 55 0.0539 0.94 
 26 0.0053 0.95 
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Table 3.4. List of antioxidant depletion rates in the literature for different exposure 
conditions. 
 

Exposure Condition Incubation 
Temperature, oC 

Antioxidant 
Depletion 
Rates, month-1 

1.5 mm thick 
geomembrane with 
saturated sand on the top 
with static compressive 
stress of 260 kPa and dry 
sand on the bottom. Initial 
Std-OIT = 80.5 min; HP-
OIT = 210 min.   
(Hsuan and Koerner, 1998) 
 

85 
75 
65 
55 

0.1404 
0.0798 
0.0589 
0.0217 

2 mm thick geomembrane 
immersed in synthetic  
MSW leachate. Initial Std-
OIT = 133 min; HP-OIT =  
380 min. Crystalinity = 
44%. 
(Sangam and Rowe, 2002) 
 
 

85 
55 
40 
22 

0.4074 
0.1504 
0.0886 
0.0188 

2 mm thick geomembrane 
immersed water. Initial 
Std-OIT = 133 min;HP-
OIT = 380 min. 
Crystallinity = 44% 
(Sangam and Rowe, 2002) 
 
 
 
 

85 
70 
55 
40 
22 

0.1746 
0.1050 
0.0470 
0.0362 
0.0043 

1.5 mm geomembrane 
immersed in AMD. Initial 
Std-OIT = 208 min; HP-
OIT = 484 min.  
(Gulec et al., 2004) 

80 
60 
40 
20 

1.2056 
0.0906 
0.0480 
0.0051 
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Table 3.5. The Arrhenius equation and inferred activation energy. Note: The 
Arrhenius equation for composite liner geomembrane is different to that reported in 
Rowe (2005). The equation reported here is updated and obtained from longer term 
testing data. Differences arise due to slight variation in the updated antioxidant 
depletion rates. 
 

Exposure Condition Arrhenius Equation Ea 
(kJ/mol) 

Leachate-immersed 
geomembrane            
(Current study) 

 

ln(s) = 19.85 – 7084/T 

R2 = 0.98 

58.9 

Composite liner 
geomembrane            
(Current study) 

 

ln(s) = 20.06 – 7540/T 

R2=0.98 

62.7 

1.5 mm thick 
geomembrane with 
saturated sand on the top 
with static compressive 
stress of 260 kPa and dry 
sand on the bottom.           
(Hsuan and Koerner, 1998) 
 

ln(s) = 17.045 – 6798/T 

R2= --  

56 

2 mm thick geomembrane 
immersed in synthetic 
MSW leachate                      
(Sangam and Rowe, 2002) 

 

ln(s) = 13.768 – 5213/T 

R2=0.985 

43.3 

2 mm thick geomembrane 
immersed water         
(Sangam and Rowe, 2002) 

 

ln(s) = 16.054 – 6305/T 

R2=0.989 

52.4 

1.5 mm geomembrane 
immersed in AMD        
(Gulec et al., 2004) 

ln(s) = 19.16 – 7099/T 

R2=0.93 

58.9 
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Table 3.6. The predicted antioxidant depletion rates at the service temperatures 
ranging from 10oC to 60oC. 
 
 

Temperature (ºC) Antioxidant Depletion Rate, s (month-1) 
 Leachate-immersed Composite liner 

10 0.0056 0.0014 
20 0.0132 0.0034 
30 0.0293 0.0080 
35 0.0429 0.0121 
40 0.0619 0.0178 
50 0.1248 0.0376 
60 0.2412 0.0757 
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Figure 3.1. Schematic of composite liner cell. 
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Figure 3.2. Moisture content profile beneath the geomembrane. 
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Figure 3.3. Variation of Std-OIT and HP-OIT versus Time for geomembrane in 
composite liner cells at 70oC. 
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Figure 3.4. Relationship between Std-OIT and HP-OIT for the geomembrane in 
composite liner cells at 70oC. 
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Figure 3.5. Variation in OIT versus time in the leachate-immersed geomembrane at 
all incubation temperatures. The data points are the average and the vertical bars 
represent standard deviation. 
 

Time (months)

0 5 10 15 20 25 30 35

O
IT

 (m
in

.)

0

20

40

60

80

100

120

140

160

Leachate immersed
Simulated composite liner

 
Figure 3.6. Variation in OIT versus time at 70oC in  composite liner geomembrane 
sample and leachate-immersed geomembrane sample. 
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Figure 3.7. Logarithm of OIT versus incubation time for the composite liner 
geomembrane samples. 
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Figure 3.8. Logarithm of OIT versus incubation time for the leachate-immersed 
geomembrane samples. 
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Figure 3.9. Arrhenius plot of antioxidant depletion rate. 
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Figure 3.10. Estimated antioxidant depletion times for the composite liner and 
leachate-immersed geomembrane. Note: The antioxidant depletion times for the 
composite liner geomembrane may slightly differ from that reported in Rowe 
(2005). The values reported here are obtained from longer term testing. The results 
may differ due to updated values of antioxidant depletion rates and rounding.  
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Figure 3.11. Change in crystallinity versus incubation time for the composite liner 
geomembrane at 85oC. 
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Chapter 4 
Ageing of High Density Polyethylene Geomembrane in Three 

Composite Landfill Liner Configurations3 
 

4.1 Introduction 

High density polyethylene (HDPE) geomembrane (GM) liners are widely used in 

municipal solid waste (MSW) landfills as a part of a barrier system on the base of a 

landfill. For a landfill with a single liner, the barrier system typically involves a gravel 

leachate drainage layer, a protection layer, and a composite liner comprised of a HDPE 

geomembrane and either a geosynthetic clay liner (GCL) or a compacted clay liner 

(CCL). The composite liner provides the primary barrier to the migration of leachate to 

surface or groundwater.  There has been considerable recent research related to the 

leakage or fluids and gases through composite liners (e.g. Barroso et al. 2006; Touze-

Foltz et al. 2006; Bouazza and Vangpaisal 2006).  However, these studies assume an 

effective GM with only a few holes.   To ensure that long-term contamination does not 

occur, it is important that the durability of GM is maintained over the contaminating 

lifespan of the landfill (Rowe et al. 2004). The GM protection layer is most commonly a 

needle-punched geotextile (GT) with a mass per unit area exceeding 250 g/m2. However 

other protection layers (e.g. sand) may be even more effective (e.g. Dickinson and 

Brachman 2006; Brachman and Gudina 2008).  This layer is intended to protect the 

geomembrane from physical damage. However, it can also be anticipated that it will 

                                                      
3 This chapter has been published in the Journal of Geotechnical and Geoenvironmental Engineering, 
ASCE (Volume 134, Issue 7, pp 906-916). 
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provide some protection to the GM from interaction with leachate and the depletion of 

antioxidants.  If that is the case then this layer may be designed to improve the service 

life of the GM.   

Accelerated ageing tests are commonly used to assess the service life of GMs 

(Hsuan and Koerner 1998; Sangam and Rowe 2002; Müller and Jakob 2003; and Gulec et 

al. 2004). Most commonly, the accelerated ageing involves immersing the GM in a fluid 

of interest (typically air, water or leachate) and incubating the sample at elevated 

temperatures.  The material properties are then evaluated as a function of incubation time. 

The test data can be utilized to establish the Arrhenius relationship between degradation 

rate as a function of temperature (Koerner et al. 1992). This relationship can be employed 

to extrapolate the degradation rates obtained in the laboratory to any other temperature. 

The service life (or stages in service life) can then be estimated based on the degradation 

rate. 

Antioxidants are added in the GM to retard oxidation and prolong their service 

life. The amount of antioxidant and stabilizers added to the GM is typically 0.5-1% 

(Hsuan and Koerner 1995). Conceptually, the chemical ageing process for a GM can be 

considered to have three distinct stages (Viebke et al. 1994; Hsuan and Koerner 1998): 

(1) antioxidant depletion; (2) induction to the onset of polymer degradation, and (3) 

polymer degradation involving the decrease in GM property to an arbitrary level (e.g., to 

50% of the initial value). The service life of the GM is the sum of the three stages. Prior 

accelerated ageing studies have mostly focused on estimating the length of the 

antioxidant depletion time of the GMs (Hsuan and Koerner 1998; Sangam and Rowe 
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2002; Müller and Jakob 2003; Rimal et al. 2004; and Gulec et al. 2004). Most of these 

investigations employed simple immersion of GM coupons in different media (e.g. water, 

air, leachate, acid mine drainage, etc.). The results from these tests have shown that there 

is a significant difference in antioxidant depletion time depending upon the type of 

exposure condition. The results obtained from immersion in leachate are considered to be 

approximate and likely conservative for the tested GM (Sangam and Rowe 2002). Hsuan 

and Koerner (1998) examined a case with water saturated sand above and dry sand below 

the GM. These tests were designed to simulate the site conditions but may not be 

conservative since there was no contact between leachate and the GM. The need to 

examine the antioxidant depletion time of the GM under more realistic field exposure 

conditions than simple immersion tests can be addressed by performing accelerated 

ageing tests on simulated composite liners exposed to leachate (Rowe and Rimal 2008; 

Chapter 3). 

This study focuses on examining the antioxidant depletion time for GMs in 

simulated composite liners. The objective of the study is to identify the potential effect of 

different protection layers above the GM on the depletion of antioxidants from the GM. 

Three different protection layers will be examined as described in the following section. 

4.2 Experimental Investigation 

4.2.1 Composite Liner Configurations 

For the purpose of this study, the simulated composite liner consisted of GM over 

a GCL and compacted moist sand as a foundation layer. Three protection layers above 
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the GM were considered as illustrated in Figure 4.1. The first involved a 270 g/m2 needle 

punched nonwoven GT protection layer above the GM (denoted as scenario CL-T, Figure 

4.1a). The second type consisted of GT and GCL above the GM (denoted as CL-TG, 

Figure 4.1b). The third comprised a 1.5 cm thick sand layer contained between two GT 

layers (denoted as CL-TST, Figure 4.1c). In the following discussion, these three liner 

system will be referred to as CL-T, CL-TG and CL-TST (CL = composite liner, T = GT, 

G = GCL, S = sand) for simplicity of presentation. 

Previous research has suggested that surfactants and trace metals commonly 

found in leachate can increase the depletion of antioxidants and ageing of GM. The 

surfactant increases the wettability of the GM thereby increasing the potential for both 

outward diffusion of antioxidants (Islam and Rowe 2007) and contact with trace metals 

has been reported to increase the consumption of antioxidants in anoxic conditions 

(Osawa and Saito 1978; Wisse et al. 1990).   Thus, in the second case (CL-TG), a GCL 

was placed on top of the GT layer to examine its effectiveness in protecting the GM from 

leachate and influencing antioxidant depletion from the GM. Although this configuration 

is not typically used in landfills, it is examined in this study because GCLs have been 

found to attenuate metals such as Al, Fe, Mn, Ni, Pb, Cd, Cu, and Zn that are typically 

present in the MSW leachate (Lange et al. 2005). Furthermore, surfactants are known to 

get adsorbed in clay (Beigel et al.1998). Thus, it was hypothesized that the GCL above 

the GM may provided chemical protection to the GM by partially reducing the contact 

between surfactants and trace metals and the GM. 
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GT and sand may be used for GM protection against physical damage (Koerner et 

al. 1996; Tognon et al. 1999; Qian et al. 2002; Rowe et al. 2004).  Thus the third 

protection layer, (i.e. CL-TST) involved a thin (1.5 cm) layer of sand sandwiched 

between an upper and lower GT layer. Although the GT and sand is permeable, it can be 

anticipated that with the absence of significant flow in this layer [as may be anticipated 

when the sand clogs, Rowe (2005)] it will act as a diffusion barrier even if there is not 

much potential for attenuation of surfactants and metals.  Thus, this configuration was 

selected to allow an assessment of its effectiveness in providing chemical protection to 

the GM.   

4.2.2 Materials and Procedure 

The composite liner cells (Figure 4.1) were constructed from stainless steel to 

withstand long term tests at temperatures up to 85oC and exposure to the chemical used in 

synthetic leachate. A brief description of materials and procedure used is provided in the 

following paragraphs. 

Grade 24 Ottawa silica sand was used as a foundation layer for all three 

configurations. It was clean sand without dust, clay or iron compounds. The sand had 

relative density of 2.65. The sand had grain size distribution (ASTM D6913) with a mean 

grain size (D50) of 0.5 mm, a coefficient of uniformity (Cu) of 3, and coefficient of 

curvature (Cc) of 1.0. Based on Standard Proctor test (ASTM D698), the optimum 

moisture content was 13.7% at a dry unit weight of 15.7 kN/m3.  
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The sand was placed at 14% moisture content and compacted in the bottom 

portion of the cell in three equal increments using a similar approach and compaction 

energy per unit volume as used in the Standard Proctor test (ASTM D698). After 

compaction, the sand had mean porosity of 0.41, void ratio of 0.71, dry density of 1.55 

g/cm3, and a degree of saturation of 52%. 

A GCL was placed on top of the foundation sand. The properties of the thermally 

locked GCL are summarized in Table 4.1. Prior to placing the GCL on the underlying 

sand, about 200-210 ml of water was added to the top of the sand to provide sufficient 

moisture to hydrate the GCL without significantly changing the moisture content of the 

sand from the compacted value after hydration. This was done to ensure that (a) 

excessive water was not added to alter the compacted state of the sand, (b) there was 

sufficient water to hydrate the GCL within a reasonable time period, and (c) the moisture 

content of GCL and sand was consistent in each composite liner cell.  To assess the 

hydration of the GCL, a number of control cells were prepared and left at laboratory 

temperature for hydration. These cells were opened periodically and the moisture content 

of GCL and sand layers were measured to obtain the moisture content profile.  Three 

days were required for the GCL to reach a gravimetric water content of 95%, 19 days to 

reach 120%, and 30 days to reach 138%. At 30 days, the GCL had a bulk void ratio of 

4.4, bentonite porosity of 0.80, and a degree of saturation of 92%.  The GCL used in the 

protection layer was hydrated by adding water to the top portion of the composite liner 

cell and the moisture content was monitored with time using control cells. 
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The 1.5 mm thick HDPE GM tested had the properties given in Table 4.2.  The 

property most relevant to this study was the initial standard oxidative induction time 

(OIT) of 135 min. The GM was placed on top of the GCL. The upper portion of the 

stainless steel cell was installed on top of the GM and connected to the bottom portion. 

The GT protection layer placed over the GM in all three cases had properties as 

given in Table 4.3. Crushed coarse 19 mm limestone gravel was placed over the 

protection layer to simulate the leachate collection layer.  

The CL-TG and CL-TST configurations were similar to that described above 

except that for the CL-TG configuration (Figure 4.1b) a GCL, with properties as given in 

Table 4.1, was placed above the GT layer.  The GCL was allowed to hydrate using an 

adequate volume of distilled water.  Gravel was then placed over the GCL. For the CL-

TST configuration (Figure 4.1c), a 1.5 cm layer of Ottawa sand at 14% moisture content 

was placed over the GT protection layer. Another layer of GT was then placed over the 

sand layer. The gravel was placed over the second GT. 

4.2.3 Accelerated Ageing Baths and Exposure Conditions 

The assembled composite liner cells were placed in four 117 cm x 86 cm x 40 cm 

(length x width x height) insulated stainless steel incubation baths. One each of the baths 

was maintained at a temperature of 85, 70, 55, and 26oC (room). An Omega CN1A series 

temperature control system was used to maintain the bath temperature at ±1oC of the 

specified value.  A pump was used to provide fluid circulation. 
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The incubation bath temperatures were selected to be high enough to accelerate 

the ageing process in a reasonable time period. They were also selected such that they 

would not modify the nature of materials (e.g., below the melting point of the GM: 131oC 

and such that they would not destroy the antioxidants in the GM).   The temperature was 

kept below 95oC because prior studies have suggested that for some GMs, volatilization 

of antioxidants may be important for temperatures above 95oC (Karlsson et al. 1992; 

Smith et al. 1992; Hsuan and Guan 1998). 

The gravel portion of the composite liner cells were saturated with synthetic 

leachate allowing the GM to be exposed to the synthetic leachate from the top. The 

synthetic leachate was prepared in the laboratory with a composition based on leachate 

from Keele Valley MSW landfill (Hrapovic 2001, Sangam and Rowe 2002). The 

synthetic leachate (pH ~6) contained volatile fatty acids, inorganic salts, trace metals, and 

surfactant. Details regarding leachate components and concentration are provided in 

Rowe and Rimal (2008). The leachate was refreshed with new leachate at two week 

intervals. Studies by Rowe et al. (2008) have demonstrated that a two week replacement 

of leachate is sufficient to prevent a buildup of antioxidant in the leachate that would 

impact on the results.  The GM was exposed to synthetic leachate for up to 3 years. 

4.2.4 Periodic Testing 

Incubated samples were retrieved at various time intervals. The amount of 

antioxidant remaining in the GM was evaluated using standard OIT tests (ASTM D3895) 

and TA Instruments 2910 and Q100 differential scanning calorimeters (DSCs).  
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The standard OIT test is an excellent indicator of the amount of antioxidant in the 

material but it does not indicate the type of antioxidant. If present in the GM, hindered 

amine antioxidant lose their effectiveness in the standard OIT test temperature of 200oC 

(Hsuan and Koerner 1998).  Thomas and Ancelet (1993) have demonstrated that hindered 

amines were active at 150oC in HP-OIT test. To distinguish between the types of 

antioxidants present in the GM, high pressure oxidative induction time tests (HP-OIT) 

(ASTM D5885) can be used (Hsuan and Koerner 1998; Sangam and Rowe 2002; Gulec 

et al. 2004). Rowe and Rimal (2008) reported the results of the standard OIT test and HP-

OIT tests on the accelerated aged GM specimen used in the present tests. The linear 

correlation observed from the two tests suggested that either of the two tests could be 

used to evaluate the depletion of antioxidant from the GM. Both test results also gave 

very similar predictions for the time taken for depletion of antioxidants. Additionally, it 

provided evidence that the use of standard OIT test did not destroy the antioxidant 

package present in this GM. Therefore, the standard OIT test was used in the present 

study to monitor the antioxidant remaining in GM with time and, hence, calculate the 

antioxidant depletion rates. 

4.3 Results and Discussions 

4.3.1 Antioxidant Depletion 

At any given incubation time, the OIT value is an index measure of total 

antioxidant amount in the GM.  The depletion of antioxidant with time can be expressed 

as a first-order process (Hsuan and Koerner 1998; Sangam and Rowe 2002) 
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)exp()( stOITtOIT o −⋅=         [4.1] 

or taking logarithm of both sides 

( ) ( )oOITsttOIT ln)(ln +−=         [4.2] 

where OIT(t) is the OIT at a given time t, s is the antioxidant depletion rate, and OITo is 

the initial OIT.  

The changes in the logarithm of OIT with ageing time (one month was taken to be 

30 days) at various temperatures is illustrated for the CL-TG and CL-TST GMs in 

Figures. 4.2 and 4.3. Each data point represents the average of three to five replicate OIT 

measurements and the vertical bars represent the standard deviation of the data obtained 

from these replicate tests.  The OIT values decreased exponentially with time at all 

temperatures. The coefficient of determination R2 (Table 4.4) of the regression line 

ranged from 0.91 to 0.97 for CL-TG and 0.89-0.96 for CL-TST. The exponential 

reduction of OIT was faster at higher temperatures. The slopes of the regression lines that 

represent antioxidant depletion rate are given in Table 4.4. 

The objective of this research was to examine the effects of protection layer on 

reducing the rate of ageing and improving the long term performance of GM. Figures 4.4 

and 4.5 present comparative plots of the logarithm of OIT with incubation time for the 

three different protection layers at 85 and 55oC.  It evident from Figures. 4.4 and 4.5 that 

the rate depletion of antioxidants at a particular temperature does depend on the type of 

protection layer used. For example, at 85oC, the antioxidant depletion rates for 

configuration CL-TG with the GCL above the GM was slowest at 0.181 month-1, 
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compared with  0.202 month-1 for configuration CL-TST with the sand above the GM, 

and fastest for the conventional GT protection layer configuration CL-T (0.275 month-1) . 

A similar trend was observed at lower temperatures (Figure 4.5). It was found that the 

antioxidant depletion rates at each test temperatures associated with CL-TG was 0.59 to 

0.66 times slower than for CL-T.  The CL-TST was also 0.72 to 0.75 times slower than 

CL-T (Table 4.4). These results indicated that the use of the alternative protection layers 

slows down the rate of depletion of antioxidant from the GM.  

The decrease in the antioxidant depletion rate may be attributed to: (a) availability 

of additional protection to the GM from exposure to leachate, (b) possible attenuation of 

metals and surfactants in the leachate by the protection layers (especially GCL) thereby 

reducing their effects on the depletion of antioxidants, and (c) buildup of concentration of 

antioxidant on the either side of the GM, thereby reducing the concentration gradient and 

outward diffusive flux of antioxidants. 

Rowe and Rimal (2008) have reported that the antioxidant depletion rates were 

significantly (2.2-4.8 times) higher for the same GM simply immersed in leachate than 

for the conventional simulated composite liner (CL-T). Antioxidant depletion rates for 

same 1.5 mm GM immersed in leachate were compared to the three composite liner GMs 

(Table 4.5). At each test temperatures, the ratio of the observed depletion rate for 

composite liner GM to the immersed GM for CL-T ranged from 0.21 to 0.46, for CL-TST 

ranged from 0.16 to 0.34, and for CL-TG ranged from 0.13 to 0.28. This implies that for 

all three composite liners, the GM experienced significantly lower depletion rates than 

when simply immersed in leachate. The faster depletion observed in the leachate 
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immersion may be due to the factors such as: (a) antioxidants diffusing out from the 

leachate-immersed GM could be more readily removed into the leachate, hence, 

maintaining a relatively high concentration gradient and high outward diffusive flux of 

antioxidants from the GM, whereas for the simulated liner GM there could be a buildup 

of concentration of antioxidant in the layers on either side of the GM, thereby reducing 

the concentration gradient and outward diffusive flux of antioxidants, and (b) direct 

exposure to leachate constituents in leachate-immersed GM from both sides compared to 

one side protected exposure in composite liner GM. 

4.3.2 Variation of Antioxidant Depletion with Temperature 

It is evident from Table 4.4 and Figures 4.2 and 4.3 that the antioxidant depletion 

rates are higher at high temperatures than at low temperatures. The data listed in Table 

4.4 can be used to establish Arrhenius relationship between antioxidant depletion rate and 

temperature for each composite liner GM. A plot of logarithm of antioxidant depletion 

rates versus the inverse of the incubation temperature (in K) is shown in Figure 4.6. This 

relationship is described by the logarithmic form of Arrhenius equation 

 

( ) ( ) ⎟
⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛−=

TR
EAs a 1lnln         [4.3] 

where s is the antioxidant depletion rate (month-1), A is the constant, Ea is the Activation 

energy (kJ/mol), R is the universal gas constant (8.31 Jmol-1K-1), and T is the absolute 

temperature (K). 
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The assumptions associated with the Arrhenius equation are: (a) The antioxidant 

depletion rate‘s’ is only a function of temperature; (b) the value of ‘A’ (referred to as 

frequency factor) does not affect the temperature sensitivity of the reaction; (c) the 

activation energy “Ea”, which is defined as energy barrier that has to be overcome for the 

reaction to proceed, remains constant over the time and temperature range of interest for 

evaluation, extrapolation, and prediction. 

The Arrhenius equation and inferred activation energies for each composite liner 

are summarized in Table 4.6. The activation energy, which can be deduced from the 

slope (-Ea/R) of the regression lines (Figure 4.6) are 62.1 kJ/mol for the CL-TST and 

63.4 kJ/mol for CL-TG.  There is a small difference (1%) in the activation energies of 

CL-TST and CL-TG relative to CL-T (62.7kJ/mol). This implies that the activation 

energies for the three composite liners are relatively similar.  The similarity in the slopes 

suggests that the tests are monitoring the same reactions.  Higher activation energies were 

observed for all simulated liner GMs than that for leachate immersion (58.9 kJ/mol) 

reported by Rowe and Rimal (2008). 

The intercept of the Arrhenius equations is logarithm of frequency factor. The 

frequency factor is a bracketed constant term for collision frequency and orientation 

factor (a probability) (Koerner et al. 1992). In this respect, the frequency factor is a 

function of the boundary conditions of the test such as exposed area of the GM to 

leachate and water, as well as extraction and/or volatilization of antioxidant from the 

surface of GM. Furthermore, it also is a function of the amount of exposure to leachate 

constituents, and concentration gradient of antioxidant between surface and core of the 



 

 125

GM. The concentration gradient is influenced by frequency of leachate renewal, 

dissolution of antioxidants from the surface to the liquid, and buildup of concentration 

near the surface. 

The excellent correlation (R2 values around 0.98) for each Arrhenius equation 

(Table 4.6) suggests that the antioxidant depletion rates can be fairly well estimated at 

field temperatures. Recent data suggests that for normal MSW landfill operations, the 

liner temperatures can be expected to be between 30 and 40oC and 35oC can be taken as 

the median temperature (Rowe 2005).  However, liner temperatures have been reported to 

exceed 40oC in a “wet cell” (anaerobic bioreactor landfill) with a high moisture content 

of the waste (Koerner and Koerner 2006). At the base of landfills where there is a 

significant leachate mound, liner temperatures of 40-60oC may occur (Rowe 2005).  

Using the Arrhenius equations listed in Table 4.6, the antioxidant depletion rates at site 

specific lower temperatures were estimated and are given for temperatures ranging from 

10 to 60oC  in Figure 4.7. The depletion rates were the highest for the standard GM 

protection layer (CL-T). 

4.3.3 Antioxidant Depletion  

The time taken for depletion of antioxidants (Stage I of the GM service life) can 

be calculated as time taken for reduction of OIT from the initial value of 135 min to final 

residual value of 0.5 min for a pure HDPE resin without any antioxidant (Hsuan and 

Koerner 1998). Rearranging  Equation 4.2 gives: 

( ) ( )
s

OITOIT
t fo

d
)(lnln −

=        [4.4] 
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Substituting the respective values OITo=135 min, OIT(f)=0.5 min gives: 

( ) ( )
s

td
5.0ln135ln −

=         [4.5] 

Equation 4.5 can be used to calculate the antioxidant depletion time, td, for the 

GM. The predicted antioxidant depletion times for liner temperatures ranging from 10oC 

to 60oC were obtained using the antioxidant depletion rates given in Figure 4.7 (based on 

Figure 4.6 and Table 4.6) and are illustrated as a grouped histogram in Figure 4.8. The 

inset table in Figure 4.8 gives the numerical values for predicted antioxidant depletion at 

20, 35, and 50oC (rounded to nearest 5 years). The antioxidant depletion times for GMs in 

composite liners were substantially longer than for leachate-immersed GMs. The 

depletion times for CL-TG are also the greatest of all the cases considered, followed by 

CL-TST and CL-T.  For example, at 35oC, the antioxidant depletion time for CL-TG was 

65 years, followed by CL-TST with 50 years, and CL-T with 40 years as compared to 10 

years for an immersed GM. The predicted antioxidant depletion times ranged from 570 

years at 10oC to 10 years at 60oC for CL-TG. For the CL-TST, they ranged from 440 

years at 10oC to 8 years at 60oC. For CL-T they ranged from 335 years at 10oC to 6 years 

at 60oC, and for leachate-immersed GM (Rowe and Rimal 2008; Chapter 3), the range 

was from 85 years at 10oC to 2 years at 60oC. 

Two key observations can be made based on these results. First, the results 

obtained from the immersion test that have been commonly used for assessing stage I 

(antioxidant depletion time) of service life of a GM are too severe and stage I is 

substantially longer for a composite liner test. Second, the GCL protection layer used in 
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CL-TG increased the antioxidant depletion time (e.g., at 20oC 230 years for CL-TG, 

followed by 180 years for CL-TST, 135 years for CL-T, and 35 years for immersed GM). 

Use of sand and GT in CL-TST also improved the antioxidant depletion time as 

compared with the basic GT protection layer in CL-T. These results imply that the 

additional protection of GCL or sand would reduce the antioxidant depletion rates by 

reducing the effects of surfactants and transition metals in the leachate and outward 

diffusion of antioxidants. Thus, the use of these protection layers may reduce the rate of 

ageing and improve the long-term performance of GM liners. 

4.3.4 Modelling Diffusion of OIT 

4.3.4.1 Background and Theoretical Basis 

The antioxidant depletion from a GM can occur by two main mechanisms: 

migration and consumption (Müller 2007). Migration is a physical phenomenon in which 

the antioxidants diffuse from the bulk HDPE material to the surface, driven by a 

concentration gradient. The consumption process involves chemical degradation of the 

antioxidant (e.g., hydrolysis of phosphites) and consumption by oxidative reactions (e.g., 

with oxygen, free radicals, and alkyl peroxides) as described by Grassie and Scott (1985). 

When exposed to liquids, both the consumption of antioxidants at the surface of 

the GM and dilution in the fluid result in the establishment of a concentration gradient 

between the surface and core of the GM. Thus, the outward migration process of 

antioxidants from polyethylene involves three key steps (Calvert and Billingham 1979; 

Möller and Gevert 1996; Haider and Karlsson 1999): (a) An initial step in which the loss 
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of antioxidants is controlled by desorption (i.e., partition between the outer surface of the 

GM and the outer medium); (b) a second intermediate step where both desorption and 

diffusion are of importance; and (c) a third step where the loss of additive is controlled by 

diffusion within the sample. 

At equilibrium, the relationship between antioxidant concentration in the GM and 

that in the fluid is described by Henry’s law 

gffgm Scc =           [4.6] 

where cgm is the equilibrium concentration in the GM [ML-3],  cf is the equilibrium 

concentration in the fluid [ML-3],  Sgf is a partitioning coefficient [-] between the GM and 

the fluid. The partitioning coefficient is a constant for a given molecule, fluid, GM, and 

temperature of interest.  The above relationship is valid for the cases where the permeant 

does not interact with the polymer or where the concentrations are low (Rogers 1985). 

The diffusion of permeant in a GM is described by Fick’s first law 

z
c

Df gm
gm ∂

∂
−=          [4.7] 

where f is the mass flux or rate of transfer of diffusing substances through unit of a 

section [ML-2T-1],  z is the space coordinate in the direction parallel to the direction of 

diffusion [L], Dgm is the diffusion coefficient in the GM [L2T-1], and  cgm  is the 

concentration of the diffusing substance in the geomembrane [ML-3]. The factors that 

affect the Dgm are temperature, permeability of polymer to additive, solubility of additive, 

and the crystallinity of polymer (Billingham 1990). 
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In the transient state, the governing differential equation is given by Fick’s second 

law 

2

2

z
c

D
t

c gm
gm

gm

∂
∂

=
∂
∂

         [4.8] 

that needs to be solved for the appropriate initial and boundary conditions. 

A linear relationship between OIT and antioxidant concentration has been 

established by previous investigators Viebke and Gedde (1997) for an initial antioxidant 

concentration of between 0 to 0.3% (by weight) in polyethylene.  

The OIT values measured at various times in samples from ageing tests can be 

taken as representative of the mass of antioxidant in the GM. Thus, the OIT test data at 

room temperature were analyzed following the methodology described below (using the 

finite layer analysis program POLLUTE© v7.09, Rowe and Booker 2004). 

4.3.4.2  Estimate of Diffusion Coefficients from Immersion Tests 

The outward diffusion of antioxidants from and initial concentration in the GM to 

the adjacent fluid was modeled for immersion tests in leachate. To simulate the interface 

conditions, a thin layer (0.0001 m) was modeled at the surface of the GM.  Since the 

leachate was regularly changed, it was assumed that there was no buildup of antioxidant 

in the fluid adjacent to the GM.  For a given diffusion coefficient, the concentration of 

antioxidant could be calculated at any time when the OIT had been measured. By 

integrating the concentration curve at that time, the total mass of antioxidant m(t) could 

be calculated and normalized with respect to the initial mass mo. Since the mass of 



 

 130

antioxidant is directly related to the OIT, the ratio m(t)/mo = OIT(t)/OITo was compared 

to the observed ratio OIT(t)/OITo and the diffusion coefficient was adjusted until the best 

match was obtained between the calculated and observed response (e.g. Figure 4.9)   

Since the leachate has a surfactant that allows full wettability of the interface (Rowe et al. 

2007) it was assumed that the properties of the thin interface layer in these tests were the 

same as for the main GM.  This gave a diffusion coefficient Dgm = Dgm-thin-leachate 

(diffusion coefficient of thin GM layer when exposed to leachate) = 2.1x10-15 m2/s at 

room temperature.  

Similarly, the water immersion test data from Sangam (2001) at room temperature 

were analyzed. Assuming the same diffusion coefficient in the GM (Dgm =  2.1.x10-15 

m2/s) the diffusion  coefficient for the thin GM layer when exposed to water was 

calculated to be 2.5x10-16 m2/s. As is evident from Figure 4.9 [and as previously 

discussed by Sangam and Rowe (2002)], there was a significant difference between the 

diffusion of OIT from GM samples immersed in water and leachate and the modeling of 

the interface conditions provides the means of capturing the difference. 

4.3.4.3 Diffusion Coefficients and Sgf Values for Composite Liner Tests 

The composite liner data for CL-T test at room temperature was analyzed. The 

model considered all the layers in CL-T (Figure 4.1) with the gravel, protection layer, 

GCL, and sand below the composite liner all being modeled as porous media using 

parameters based on typical literature values (Table 4.7).  The GM was divided into three 

layers (i.e., a top thin GM layer exposed to leachate, the GM layer, and the bottom thin 
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GM layer exposed to water) with Dgm-thin-leachate = Dgm = 2.1x10-15 m2/s, Dgm-thin-water= 

2.5x10-16 m2/s. These were selected because in the CL-T test the top portion of the GM is 

in contact with leachate in the GT, whereas, the bottom is in contact with water in the 

GCL. The periodic replacement of leachate, with the consequent removal of mass of 

antioxidant from the gravel above the protection layer, was modeled.  Because of the five 

orders of magnitude in the diffusion coefficients in the GM and porous media, the precise 

value of the diffusion coefficient in the porous media is of no real consequence and the 

importance of the porous media lies in its availability to allow a buildup in antioxidant as 

they diffuse into the media and the protection it may provide the GM from contact with 

significant concentrations of leachate constituents such as surfactants. 

The GM diffusion coefficients deduced from the immersion tests (discussed 

above) were used to model OIT depletion for the composite liner CL-T and an Sgf  =720 

was deduced. The calculated and observed depletion of antioxidants (based on OIT) for 

test CL-T is shown in Figure 4.10.  Based on the results for the CL-T tests, predictions 

were made for the other two tests CL-TG and CL-TST. In CL-TG, the protection layer 

consisted of a GT and GCL. In CL-TST, the GM was overlain by GT, sand, and GT. 

Since these layers were considered to greatly inhibit the access of leachate to the GM, 

they were modeled with a thin layer of GM exposed to water on either side of the GM.  

(Dgm-thin-water= 2.5x10-16 m2/s, Dgm  = 2.1x10-15 m2/s, and Sgf=720) and the predicted OIT 

reduction for the GM in these two composite liners is shown in Figure 4.11.  It can be 

seen that the parameters deduced from other tests provide a reasonable prediction of OIT 
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loss in these two tests, where the OIT loss was slower than for test CL-T (Figure 4.10) 

and substantially slower than obtained in the immersion tests (Figure 4.9).   

The values of diffusion coefficients of antioxidants in polyolefins at various 

temperatures and test conditions have been inferred in past studies (e.g., Roe et al. 1974;  

Moisan 1980; Möller and Gevert 1994; Viebke and Gedde 1997). The diffusion 

coefficients for various antioxidants (phenolic, light stabilizers, thiosynergists) in LDPE 

were extrapolated to 25oC by Billingham (1990) from the literature values and the range 

at this temperature was from 1.5x10-13m2/s to 2.8x10-16m2/s. The value of Dgm  = 2.1 x 10-

15 m2/s obtained from the OIT depletion data for HDPE in this study is within this 

published  range. 

Figure 4.12 shows a comparison of the calculated antioxidant concentration 

profiles for the CL-T and CL-TG tests. The concentration gradient in the GCL materials 

above and below the GM is very low because the diffusion coefficient in these materials 

is about five orders of magnitude higher than in the GM (and, hence, the precise value of 

diffusion coefficient in these layers is not particularly important). The normalized 

concentration of antioxidants in the geomembrane decreased with time between the start 

of the tests (0 days) and its termination (1055 days). In the CL-TG test, the concentration 

in the GCL above the GM increased with time for the first 413 days and then only 

increased very slowly as a quasi-equilibrium was reached between the antioxidant mass 

flux out of the GM and its removal due to periodic changing of leachate above the GCL 

protection layer.  Because there was no removal of antioxidant mass below the GM, the 

concentration in the lower GCL continued to build up for the full 1055 days the test was 
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run. The buildup in concentration in the GCLs above and below the GM led to the 

reduction in concentration gradient and outward diffusive flux of antioxidants from the 

GM. In the CL-T test, the concentration in the GT above the geomembrane increased 

with time up to 210 days and then decreased allowing further outward diffusion of 

antioxidants as they were removed from the system by changing of the leachate above the 

GT. The concentration in the GCL below the GM increased with time for the full period 

of the test similar to that for the CL-TG test.  In CL-TST, the concentration of 

antioxidants in the GCL below the GM increased similar to that observed for test CL-TG.  

Likewise, there was a generally similar buildup of concentration in the protection layer 

above the GM, although the difference in materials did lead to some small differences 

and a slight decrease in concentration was observed after 686 days. 

 

4.4 Summary and Conclusions 

The results of accelerated ageing tests on geomembranes in composite liners were 

examined for three different protection layers (GT, GT and GCL and GT -1.5 cm sand - 

GT).  Leachate was present in the gravel above the protection layers.  The GM rested on 

a hydrated GCL. The results from OIT tests indicated that the antioxidant depletion rates 

were dependent on the type of protection layer used. With the GT-GCL protection layer, 

the antioxidant was depleted at 59-66% of the rate for a GT layer alone. With the GT-

sand- GT the depletion was 72-75% of that with a GT layer alone. Depletion of 

antioxidants in the composite liner GMs were significantly (13-46%) less than for GMs 

immersed in leachate. The slower depletion rates may be partially attributable to the 
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possible attenuation of leachate constituents by the protection layers, as well as the 

buildup of concentration on either side, thereby, reducing the concentration gradient and 

outward diffusive flux of antioxidants. In practical applications, the layer of sand will 

likely be thicker than 1.5 cm and the effect can be expected to be greater. 

The laboratory-based antioxidant depletion rates were extrapolated to a range of 

temperatures (10-60oC) using Arrhenius modeling and the antioxidant depletion time was 

estimated. For the geomembrane examined and a liner temperature of 35oC, the 

antioxidant depletion time was highest for a GM with protection layers of a GT and GCL 

(65 years) followed by GT-sand-GT (50 years), and lowest for GT alone (40 years). 

These are much longer than for the same GM immersed in leachate (10 years). The 

results suggest that the antioxidant depletion stage can be improved by using additional 

protection layers (e.g., GCL or sand-GT). It is recognized that the composite liner tests 

described herein are subject to limitations. In a real landfill, there is stress from the 

overburden waste; the combined effect of stress and exposure to leachate is the subject of 

current studies.  Additional research is required to assess the subsequent stages of ageing 

of GM. The service lives of GM are likely to be substantially greater than the time 

required to reach the end of Stage I as reported in this chapter.  Consideration would also 

need to be given to the other practical implications of using the different protection layers 

examined herein. 



 

 135

4.5 References 

ASTM D698 Standard Test Methods for Laboratory Compaction Characteristics of Soil 

Using Standard Effort (12,400 ft-lbf/ft3 (600 kN-m/m3)) Annual Book of ASTM 

Standards, Volume 04.08. 

ASTM D 1238 Standard Test Method for Flow Rates of Thermoplastics by Extrusion 

Plastometer, Annual Book of ASTM Standards Volume 08.01. 

ASTM D1505 Standard Test Method for Density of Plastics by the Density Gradient 

Method, Annual Book of ASTM Standards Volume 08.01. 

ASTM D1603 Standard Test Method for Carbon Black Content in Olefin Plastics, 

Annual Book of ASTM Standards Volume 08.01. 

ASTM D3895 Standard Test Method for Oxidative-Induction Time of Polyolefins by 

Differential Scanning Calorimetry Annual Book of ASTM Standards Volume 

08.02. 

ASTM D4491 Standard Test Methods for Water Permeability of Geotextiles by 

Permittivity Annual Book of ASTM Standards Volume 04.13. 

ASTM D4632 Stabdard Test Method for Grab Breaking Load and Elongation of 

Geotextiles, Annual Book of ASTM Standards Volume 04.13. 

ASTM D4751 Standard Test Method for Determining Apparent Opening Size of a 

Geotextile, Annual Book of ASTM Standards Volume 04.13 

ASTM D5084 Standard Test Methods for Measurement of Hydraulic Conductivity of 

Saturated Porous Material using a Flexible Wall Permeameter, Annual Book of 

ASTM Standards Volume 04.08. 



 

 136

ASTM D5199 Standard Test Method for Determining Apparent Opening Size of a 

Geotextile, Annual Book of ASTM Standards Volume  04.13. 

ASTM D5261 Standard Test Method for Measuring Mass per Unit Area of Geotextiles, 

Annual Book of ASTM Standards, Volume 04.13. 

ASTM D 5397 Standard Test Method for Evaluation of Stress Crack Resistance of 

Polyolefin Geomembranes using Notched Constant Tensile Load Test, Annual 

Book of ASTM Standards Volume 04.13. 

ASTM D5885 Standard Test Method for Oxidative Induction Time of Polyolefin 

Geosynthetics by High-Pressure Differential Scanning Calorimetry, Annual Book 

of ASTM Standards, Volume 04.13. 

ASTM D5993 Standard Test Method for Measuring Mass Per Unit Area of Geosynthetics 

Liners, Annual Book of ASTM Standards, Volume 04.13. 

ASTM D6243 Standard Test Method for Determining the Internal and Interface Shear 

Resistance of Geosynthetic Clay Liner by the Direct Shear Method, Annual Book 

of ASTM Standards, Volume 04.13. 

ASTM D6913 Standard Test Methods for Particle-Size Analysis Distribution (Gradation) 

of Soils Using Sieve Analysis, Annual Book of ASTM Standards, Volume 04.09 

ASTM D6693 Standard Test Method for Determining Tensile Properties of 

Nonreinforced Polyethylene and Nonreinforced Flexible Polypropylene 

Geomembranes, Annual Book of Standards, Volume 04.13. 

ASTM E794  Standard Test Method for Melting and Crystallization Temperatures by 

Thermal Analysis,  Annual Book of ASTM Standards, Volume 14.02. 



 

 137

Barroso, M., Touze-Foltz, N., von Maubeuge, K. and Pierson, P. (2006). “Laboratory 

investigation of flow rate through composite liners consisting of a geomembrane, 

a GCL and a soil liner.” Geotextiles and Geomembranes,   24 (3),139-155. 

Beigel, C., Barriuso, E., and Calvet, R. (1998). “Sorption of low levels of nonionic and 

anionic surfactants on soil: effects on sorption of triticonazole fungicide”, 

Pesticide Science, 54 (1), 52-60. 

Billingham, N.C. (1990). “Physical phenomena in the oxidation and stabilization of 

polymers.” In Oxidation Inhibition in Organic Materials, Volume II,  J. Pospisil 

and P.P. Klemchuk (Eds.), CRC Press, Inc., Boca Raton, Florida. 

Bouazza, A. and Vangpaisal, T. (2006). “Laboratory investigation of gas leakage rate 

through a GM/GCL composite liner due to a circular defect in the geomembrane.” 

Geotextiles and Geomembranes, 24 (2),110-115. 

Brachman, R.W.I. and Gudina, S. (2008) “GM strains and wrinkle deformations in a 

GM/GCL composite liner.” Geotextiles and Geomembrane (26: In press). 

Calvert, P.D. and Billingham, N.C. (1979). “Loss of additives from polymers: A 

theoretical model.” Journal of Applied Polymer Science, 24, 357-370. 

Dickinson, S.  and Brachman, R.W.I. (2006). “Deformations of a geosynthetic clay liner 

beneath a geomembrane wrinkle and coarse gravel.” Geotextiles and 

Geomembranes, 24 (5), 285-298. 

Grassie N. and Scott G. (1985). Polymer Degradation and Stabilization, Published by 

Cambridge University Press, New York, USA, 222p. 

Gulec, S.B.,  Edil, T.B., and Benson, C.H. (2004). “Effect of acidic mine drainage on the 

polymer properties of an HDPE geomembrane.” Geosynthetics International,  11 

(2),  60-72. 



 

 138

Haider, N. and Karlsson, S. (1999). “Migration and release profile of chimassorb 994 

from low-density polyethylene film (LDPE) in simulated landfills.” Polymer 

Degradation and Stability, 64, 321-328. 

Hrapovic, L. (2001). Laboratory Study of Intrinsic Degradation of Organic Pollutants in 

Compacted Clayey Soil, Ph.D. dissertation, Department of Civil and 

Environmental Engineering, The University of Western Ontario, London, Ontario. 

Hsuan Y.G. and Guan Z. (1998). “Antioxidant Depletion During Thermal Oxidation of 

High Density Polyethylene Geomembrane.” Proceedings of the Sixth 

International Conference on Geosynthetics, Atlanta, March, Industrial Fabrics 

Association International, St. Paul, MN, USA, 375-380. 

Hsuan Y.G. and Koerner R.M. (1995). Long Term Durability of HDPE Geomembrane: 

Part I – Depletion of Antioxidant, GRI Report 16, 35p. 

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), 552-541. 

Islam, M.Z. and Rowe, R.K  (2007). “Leachate composition and antioxidant depletion 

from HDPE geomembranes.”  Geosynthetics 2007, CD-ROM, Washington, 

January.  

Karlsson, K., Smith, G.D., and Gedde, U.W. (1992). “Molecular structure, morphology, 

and antioxidant consumption in medium density polyethylene pipes in hot-water 

applications.”  Polymer Engineering and Science, 32(10): 649–657. 

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. 



 

 139

Koerner R.M., Lord A.E. and Hsuan Y.H. (1992). “Arrhenius Modelling to Predict 

Geosynthetics Degradation.” Geotextiles and Geomembranes, 11, 151-183. 

Koerner, R.M., Wilson-Fahmy, R.F. and Narejo, D. (1996). “Puncture Protection of 

Geomembranes Part III:  Examples.” Geosynthetics International, 3 (5), 655-675. 

Lange, K., Rowe, R.K., and Jamieson, H.J. (2005). “Attenuation of Heavy Metals by 

Geosynthetic Clay Liners.” Proceedings of the Sessions of the Geo-Frontiers 

2005 Congress, Robert M. Koerner, George R. Koerner, Y. Grace Hsuan, Marilyn 

V. Ashley - Editors, January 24–26, 2005, CD-ROM, Austin, Texas, USA. 

Moisan, J.Y. (1980). “Diffusion des additifs du polyethylene. I. Influence de la nature du 

diffusant.” European Polymer Journal, 16, 979-987. 

Möller, K. and Gevert, T. (1994). “An FTIR solid-state analysis of the diffusion of 

hindered phenols in low-density polyethylene (LDPE): The effect of molecular 

size on the diffusion coefficient.”, Journal of Applied Polymer Science, 51, 895-

903. 

Möller, K. and Gevert, T. (1996). “A solid-state investigation of the 

desorption/evaporation of hindered phenols from low density polyethylene using 

FTIR and UV spectroscopy with integrating sphere: The effect of molecular size 

on the desorption.” Journal of Applied Polymer Science, 61, 1149-1162. 

Müller W.W. (2007). HDPE Geomembranes in Geotechnics. Springer Verlag, 

Heidelberg, Germany. 

Müller, W. and Jakob, I. (2003). “Oxidative resistance of high-density polyethylene 

geomembranes.” Polymer Degradation and Stability, 79, 161-172. 

Osawa, Z., and Saito, T. (1978). “The effects of transition metal compounds on the 

thermal oxidative degradation of polypropylene in solution.” In Stabilisation and 



 

 140

degradation of polymers. Advances in Chemistry, Series 169, American Chemical 

Society, Washington, D.C., 2897–2907. 

Qian, X., Koerner, R.M., and Gray, D.H. (2002). Geotechnical aspects of landfill design 

and construction, Printice Hall, New Jersey. 

Rimal, S., Rowe, R.K. and Hansen, S. (2004). “Durability of geomembrane exposed to jet 

fuel A-1.” 57th Canadian Geotechnical Conference, Quebec City, October, 

Section 5D, 13-19. 

Roe, R.R., Bair, H.E., and Gieniewski, C. (1974). “Solubility and diffusion coefficient of 

antioxidants in polyethylene.” Journal of Applied Polymer Science, 18, 843-856.  

Rogers, C.E., (1985). “Chapter 2: Permeation of gases and vapors in polymers.” In J. 

Comyn, (Ed.), Polymer Permeability, Elsevier Applied Science Publishers, 

London, UK, 11–73. 

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

Geotechnique, 55 (9), 631–678. 

Rowe, R.K. and Booker, J.R. (2004). POLLUTE v.7 – 1-D Pollutant Migration Through 

a Non Homogenous Soil, © 1983, 1994, 1997, 1999, 2004, Distributed by GAEA 

Technologies Ltd., www.gaea.ca. 

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

for Waste Disposal Facilities, 2nd Edition, Spon Press, 587p. 

Rowe, R.K. and Rimal, S. (2008). “Depletion of antioxidants from an HDPE 

geomembrane in a composite liner.”  Journal of geotechnical and 

Geoenvironmental Engineering, ASCE, 134(1), 68-78. 



 

 141

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. 

Sangam, H.P. (2001). Performance of HDPE Geomembrane Liners in Landfill 

Applications. Ph.D. Thesis, Department of Civil and Environmental Engineering. 

The University of Western Ontario, Ontario, Canada, 400p. 

Sangam, H.P., and Rowe, R.K. (2002). “Effects of Exposure Conditions on the Depletion 

of Antioxidants from High-Density Polyethylene (HDPE) Geomembranes.” 

Canadian Geotechnical Journal, 39, 1221-1230. 

Smith, G. D., Karlsson, K., and Gedde, U. W. _1992_. “Modeling of antioxidant loss 

from polyolefins in hot-water applications. I: Model and application to medium 

density polyethylene pipes.” Polymer Engineering and Science, 32_10_, 658–667. 

Tognon, A.R.M., Rowe, R.K., and Brachman, R.W.I. (1999), “Evaluation of side wall 

friction for a buried pipe testing facility." Geotextiles and Geomembranes,  17(4), 

193-212. 

Touze-Foltz,N., Duquennoi, C. and Gaget, E. (2006). Hydraulic and mechanical behavior 

of GCLs in contact with leachate as part of a composite liner, Geotextiles and 

Geomembranes, 24 (3):188-197. 

Thomas, R.W. and Ancelet, C.R. (1993). “The effect of temperature, pressure and oven 

ageing on the high-pressure oxidative induction time of different types of 

stabilizers.” Geosynthetics’93, Vancouver, Canada. 915-924. 

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. 



 

 142

Viebke, J. and Gedde, U.W. (1997). “Antioxidant diffusion in polyethylene hot-water 

pipes.” Polymer Engineering and Science, 37(5), 896-911. 

Wisse, J.D.M., Broos, C.J.M., and Boels, W.H. 1990. Evaluation of the Life expectancy 

of polypropylene geotextiles used in bottom protection structures around the 

Ooster Schelde storm surge barrier: a case study. In Geomembranes and Related 

Products, Proceedings of the 4th International Conference on Geotextiles, The 

Hague, Netherlands. Vol. 2, pp. 697–702. 



 

 143

 

Table 4.1. Properties of the GCL 

Property Method (ASTM) Average 
Staple Fiber Nonwoven Cover Geotextile 
Mass Per Unit Area* 

ASTM D 5261 200 g/m2 
 

Scrim Reinforced Carrier Geotextile 
Mass Per Unit Area* 

ASTM D 5261 200 g/m2 
 

Bentonite Mass Per Unit Area* ASTM D 5993 3.66 kg/m2 
Hydraulic Conductivity ASTM D 5084 5 x 10-11 m/s 
Internal Shear Strength ASTM D 6243 24 kPa Typical 

Note: *Minimum Average Roll Value 
 

Table 4.2. Properties of the HDPE geomembrane, COV = Coefficient of variation. 

  
Property Method (ASTM) Average COV 

 (%) 
Thickness (mm) As received 1.5 -- 
Density (g/cm3) D1505 0.944 2.43 
Carbon Black Content (%) D1603 2.43 -- 
OIT (min) D3895 135 3.3 
HP-OIT (min) D5885 660 4.4 
Crystallinity (%) E794 49 6.1 
MFI (g/10 min.) D1238 0.492 3.2 
Tensile Properties  
(Machine Direction) 

D6693   

Tensile-strength at yield (kN/m)  26.9 2.5 
Tensile-strength at break (kN/m)  64.7 1 
Tensile-strain at yield (%)  18.1 3.7 
Tensile-strain at break (%)  962 0.8 

Tensile Properties  
(Cross Machine Direction) 

D6693   

Tensile-strength at yield (kN/m)  27.1 2.5 
Tensile-strength at break (kN/m)  59.9 8.1 
Tensile-strain at yield (%)  18.1 1.4 
Tensile-strain at break (%)  898 8.4 

Single Point Stress Crack Resistance (hrs) D5397, Appendix >400  
Notes: ‡This is an updated value of MFI from the journal paper version of this chapter. This value 
was tested by the author at GeoEngineering Centre, Queen’s-RMC. The value reported in the 
journal paper version was tested at a commercial laboratory. 
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Table 4.3. Properties of the geotextile 
 

Property Method 
(ASTM) 

Average 

Mass Per Unit Area (g/m2)  ASTM D 5261 270 
Thickness* ASTM D 5199  2 mm (80 mil) 
Grab Tensile Strength, (N)*  ASTM D 4632  975 
Grab Elongation %* ASTM D 4632  50 
Hydraulic conductivity ASTM D 4491 3 x 10-3 m/s 
Apparent Opening Size (mm)α  ASTM D 4751 0.180 mm (Sieve No.80) 

Note: *Minimum Average Roll Value, α Maximum Average Roll Value 
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Table 4.4. List of first-order antioxidant depletion rates (month-1) at different incubation temperatures.  

Temp. (oC) Composite liners Comparison 
 CL-T* CL-TST CL-TG TG/T TST/T TG/TST 

85 0.2750 (0.89) 0.2019 (0.89) 0.1814 (0.97) 0.66 0.73 0.90 

70 0.2123 (0.96) 0.1533 (0.95) 0.1247 (0.91) 0.59 0.72 0.81 

55 0.0539 (0.94) 0.0402 (0.96) 0.0337 (0.94) 0.63 0.75 0.84 

26 0.0053 (0.95) 0.0040 (0.93) 0.0032 (0.94) 0.60 0.75 0.80 

Note: The number in parenthesis represents coefficient of determination R2. *Data from Rowe and Rimal (2008). 

 

Table 4.5. Comparison of antioxidant depletion rates for leachate-immersed and composite liner geomembrane. 

Temp. (oC) 
 

Antioxidant depletion rates 
(month-1) 

Comparison 
 

 Leachate-immersed* T/Immersed TST/Immersed TG/Immersed
85 1.2423 (0.95) 0.22 0.16 0.15 
70 0.4809 (0.99) 0.44 0.32 0.26 
55 0.1183 (0.99) 0.46 0.34 0.28 
26 0.0253 (0.98) 0.21 0.16 0.13 

Note: The number in parenthesis represents coefficient of determination R2. *Data from Rowe and Rimal (2008). 
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Table 4.6. The Arrhenius equation and inferred activation energy. 

Exposure Arrhenius Equation Ea (kJ/mol) R2 

CL-T* ln(s) = 20.06 – 7540/T 62.7 0.977 

CL-TST ln(s) = 19.56 – 7475/T 62.1 0.978 

CL-TG ln(s) = 19.88 – 7639/T 63.5 0.984 
Note:  The Arrhenius equation for the basic composite liner CL-T may slightly differ 
from that reported in Rowe (2005) due to the use of updated values of antioxidant 
depletion rates based on data obtained from longer term testing in the present chapter.  
*Data from Rowe and Rimal (2008). 
 

Table 4.7. The parameters used for diffusion modeling in composite liner cells. 

Layer Diffusion 
coefficient 

(m2/s) 

Matrix 
Porosity 

Gravel 6 x10-10 0.40 
GT 6 x10-10 0.79 
Sand 3 x10-10 0.41 
GM 2.1 x10-15 N/A (1) 
Thin GM layer exposed to leachate 2.1 x10-15 N/A (1) 
Thin GM layer exposed to water 2.5 x10-16 N/A (1) 
GCL 1 x10-10 0.80 
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(a) CL-T 

 

 
(b) CL-TG 
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(c) CL-TST 

Figure 4.1. Schematic of composite liner cells: (a) CL-T: GT protection layer (b) 
CL-TG: GCL-GT protection layer, and (c) CL-TST: GT-sand-GT protection layer. 
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Figure 4.2. Variation of logarithm of OIT with ageing time at various temperatures 
for geomembrane in CL-TG. 
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Figure 4.3. Variation of logarithm of OIT with ageing time at various temperatures 
for geomembrane in CL-TST. 
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Figure 4.4. Comparative plots of OIT depletion at different incubation temperatures 
at 85oC. *Data from Rowe and Rimal (2008) (Chapter 3). 
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Figure 4.5. Comparative plots of OIT depletion at different incubation temperatures 
55oC. *Data from Rowe and Rimal (2008) (Chapter 3). 
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Figure 4.6. Arrhenius plot of antioxidant depletion rates. *Data from Rowe and 
Rimal (2008) (Chapter 3). 
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Figure 4.7. The predicted antioxidant depletion rates at the service temperatures 
ranging from 10oC to 60oC. *Data from Rowe and Rimal (2008) (Chapter 3). 
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Figure 4.8. Predicted antioxidant depletion times. Note: The Arrhenius equation for 
the basic composite liner CL-T may slightly differ from that reported in Rowe 
(2005) due to the use of updated values of antioxidant depletion rates based on data 
obtained from longer term testing in the present chapter.  *Data from Rowe and 
Rimal (2008) (Chapter 3). 
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Figure 4.9. Observed normalized OIT versus time in immersion tests at room 
temperature and the theoretical curves. Note: *Data from Sangam (2001). 
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Figure 4.10. Observed normalized OIT versus time at room temperature and the 
theoretical curves for CL-T. 
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Figure 4.11. Observed and predicted normalized OIT versus time at room 
temperature for CL-TG and CL-TST. 
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Figure 4.12. Concentration profiles of antioxidants in CL-T and CL-TG. 
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Chapter 5 
Diffusion Modelling of OIT Depletion from High Density 
Polyethylene Geomembrane in Landfill Applications4 

 

5.1 Introduction 

High Density Polyethylene (HDPE) geomembranes (GM) are frequently used in 

composite landfill liners due to their effectiveness in reducing outward advective and 

diffusive contaminant transport from the landfill (Rowe 2005). HDPE GMs have 

excellent short-term high resistance to chemicals present in landfill leachate (Tisinger et 

al. 1991; Koerner 1998; Rowe et al. 2004). To protect GM from oxidative degradation 

antioxidants are added to the polymer matrix. The long term performance of GM not only 

depends on the chemical nature of the antioxidants but also on the physical loss of 

antioxidants during its lifetime. The service life of GM is initially controlled by the rate 

of depletion of antioxidants. The process involves dissolution or consumption of 

antioxidants from the surface of GM and outward diffusion from the core to the surface 

due to a concentration gradient (Hsuan and Koerner 1998; Sangam and Rowe 2002). The 

depletion of antioxidants leaves the GM susceptible to oxidative degradation (Grassie and 

Scott 1985). Thus the first stage of degradation of GM is antioxidant depletion, the 

second stage is the induction time to the onset of polymer degradation, and the third stage 

is polymer degradation involving the decrease in a geomembrane property to an arbitrary 

level often taken to be 50% of the original value (Hsuan and Koerner 1998).  

                                                      
4 A version of this chapter has been submitted to Geosynthetics International. 
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Antioxidant depletion has been examined in laboratory accelerated aging studies 

for GMs immersed in air, water, synthetic landfill leachate, acid mine drainage, and 

hydrocarbons (Hsuan and Koerner 1998; Sangam and Rowe 2002; Gulec et al. 2004; 

Rimal et al. 2004; Rowe and Rimal 2008a). In these studies results were analyzed using a 

first order antioxidant depletion model (Hsuan and Koerner 1998). While this is adequate 

for predicting the depletion of antioxidants from GM in systems identical for those 

examined in the original test conditions (e.g. it could be used to predict the likely 

performance at temperatures different from the test temperatures when immersed in 

leachate), it cannot be readily used to predict the performance of the GM when the 

system changes.  Thus, for example a first order model with parameters obtained from 

tests reported by Rowe and Rimal (2008b) for a GM in a composite liner with a 1.5 cm 

thick sand protection layer can not be directly used to predict the likely antioxidant 

depletion from a GM where there is a  thicker (e.g. 30 cm thick) sand protection layer.  

To do so one would need to be able to model the diffusion from the GM and in the 

adjacent porous media. 

Although antioxidant depletion is controlled by diffusion of antioxidants from the 

GM, none of these prior studies analyzed the antioxidant depletion data using diffusion 

modelling techniques. Furthermore, there has been no comparison of the results from 

diffusion modelling with those inferred from the first order decay model. Rowe and 

Rimal (2008b) developed and applied the theoretical diffusion modelling technique for 

aging tests at room temperature and the diffusion modelling was used to interpret the 

effect of various protection layers on depletion of antioxidant from GM.  
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The present study seeks to use diffusion modelling to evaluate the authors’ 

experimental data on antioxidant depletion from immersion and composite liner 

simulation test at all incubation temperatures. Hence the objectives of this chapter are 

four fold:  (1) to analyze experimental data on OIT depletion from GM in leachate 

immersion tests and composite liner simulation tests at different incubation temperatures 

using a diffusion model; (2) to compare the results of the diffusion model and the 

exponential first-order decay model of antioxidant depletion; (3) to establish Arrhenius-

type relationships to estimate diffusion and partition coefficients at typical landfill 

temperatures; and (4) to use the estimated parameters to model OIT depletion from a GM  

in a composite liner with 30 cm thick sand protection layer and hence assess the potential 

beneficial effect of the protection layer in reducing the depletion of antioxidants. 

5.2 Theoretical Considerations 

5.2.1 Outward Migration of Antioxidants 

For all but thin polyethylene films (thickness <0.1 mm) and high surface 

concentration of antioxidants (Möller and Gevert 1996; Haider and Karlsson 2000), the 

rate of loss of antioxidants depends on (a) the partitioning of the antioxidant between the 

GM surface and the adjacent fluid, and (b) the rate of diffusion of the antioxidants from 

core to surface of the GM. The loss of antioxidant from the GM at the surface is, in part, 

controlled by the affinity of the antioxidants for polyethylene relative to the surrounding 

media.  This is usually related to the difference in solubility of the antioxidants in the two 

materials. When placed in a fluid, antioxidants will be released into the adjacent fluid 
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until a final equilibrium is reached.  At this point, the concentration of antioxidant in the 

GM, cgm [ML-3], and in the adjacent fluid, cf [ML-3], are related by Henry’s law: 

gffgm Scc =           [5.1] 

where,  Sgf is a partitioning coefficient [-] between the GM and the fluid. Sgf is a constant 

for a given permeant, fluid, GM and temperature of interest.  Equation 5.1 is valid at low 

concentrations or when the antioxidant does not interact with the polymer (Rogers, 1985). 

The diffusive flux of permeant through a GM is governed by Fick’s first law of 

diffusion: 

z
c

Df gm
gm ∂

∂
−=          [5.2] 

where, f is mass flux or rate of transfer of diffusing substances through a unit area of the 

GM [ML-2T-1],  Dgm is the diffusion coefficient in the GM [L2T-1], cgm is the 

concentration of the diffusing substance in the geomembrane [ML-3] and z is the distance 

parallel to the direction of diffusion [L].  

In the transient state, consideration of conservation of mass gives the following 

governing differential equation (Fick’s second law of diffusion): 

2

2

z
c

D
t

c gm
gm

gm

∂

∂
=

∂

∂
         [5.3] 

which must be solved for the appropriate initial and boundary conditions. 
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Temperature is a key factor influencing the diffusion of antioxidants. The 

temperature dependence of diffusion coefficient is mathematically described by 

Arrhenius-type relationship (Crank and Park 1968; Moisan 1985): 

⎟
⎠
⎞

⎜
⎝
⎛−⋅

TR
E

=DD d
ogm .

exp         [5.4] 

In logarithmic form the above equation can be expressed as, 

( ) ( ) ⎟
⎠
⎞

⎜
⎝
⎛
⎟
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⎞

⎜
⎝
⎛−=

TR
EDD d

ogm
1lnln        [5.5] 

where, Dgm is the diffusion coefficient typically in m2/s, Do is the pre-exponential factor 

(a constant for a particular system independent of temperature) in m2/s, Ed is the 

activation energy of diffusion in kJmol-1, R is the universal gas constant, 8.31 Jmol-1K-1, 

and T is the absolute temperature in K.   

Other factors that affect the outward migration of antioxidants from the GM are 

solubility of antioxidant in the polymer, polymer structure (crystallinity and density), 

structure of the diffusant (molecular weight and shape) (Moisan 1980a; Moisan 1980b; 

Billingham 1990). Moisan (1980b) demonstrated that the diffusion coefficient of an 

antioxidant decreased steadily with increasing density of polyethylene. This also implied 

a decrease in diffusion coefficient with increase in crystallinity of polyethylene. 

Semicrystalline polymer like HDPE GM consists of amorphous and crystalline regions. 

Semicrystalline polymers generally exhibit better barrier properties to diffusion than fully 

amorphous polymers (Hedenqvist and Gedde 1996). Diffusion in semicrystalline polymer 

occurs through the amorphous region because crystalline regions act as an impermeable 
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barrier for diffusion. The irregularities in amorphous regions i.e. tortuosity increases as 

the degree of crystallinity increases which increases the diffusion coefficients of the 

permeants (Michaels and Parker 1959; Islam and Rowe 2008). The study on diffusion of 

volatile organic compounds (VOCs) through HDPE GM by Islam and Rowe (2008) has 

shown that the diffusion coefficients of VOCs decreased with the increase in the degree 

of crystallinity of the HDPE GM.  

Experimental results of Roe et al. (1974) and Moisan (1980a) demonstrated that 

the diffusion coefficient decreased with increasing molecular weight of antioxidants. 

However, the shape of the molecules affected the correlation between diffusion 

coefficient and molecular weight. Billingham (1990) summarized the results on different 

studies on dependence of diffusion coefficient with molecular structure of antioxidants. It 

was concluded that, for a given molecular weight antioxidant with long flexible 

molecules diffused faster than more rigid and compact molecules. 

5.2.2 Exponential OIT Depletion Model, Antioxidant Depletion Rate and Time 

OIT is a useful index of the amount of antioxidants in the GM. Depletion of OIT 

from GM follows a first-order decay model (Hsuan and Koerner 1998; Sangam and 

Rowe 2002). The OIT representing the total amount of antioxidant remaining in the GM 

at time t is given by a kinetic equation of first order. 

( )stOITtOIT o −⋅= exp)(         [5.6] 

 

where OITo is the initial OIT (in minutes); s is the antioxidant depletion rate (in month-1); 

and t is the ageing time (in months). 
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In most previous studies (as discussed above), OIT depletion was modelled using 

Equation 5.6. The time taken for depletion of antioxidants (Stage I of the GM service 

life) was calculated as the time taken for the reduction of OIT from the initial value of 

OITo to final residual value of OIT(f)=0.5 min. (Hsuan and Koerner 1998). On 

rearranging, Equation 5.6 gives: 

( ) ( )
s

OITOIT
t fo

d
)(lnln −

=        [5.7] 

 

which can be used to calculate the antioxidant depletion time, td, for antioxidant depletion 

rate, s at a particular temperature. 

5.2.3 Theoretical Diffusion Modelling and OIT Depletion Rates 

The analytical solution of Equation 5.3 for outward diffusion of antioxidants from 

polymer film (GM in our case) placed in infinite bath is given by Equations 5.8 and 5.9 

(Crank 1975; Comyn 1985).  
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For initial and boundary conditions (Crank 1975): 

C = C1 x = -l t ≥ 0 

C = C1 x = +l t ≥ 0 

C = Co -l < x < +l t = 0 

where C is the concentration at points within the film, Co is the initial concentration 

within the film, 2l is the GM film thickness, n is the integer number, D is the diffusion 
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coefficient, t is the time, x = 0 at the centre of the film of thickness 2l and its faces being 

located at +l and –l . If  –l < x < l is kept at initially at concentration Co=1. The surfaces 

are kept at a constant concentration C1=0. Thus concentration C at points within the GM 

can be given as: 
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The experimental results can be evaluated according to the solution given by 

Crank (1975) for mass. 
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where Mt denotes the mass of antioxidant which has left the GM at time t, and M∞, the 

corresponding quantity after infinite time (i.e. the initial mass of antioxidant in the GM). 

Thus OIT value measured in the GM at time t can be represented by OIT = M∞-Mt and 

initial OITo= M∞. 

The normalized expression for OIT is given by, 
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The normalized OIT versus time was calculated for GM of typical thickness of 

1.5 mm and diffusion coefficient 2.1x10-15 m2/s using Equation 5.11. The diffusion 

coefficient used in this example is diffusion coefficient of OIT from 1.5 mm thick GM 
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immersed in leachate at laboratory temperature as obtained by Rowe and Rimal (2008b). 

The results are shown in Figure 5.1.   Since the outward diffusion profile is symmetrical 

from the two sides of the GM, it is sufficient to model a half thickness (0.75 mm) of the 

GM with zero constant concentration boundary condition at the surface and a zero flux 

boundary condition at the middle of the GM.  This case also was modelled using the 

finite layer analysis program POLLUTE© v7.09, (Rowe and Booker 2004) using the same 

Dgm (2.1x10-15 m2/s). The concentration curve was integrated to obtain mass of 

antioxidant at different times. The results, plotted in Figure 5.1a are in excellent 

agreement with the results evaluated using the analytical solution given by Equation 5.11. 

The theoretical results were then plotted as ln(OIT/OITo) versus time (Figure 5.1b) and a  

linear regression curve fitted to the data points was to obtain OIT depletion rate s 

(Equation 5.6). A visual inspection of Figure 5.1b reveals that while the regression line 

presents a very good fit, the data points do not all fit on the straight line.  This implies 

that the relationship given by Equation 5.6 is an approximation and inspection of Figure 

5.1b lead to the suggestion that the estimation of the depletion rate may vary depending 

on the time period over which the fit is applied.  To quantify this observation regression 

curves were fit to the “data” from the analytical solution (i.e. any issues of “experimental 

error” are excluded). A regression of the data from t =0 months (at OIT=OITo) to t=226 

months (corresponding to OIT=0.5 min., at complete depletion of antioxidants) from both 

the analytical solution and Pollute gave s=0.0254 month-1 (with R2=1.0). Regression of 

data at shorter time intervals gave, for example, (a) s=0.0733 month-1 (R2=0.92) for a fit 

from t=0 to 3.3 months, (b) s=0.0318 month-1 (R2=0.95) from t=0 to 33 months, and (c) 
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s=0.0294 month-1 (R2=0.97) from t=0 to 50 months. Based on these results it was found 

the evaluation of short term theoretical data using the first order kinetic Equation 

(Equation 5.6) gave higher OIT depletion rates in the short term compared to the long 

term data at which the OIT had reached to 0.5 min. This arises from the fact that while 

the diffusion process can be reasonably approximated over a long-time period by the first 

order relationship (Equation 5.6), diffusion gives relatively faster depletion at small times 

(when the concentration gradient is very high)  and slower depletion at later times (when 

the concentration gradient is much lower). This also provides a theoretical basis for the 

fact that early time experimental data is often below the best fit line obtained in 

antioxidant depletions tests (e.g. Sangam and Rowe 2002; Rowe and Rimal 2008a; Rowe 

et al. 2008a).  Thus it can be concluded that it is important to analyze long term data (i.e. 

to depletion) to obtain accurate antioxidant depletion rates.  Fitting to data over shorter 

time periods (as is often necessary at low temperatures due to the time it takes to deplete 

antioxidants at lower temperatures such as room temperature) will results in an over 

prediction of the depletion rate and consequently an underestimate of the time for 

antioxidant depletion. 

5.3 Modelling Diffusion of OIT 

A technique for modelling diffusion of OIT was developed to examine the 

application of the diffusion model to the OIT depletion data from leachate immersion and 

composite liner simulation tests. The authors have previously reported results of 

accelerated aging laboratory investigations on the OIT depletion and long term 

performance of GM [Sangam and Rowe 2002; Rowe et al. 2008b (Chapter 2); Rowe and 



 

 166

Rimal 2008a (Chapter 3); Rowe and Rimal 2008b (Chapter 4)]. A brief synopsis of these 

tests and material used will be presented below, followed by modelling procedures, 

parameters and results. 

5.3.1 Laboratory Testing 

5.3.1.1 Immersion Tests 

Accelerated ageing tests were conducted on 2.0 mm thick GM (initial std-OIT = 

133 min.) immersed in synthetic leachate and water (Chapter 2; Sangam 2001; Sangam 

and Rowe 2002).  Coupons of the GM were placed in the incubation containers at 85, 70, 

55, 40oC and 22oC (room temperature). This study demonstrated that antioxidant 

depletion times were shorter for samples immersed in leachate than in water and longest 

in air.  

5.3.1.2 Immersion versus Composite Liner Tests 

Aging tests were performed with a GM in a simulated liner and were compared 

with results from conventional leachate immersion tests on the same GM [Rowe and 

Rimal 2008a (Chapter 3)]. From top down, the composite liner cells (denoted as CL-T) 

comprised a 19 mm gravel (simulating the leachate collection) layer, a 270 g/m2  needle 

punched nonwoven geotextile protection layer, a 1.5 mm thick GM with initial OIT=135 

min., a hydrated geosynthetic clay liner (GCL) and compacted moist Ottawa silica sand. 

The gravel layer was saturated with leachate that was refreshed every two weeks.  The 

composite liner cells incubated in baths at 85, 70, 55, and 26oC (room temperature). The 

leachate immersion test on the same GM was conducted simultaneously.  The simulated 
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composite liner cells were removed from the incubation tanks at different times and the 

GM was tested for OIT (Rowe and Rimal, 2008a). It was concluded that the length of 

antioxidant depletion time was considerably shorter in the leachate immersion tests than 

in the composite liner tests. Thus the results from simple immersion tests were confirmed 

to be conservative. 

5.3.1.3 Composite Liners Tests with Three Different Protection Layers 

The primary function of a protection layer above a GM in a barrier system is to 

protect the GM from physical damage. However, it was hypothesized that the protection 

layer also may provide some protection to the GM from interaction with leachate and 

hence antioxidant depletion. If this were found to be the case, then the protection layer 

could be designed to improve the service life of the GM. To examine this concept, three 

protection layers were tested to examine their effectiveness in protecting the GM from 

leachate and influencing antioxidant depletion from the GM [Rowe and Rimal 2008b 

(Chapter 4)]. The first involved a typical GT protection layer above the GM (denoted as 

CL-T as discussed in the previous sub-section). The second type consisted of GT and 

GCL above the GM (denoted as CL-TG). The third comprised a 1.5 cm thick sand layer 

contained between two GT layers (denoted as CL-TST).   This study found that the time 

to antioxidant depletion time was best (highest) for the GM with protection layers of a 

GT and GCL followed by GT-sand-GT and lowest for GT alone. The results suggested 

that the GM service life could be improved by using a GCL or 1.5 cm of sand.  One 

might expect an even longer life with thicker sand layer but this study did not address a 

greater thickness of sand. 
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5.3.2 Model Parameters 

Analysis of the composite liners explicitly modeled the gravel layer, protection 

layer, GCL and sand as porous media.  A range of parameters was modeled for the 

porous media at room temperature to assess sensitivity over the range indicated in Table 

5.1 (with values being guided by Rowe et al. 2004). Since there was many orders of 

magnitude difference in the diffusion coefficients in the GM and the porous media layers, 

it was found that the precise value of diffusion coefficient for these layers (over the likely 

range of uncertainty) only had a modest effect on the results (maximum of 13% in the 

predicted antioxidant depletion time at room temperature reducing to 0% at 85oC).  In the 

following analyses, the lower values for each range examined were adopted. The 

importance of the porous media layers arose from (a) the build up in antioxidant in these 

layers as they diffuse out of the GM, and (b) the separation that they provide from the 

GM from direct contact with significant concentration of leachate constituents like 

surfactants.  

At each test temperature, the diffusion coefficients in the GM were deduced by 

matching the predicted and observed immersion test results (described below). The 

partitioning coefficients were deduced from CL-T tests. To model the composite liner test 

at higher temperature the values of diffusion coefficients of antioxidants in other layers 

(GT, GCL, sand, gravel) were assumed to increase with temperature by the same ratio as 

that in the GM. 
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5.3.3 Diffusion Modelling Procedure 

A linear relationship has been established between OIT and antioxidant 

concentration by Vibeke and Gedde (1997) for an initial antioxidant concentration of 

between 0 to 0.3 percent by weight in polyethylene. The value of OIT measured at 

different time interval can be taken to be representative of mass of antioxidant in the GM. 

The OIT test data at a particular incubation temperature were analyzed following the 

methodology described below. The finite layer analysis program POLLUTE© v7.09, 

Rowe and Booker (2004) was used to solve the governing differential equations for 

appropriate boundary conditions. 

As described by Rowe and Rimal (2008b), the outward diffusion of antioxidant 

from the initial concentration in the GM to the adjacent fluid was modelled for leachate 

immersion tests at room temperature. A thin layer (0.0001 m) was modelled at the surface 

of the GM to simulate the interface conditions between polyethylene GM and the fluid. 

The leachate was regularly refreshed in these tests thus it was assumed that there was no 

build up of antioxidant in the adjacent fluid next to the GM surface. For given a diffusion 

coefficient and other parameters the concentration of antioxidant could be calculated at 

any time. The concentration curve was integrated at a particular time when OIT had been 

measured. As the mass of antioxidant is directly related to the OIT value, the calculated 

normalized ratio m(t)/mo = OIT(t)/OITo from the model could be compared to the 

observed normalized ratio OIT(t)/OITo. The diffusion coefficient was adjusted as needed 

to get the best match between the calculated and observed OIT values. The leachate 

contains a surfactant that allowed full wettability of the interface (Rowe et al. 2008). 
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Thus it was assumed that the properties of the thin interface layer in leachate immersion 

tests were the same as for the main GM. In the water immersion tests, the same diffusion 

coefficient was as used for the main GM as that in leachate immersion test. However due 

to the reduced wettability, there was a difference in interface condition when GM was 

exposed to water as opposed to leachate. The diffusion coefficient of the thin layer was 

adjusted to obtain the best match between the calculated and observed OIT data. The 

diffusion parameters deduced from the immersion tests were used to make predictions for 

the GM in the composite liners as described below.  

In addition to the porous layers discussed earlier, for the composite liner (CL-T), 

the GM was divided into three layers (i.e. a top thin GM layer exposed to leachate, the 

GM layer, and the bottom thin GM layer exposed to water).  These layers were adopted 

because CL-T test the top surface of the GM was in contact with leachate in the GT while 

the bottom surface was in contact with water in the GCL. The model consisted of all 

other layers in CL-T modelled as porous media. The replacement of leachate at regular 

intervals with the consequent removal of mass of antioxidant from the gravel layer above 

the protection layer was modelled. The GM diffusion coefficient deduced from 

immersion tests was used and the GM partitioning coefficient was deduced from the CL-

T test. In other composite liners CL-TG and CL-TST the protection layers were 

considered to inhibit the access of leachate to the GM. Therefore, in these composite 

liners, GM was modelled with thin layer of GM exposed to water on both sides.  
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5.3.4 Results and Discussions 

5.3.4.1 Results for Immersion Tests 

The leachate immersion tests on 1.5 mm thick GM (49% crystallinity) were 

modelled and the illustrative results shown in Figures 5.2 to 5.4 correspond to 

temperatures of 85, 70 and 55oC respectively (remaining results are given in Chapter 4 

and Appendix C). Each figure shows experimental data, exponential fit to the data, and 

the diffusion curve. The deduced diffusion coefficients are presented in Table 5.2. The 

diffusion coefficients of the thin GM layer when exposed to water obtained by modelling 

water immersion test results are also presented in Table 5.2. Partitioning coefficients at 

each test temperature are also given in Table 5.2. Similarly OIT depletion from a 2.0 mm 

thick GM (44% crystallinity) immersed leachate also were modelled. Result for a test at 

40oC is shown in Figure 5.5. Results at other test temperatures are given in the Appendix 

C. Diffusion coefficients Dgm deduced from analyzing the data for 2 mm thick GM tests 

are given in  

Table 5.3 and they are fairly similar to those obtained for the 1.5 mm GM. The 

OIT depletion for the 2 mm GM could be well modelled using the same Sgf values as for 

the 1.5 mm GM.  Thus at 85oC and 55oC (the common temperatures for the two GMs) the 

same Sgf values were used for both GMs. The Sgf values for the 2 mm GM at 40oC and 

22oC were obtained using the temperature dependence relationship of partitioning 

coefficient developed for the 1.5 mm GM as described later in this chapter. 

The antioxidant depletion rates and resulting antioxidant depletion times to reach 

OIT=0.5 min. were derived using three different methods: (1) exponential fit to the 
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experimental data (denoted as S1), (2) exponential fit of the theoretical diffusion curve 

generated upto the latest laboratory data (denoted as S2), and (3) exponential fit of the 

theoretical diffusion curve generated upto OIT=0.5 min. (denoted as S3). The results for 

S1, S2 and S3 are given in Table 5.4. The antioxidant depletion times T1, T2 and T3 were 

obtained using S1, S2 and S3 respectively (Table 5.5). The time when diffusion curve 

itself reaches OIT=0.5 min., T4, is also given in Table 5.5. For the 1.5 mm thick GM the 

depletion times T1, T2, T3, and T4 were very similar at 85, 70 and 55oC. However slightly 

higher values were obtained for T1. At 85, 70 and 55oC OIT was depleted during the 

testing period and one would expect the results to be similar in these cases since it is 

possible to get a long term exponential fit to the data as discussed earlier. During the 

course of the study period OIT was not depleted to residual values at room temperature. 

Hence there was significant difference in analyzing short term data (T1 and T2) and long 

term data (T3 and T4) in this case. This analysis shows the differences in prediction using 

short and long term results. Analysis of short term data gave conservative (shorter) 

antioxidant depletion time than the long term data. Similar observations can be made for 

the 2 mm thick GM.  The depletions times, as might be expected, are longer for the 2 mm 

GM than for the 1.5 mm GM.  

5.3.4.2 Results for Simulated Composite Liner Tests 

The composite liner tests were modelled at all temperatures using the GM 

properties deduced from the immersion tests as discussed earlier and typical results are 

illustrated in Figures 5.6 to 5.9. Other results are given in Appendix C. These plots show 

laboratory data and predicted depletion curves from the diffusion modelling of the 
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composite system. The theoretical curves generated from the diffusion modelling 

provided good predictions of the laboratory results. 

5.3.4.3 Temperature Dependence of Diffusion and Partitioning Coefficients 

The results in Tables 5.2 and 5.3 can be used to obtain a relationship between 

logarithm of Dgm and inverse of the temperature as shown in Figure 5.10 for 1.5 mm 

thick GM and Figure 5.11 for 2.0 mm thick GM. Similar relationship have been obtained 

for various antioxidant in polymer/fluid in the literature (Moisan 1980a, Moisan 1985, 

Möller and Gevert 1994, Bertoldo et al. 2003). The activation energy of diffusion was 

deduced from the slope Ed/R of the regression curve. Arrhenius equation and inferred 

activation energies are given in the figures. The calculated activation energy was 65.0 

kJ/mol for 1.5 mm thick and 50.4 kJ/mol for 2.0 mm thick GM. Using the Arrhenius 

equations Dgm were predicted for field temperatures ranging from 10oC to 60oC (Table 

5.6). A similar temperature dependence analysis (Figure 5.12) and prediction (Table 5.6) 

was carried out for the diffusion coefficient of thin GM layer when exposed to water. The 

calculated activation energy was 58.5 kJ/mol. 

Sgf values given in Table 5.2 were also plotted with respect to inverse of absolute 

temperature (Figure 5.13). There was a distinct decrease in Sgf with the increase in 

temperature with activation energy of -78.5 kJ/mol. Decrease in Sgf with increasing 

temperature was also obtained by Gandek et al. (1989b) for phenolic antioxidant 

Butylhydroxytoluene (BHT) in HDPE exposed to water. (It is noted that partitioning 

coefficient in Gandek et al. (1989a, b) was defined as migrant concentration in fluid 



 

 174

divided by that in the solid and is, thus, the inverse to  Sgf defined in this chapter.) Two 

key observations can be made from the results. Firstly, it may be inferred that that the 

solubility of antioxidant in the GM does not increase as rapidly with temperature as the 

solubility in the adjacent fluid. Secondly, the GM has a greater tendency to retain 

antioxidants at lower temperature than at higher temperature. Using the relationship given 

in Figure 5.13 the Sgf was predicted for field temperatures ranging from 10oC to 60oC as 

given in Table 5.6. 

5.3.4.4 Prediction for Composite Liner with Protection Layer Involving 30 cm of Sand  

Using the parameters at 26oC (laboratory temperature) an analysis was carried for 

a case involving composite liner CL-TST with protection layer involving 30 cm thick 

sand layer sandwiched between two geotextiles layers. The resulting theoretical curve is 

shown along with the theoretical curve for CL-TST with 1.5 cm thick sand layer at the 

room temperature in Figure 5.14. The OIT depletion rates and depletion time are given in 

Table 5.7. For CL-TST with 1.5 cm of sand the OIT depletion times (T1, T2, T3 and T4) 

were predicted using techniques defined earlier in the chapter. It was observed that 

predicted depletion time T1 and T2 were fairly similar. Both predictions were based on 35 

months of data, but T1 was based on exponential fit of laboratory data and T2 was based 

on exponential fit of 35 months of Pollute data. At 35 months OIT had only dropped by 

12% (i.e. OIT/OITo=0.88). Thus the period of 35 months could be considered as ‘short 

term’ data at laboratory temperature compared to the expected time period for depletion. 

Predicted depletion times T3 and T4 (both based on ‘long term’ Pollute results to 

depletion) were fairly similar but were much greater than T1 and T2. Thus it was found 
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that the prediction based on ‘short term’ (both laboratory and Pollute data) gave very 

conservative (on the low side) depletion times compared to those based on ‘long term’ 

(Pollute results). Thus it should be emphasized that prediction based short term (35 

months) especially at laboratory temperature at which antioxidant have only slightly 

depleted in the laboratory test may lead to very conservative estimate of antioxidant 

depletion time. For CL-TST with 30 cm of sand protection layer the OIT depletion time 

T3 and T4 were predicted. At 26oC the value of predicted depletion time was significantly 

higher (by almost three times) when 30 cm thick sand layer was placed instead of 1.5 cm 

thick sand layer. The results highlight the potentially beneficial effect of using 30 cm 

thick sand protection layer. 

Similarly diffusion modelling prediction were made for CL-TST with 1.5 cm sand 

CL-TST with 30 cm thick sand protection layer at typical landfill temperatures of 20, 35 

and 50oC. The predicted OIT depletion curves obtained from diffusion models are shown 

in Figure 5.15 and the corresponding depletion times T4 are given in Table 5.8. 

5.4 Conclusions 

The findings of diffusion modelling of OIT depletion from HDPE GM were 

presented. Based on the results the following conclusions have been reached. 

1. Experimental data on OIT depletion from GM in leachate immersion tests and 

composite liner simulation tests at different incubation temperatures were analyzed 

using numerical diffusion model. Diffusion and partitioning coefficients were 

deduced. For 1.5 mm thick between room temperature and 85oC the diffusion 
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coefficient ranged from 2.1x10-15 to 1.6x10-13 m2/s and partitioning coefficient ranged 

from 720 to 4. 

2. The results of the diffusion model and the exponential first-order decay model of 

antioxidant depletion were compared. For 1.5 mm thick leachate-immersed GM at 85, 

70 and 55 oC at which OIT was depleted during the test period the depletion time 

calculated using the exponential decay model was similar to that predicted using the 

diffusion model. Although at these temperatures slightly higher OIT depletion times 

were predicted based on exponential fit of the laboratory data. Similar results were 

obtained for 2.0 mm thick GM at at 85, 70 and 55 oC. At laboratory temperature OIT 

had not depleted during the study period. Therefore there was a significant difference 

in results obtained from analyzing short and long term data. Analysis of short term 

data (from both laboratory results and model) predicted shorter antioxidant depletion 

time than the long term data (from model). 

3. Arrhenius-type relationships were established to estimate diffusion and partition 

coefficients of OIT at typical landfill temperatures. At the landfill temperature from 

10-60oC the predicted diffusion coefficient ranged from 3.9x10-16 to 2.5x10-14 m2/s 

and partitioning coefficient ranged from 4200 to 28. For the 2.0 mm thick GM 

diffusion coefficient ranged from 1.2x10-15 to 3.2x10-14 m2/s. 

4. The estimated diffusion and partitioning coefficients were used to model OIT 

depletion from a GM in a composite liner with 30 cm thick sand protection layer 

between two geotextiles. At laboratory temperature of 26oC the predicted antioxidant 
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depletion time based on theoretical diffusion model was about approximately 3 times 

longer when 30 cm thick sand layer was placed instead of 1.5 cm thick sand layer. 

This highlighted the beneficial effect of using thicker sand protection layer. Using 

diffusion and partitioning parameters based on Arrhenius-type modelling it was 

possible to model at typical landfill temperatures. 
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Table 5.1.The parameters used for diffusion modelling in composite liner cells at 
room temperature. 

 
Layer Diffusion 

coefficient 
(m2/s) 

Matrix 
Porosity 

Gravel 6-10x10-10 0.40 
GT 6-10x10-10 0.79 
Sand 3-10x10-10 0.41 
GM 2.1x10-15 N/A (1) 
Thin GM interface layer exposed to 
leachate 

2.1x10-15 N/A (1) 

Thin GM interface layer exposed to 
water 

2.5x10-16 N/A (1) 

GCL 1-3x10-10 0.80 
 
 

Table 5.2. Deduced diffusion and partitioning coefficients at different testing 
temperatures for 1.5 mm thick GM. 

Temperature 
(oC) 

Dgm and 
Dgm-thin-leachate (m2/s) 

Dgm-thin-water (m2/s) Sgf 
(-) 

85 1.6x10-13 1.1x10-14 4 
70 5.0x10-14 6.6x10-15 12 
55 1.1x10-14 2.6x10-15 42 
26 2.1x10-15 2.5x10-16 720 

 

Table 5.3. Deduced diffusion and partitioning coefficient at different testing 
temperatures for 2.0 mm thick GM. 

Temperature 
(oC) 

Dgm and 
Dgm-thin-leachate (m2/s) 

Sgf 
(-) 

85 1.0x10-13 4 
55 2.5x10-14 42 
40 9.5x10-15 172 
22 2.7x10-15 1080 
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Table 5.4. Antioxidant depletion rates obtained using different methods. 

Antioxidant depletion rates (month-1) 
for 1.5 mm thick leachate-immersed 

GM 
(Chapter 3; Rowe and Rimal, 2008a) 

Antioxidant depletion rates (month-1) for 2 
mm thick leachate-immersed GM 

(Chapter 2) 

Temp.(oC) S1  S2  S3 Temp. (oC) S1  S2  S3 
85 1.2423 

(0.95) 
1.5473 
(1.00) 

1.5386 
(1.00) 

85 0.4341 
(0.96) 

0.6237 
(1.00) 

0.6225 
(1.00) 

70 0.4809 
(0.99) 

0.5335 
(1.00) 

0.5325 
(1.00) 

55 0.1438 
(0.98) 

0.1578 
(1.00) 

0.1585 
(1.00) 

55 0.1183 
(0.99) 

0.1248 
(1.00) 

0.1241 
(1.00) 

40 0.0586 
(0.99) 

0.0602 
(1.00) 

0.0599 
(1.00) 

Room 
(26) 

0.0253 
(0.98) 

0.0266 
(0.98) 

0.0224 
(1.00) 

Room 
(22) 

0.0185 
(0.98) 

0.0179 
(0.99) 

0.0165 
(1.00) 

Notes: 
S1= Obtained by fitting laboratory data. 
S2= Obtained by fitting Pollute theoretical curve generated till final laboratory data. 
S3= Obtained by fitting Pollute theoretical curve generated till OIT=0.5 min. 
Number in the parenthesis is coefficient of determination R2 
 
 
 
 
 

Table 5.5. Antioxidant depletion times calculated using different methods. 

Antioxidant depletion times (months) 
for 1.5 mm thick leachate-immersed 

GM 
(Chapter 3; Rowe and Rimal, 2008a) 

Antioxidant depletion times (months)for 
2 mm thick leachate-immersed GM 

(Chapter 2) 

Temp.  
(oC) 

T1  T2  T3 T4 Temp. 
(oC) 

T1  T2  T3 T4 

85 4.5 3.6 3.6 3.6 85 13 9.0 9.0 9.0 
70 12 10 11 10 55 39 35 35 36 
55 47 45 45 46 40 95 93 93 94 
Room 
(26) 

221 211 250 254 Room  
(22) 

302 312 339 344 

Notes: 
T1= Obtained using S1 (month)  
T2= Obtained using S2 (month)  
T3= Obtained using S3 (month) 
T4= Time when Pollute theoretical curve reaches OIT=0.5 min. 
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Table 5.6. Predicted diffusion and partitioning coefficients at different service 
temperatures. 

 
Temperature 

(oC) 
Dgm (1.5 mm 
GM) (m2/s) 

Dgm (2 mm 
GM) (m2/s) 

Dgm-thin-water 
(m2/s) 

Sgf 
(-) 

10 3.9x10-16 1.2x10-15 7.3x10-17 4197 
20 1.0x10-15 2.5x10-15 1.7x10-16 1344 
30 2.4x10-15 4.9x10-15 3.8x10-16 464 
35 3.7x10-15 6.8x10-15 5.5x10-16 280 
40 5.5x10-15 9.3x10-15 8.0x10-16 172 
50 1.2x10-14 1.7x10-14 1.6x10-15 67 
60 2.5x10-14 3.0x10-14 3.1x10-15 28 
 

 

Table 5.7. OIT depletion rates and depletion times for CL-TST with 1.5cm of sand 
and 30 cm of sand at room temperature. 

 1.5 cm of sand 30 cm of sand Comparison 
(30 cm sand/ 
1.5 cm sand)  

S1 (month-1) 0.0040 -- -- 
T1 (months) 1400 -- -- 
S2 (month-1) 0.0038 (0.95) -- -- 
T2 (months) 1473 -- -- 
S3 (month-1) 0.0018 (1.0) 0.00064 (1.0) 0.36 
T3 (months) 3110 8748 2.8 
T4 (months) 3067 8767 2.9 
Note: Number in the parenthesis is coefficient of determination R2 

 

Table 5.8. OIT depletion time (T4) for CL-TST with 1.5 cm sand and 30 cm of sand 
at typical landfill temperatures based on predicted Pollute theoretical curve to reach 
OITo=0.5 min. (rounded to 2 significant digits). 

Temperature 
(oC) 

OIT depletion time, T4 (years) 

 1.5 cm of sand 30 cm of sand 
20oC 430 6500 
35oC 130 230 
50oC 47 57 



 

 184

Time (months)

0 50 100 150 200 250

O
IT

/O
IT

o

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Pollute
Analytical solution

(a)

GM thickness =1.5mm
Dgm=2.1x10-15m2/s

 
 

 

Time (months)

0 50 100 150 200 250

ln
 (O

IT
/O

IT
o)

-7

-6

-5

-4

-3

-2

-1

0

1

Pollute
Analytical solution

Regression line
(b)

 
 

Figure 5.1. Results for outward migration of antioxidant from Pollute and analytical 
solution. 
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Figure 5.2. Results for 1.5 mm GM immersed in leachate at 85oC. 
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Figure 5.3. Results for 1.5 mm GM immersed in leachate at 70oC. 
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Figure 5.4. Results for 1.5 mm GM immersed in leachate at 55oC. 
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Figure 5.5. Results for 2.0 mm GM immersed in leachate at 40oC. 
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Figure 5.6. Observed normalized OIT versus time at room temperature and the 
theoretical curve for CL-T at 55oC. 
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Figure 5.7. Observed normalized OIT versus time at room temperature and the 
theoretical curve for CL-TST at 55oC. 
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Figure 5.8. Observed normalized OIT versus time at room temperature and the 
theoretical curve for CL-T at 70oC. 
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Figure 5.9. Observed normalized OIT versus time at room temperature and the 
theoretical curve for CL-T at 85oC. 
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Figure 5.10. Arrhenius-type temperature dependence of diffusion coefficient of OIT 
for 1.5 mm GM. 
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Figure 5.11. Arrhenius-type temperature dependence of diffusion coefficient of OIT 
for 2.0 mm GM. 
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Figure 5.12. Arrhenius-type temperature dependence of diffusion coefficient in the 
thin GM layer exposed to water. 
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Figure 5.13. Temperature dependence of partitioning coefficient. 
 



 

 191

Time (years)

0 200 400 600 800

O
IT

/O
IT

o

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Theoretical curve CL-TST 30 cm sand
Theoretical curve CL-TST 1.5 cm sand

Dgm=2.1x10-15 m2/s 
Dgm-thin-water = 2.5x10-16 m2/s
Sgf=720

 

Figure 5.14. Comparison between theoretical curves for CL-TST with 1.5 cm and 30 
cm of sand layer at room temperature. 
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Figure 5.15. Predicted curves for CL-TST with 30 cm of sand layer at typical 
landfill temperatures. 
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Chapter 6 
Ageing of High Density Polyethylene Geomembranes in Jet Fuel 

A-1 
 

6.1 Introduction 

High density polyethylene (HDPE) geomembranes (GMs) can play an important 

role in barrier systems designed to minimize contaminant migration from hydrocarbon 

spills. For example, in 2001, a composite liner comprised of a fluorinated high-density 

polyethylene (f-HDPE) GM and geosynthetic clay liner (GCL) was used to control the 

advective and diffusive migration of jet fuel spill on Brevoort Island in the Canadian 

arctic (Bathurst et al. 2006). Jet fuel is composed of many hydrocarbons including 

paraffins, naphthenes and aromatics (Chevron, 2000). These compounds pose a threat to 

the ground and surface water at many hydrocarbon contaminated sites worldwide and the 

problem can be especially severe when the spill is near an environmentally sensitive body 

of water that could be contaminated as in the arctic. When exposed to jet fuel, GMs may 

experience a change in properties with time and hence some estimate is required of the 

service life of the GM used at the hydrocarbon contaminated sites where the 

hydrocarbons are being effectively contained and hence clean-up is delayed while higher 

priority contaminated sites are remediated. Thus there is a need to investigate the effects 

of interaction of GM with jet fuel and impact of the climatic conditions in the Arctic on 

the performance of GMs. 
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The effect of GM immersion in air, water, municipal solid waste leachate, 

industrial waste leachate, acid mine drainage leachate and some hydrocarbons on the 

ageing and physical properties of HDPE GM have all been investigated (e.g., see Rowe et 

al. 2004; Gulec et al. 2004; Koerner 2005; and Müller 2007). However, there is a paucity 

of information concerning the long-term performance of GMs immersed in jet fuel.  

Antioxidants are added to the GM to inhibit oxidative degradation and improve 

GM service life. After depletion of antioxidants the GM becomes susceptible to oxidative 

degradation (Grassie and Scott 1985). Preliminary laboratory investigations have 

provided some insight regarding antioxidant depletion and the change in the tensile 

properties of the HDPE and f-HDPE GMs (Rimal et al. 2004; Rowe et al. 2007) when 

immersed in jet fuel for about one year at room temperature. The f-HDPE GM exhibited 

slower antioxidant depletion than the conventional HDPE GM. No significant changes in 

tensile properties were observed in that one year period. This is consistent with the 

finding of Cazzuffi and Cantarelli (2006) who conducted HDPE GM immersion test in 

diesel fuel for a period of eight months and reported negligible change in tensile 

properties and tear resistance during that period. 

The  objectives of this chapter are five fold:  (1) to improve the estimates of the 

antioxidant depletion time for HDPE and f-HDPE immersed in jet fuel at room 

temperature based on 4 years of data; (2) to use data obtained at three different 

temperatures to allow estimates to be made of likely antioxidant depletion rates at field 

temperature for the containment application at Breevoort Island and provide data that can 

be used at different locations and temperatures; (3) to examine the effect of GM thickness 
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on antioxidant depletion rates and time for three thicknesses of conventional GM; (4) to 

examine results of the antioxidant depletion from GM in a  diffusion test where there was 

pure jet fuel on only one side of the GM in order to assess the effect of one sided 

exposure; and (5) to assess the effect of immersion in jet fuel (if any) on crystalinity, the 

tensile properties, and the tear resistance of the GM. 

6.2 Background 

6.2.1 Overview of Antioxidant Depletion Mechanisms in GM Exposed to Liquid 
Chemicals 

Antioxidant depletion from a GM occurs through migration and consumption 

(Müller 2007). Migration involves outward diffusion and volatilization of antioxidants. 

When GM is exposed to liquid, outward diffusion is more dominant. While volatilization 

is more applicable in air exposure (Sangam and Rowe 2002). The consumption process 

involves chemical degradation of antioxidants (e.g., hydrolytic deterioration of 

phosphites, oxidative reaction with oxygen, and/or free radicals and alkyl peroxides; 

Haider and Karlsson, 2002, Grassie and Scott, 1985). 

Most antioxidants with high molecular weight are physically entangled among 

polyethylene molecules which reduce the ability of chemicals to extract antioxidants.  

However, the rate of extraction can be accelerated by increasing concentration of 

chemicals and/or increasing temperature. The GM ageing studies of Sangam and Rowe 

(2002) have shown that immersion of a GM in synthetic leachate causes faster extraction 

of antioxidants than when it is immersed in distilled water or air. The main factors 
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affecting loss of antioxidants due to migration are extraction conditions at the GM 

surface, partitioning coefficient and the diffusivity of antioxidants in the polyethylene 

(Rowe and Rimal 2008; Chapter 4). HDPE is a semicrystalline polymer consisting of 

amorphous and crystalline regions. Long term exposure to hydrocarbons for a long period 

of time may cause swelling of the amorphous region due to sorption (Maisonneuve et al. 

1997). Amorphous regions can accommodate absorbed liquids without causing major 

changes in physical and mechanical properties. This can result in small loss of strength 

but the effect is more or less reversible when the liquid is removed by evaporation 

(Koerner et.al. 1990; Tisinger and Giroud, 1993). The swelling of the amorphous region 

enhances the molecular mobility of antioxidants and hydrocarbon molecules 

(Maisonneuve et al. 1997). Hsuan and Koerner (1998) observed that, due to the presence 

of crystalline and amorphous phases within the material, the distribution of antioxidants 

in HDPE is not uniform. The amorphous region of an HDPE contains the greatest 

concentration of antioxidants and the mobility of antioxidants in the amorphous phase 

controls their extractability. The crystallinity of a polymer is a dominant factor in 

reducing sorption and swelling of polymer in organic liquids (Tisinger et.al. 1991). A 

semicrystalline polymer like HDPE reaches finite sorption level whereas a completely 

amorphous polymer will have infinite sorption of a liquid with an identical solubility 

parameter (Stessel and Garcia-Rubio 1994).  

Temperature is an important factor that influences the overall depletion of 

antioxidants from the GM. An increase in temperature increases the antioxidant depletion 

rates from the GM (Hsuan and Koerner 1998; Sangam and Rowe 2002). The temperature 
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dependence of antioxidant depletion from GM can be described by Arrhenius relationship 

(Koerner et al. 1992). 

6.2.2 Fluorinated HDPE GM 

Conventional HDPE GM or “untreated” GM can be converted to a “treated” 

(fluorinated HDPE, or f-HDPE) GM using a process where elemental fluorine gas (F2) is 

applied to both sides of the HDPE GM. The fluorine atoms chemically substitute the 

hydrogen atoms in the carbon-hydrogen (C-H) polyethylene chain, creating carbon-

fluorine (C-F) covalent bond on the outermost surface of the HDPE GM. This creates a 

thin carbon-fluorine layer on the two sides of the GM. The thin carbon-fluorine layer 

creates a barrier to some hydrocarbons, but the mechanical properties (e.g. tensile, tear) 

remain relatively unchanged. In a study by Sangam and Rowe (2005), the surface 

fluorination of GM resulted in a reduction in diffusion and permeation coefficients by 

factors ranging between 1.5 to 4.5 for some chlorinated and aromatic hydrocarbons. This 

improved the effectiveness and performance of HDPE GM as a barrier to hydrocarbons.  

The fluorinated layers are expected to provide additional benefits by reducing the 

outward diffusion of antioxidants when exposed to hydrocarbons. This improves the 

service life of the GM.  

It is envisaged that the surface fluorination improves the permeation resistance by 

three synergistic effects (Anand et al. 1994): (1) Application of fluorine increases the 

surface energy and solubility parameter of the HDPE. In f-HDPE the surface water 

wettability is increased. Consequently the surface wettability of nonpolar organic liquids 
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is decreased. This reduces the solubility or partitioning of nonpolar organic compounds in 

f-HDPE. (2) Reduction of free volume of the polymer through which the chemical can 

penetrate. (3) The crosslinking that accompanies fluorination reduces the segmental 

mobility of the polymer chains and diffusivity of large molecules. 

6.3 Experimental Investigation 

6.3.1 Series of Tests 

To meet the objectives of this study, a four series of GM immersion tests were 

conducted in jet fuel. In the first (preliminary) series 1.5 mm thick HDPE and f-HDPE 

GMs were immersed in Jet A-1 at 23oC. This series was intended to provide a direct 

indication of the effect of fluorination on antioxidant depletion. In the second test series,  

the 1.5 mm thick HDPE, 1.5 mm thick f-HDPE and 2.0 mm thick HDPE GMs were 

compared at three different temperatures (23, 9 and -22oC) so as to allow the 

development of an Arrhenius relationship that could then be used to predict depletion 

times at temperatures of interest between the temperatures examined.  Additionally the 

experiment was intended to provide initial insight regarding the effect of GM thickness 

on GM obtained from manufacturer A. The third test series, examined the effect of 

thickness (1.5, 2.0 and 2.5 mm) on conventional HDPE GMs from manufacturer B to 

allow some assessment of variability in time to antioxidant depletion with different 

products.  These tests were also performed at three temperatures (23, 9 and -22oC).  The 

fourth series of tests examined the GM samples from manufacturer A retrieved from 

diffusion tests in jet fuel (Rowe and Mukunoki personal communication, 2005) to allow 
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an assessment of the effect of full immersion versus having Jet A-1 only on one side of 

the GM (as would be expected in the field). 

6.3.2 Materials 

6.3.2.1 HDPE GMs Series I  

The investigation was conducted on (1) 1.5 mm thick HDPE GM and (2) 1.5 mm 

thick f-HDPE GM supplied manufacturer A. In the following discussions, these GMs will 

be denoted as 1.5-GM1-A and 1.5-f-GM1-A respectively where the first number (1.5) 

refers to GM thickness, the second number (1 in GM1) to the test series and the final 

letter (A) to the product manufacturer. 

The key properties of these GMs are listed in Table 6.1. These smooth black-

surfaced HDPE GMs were produced from virgin polyethylene resin. As per 

manufacturer’s specifications these GMs contained approximately 97.5% polyethylene 

and the remaining 2.5% consisted of carbon black, trace amounts of antioxidants and heat 

stabilizers. The 1.5-GM1-A was surface fluorinated to produce the 1.5-f-GM1-A.  This 

created a thin carbon-fluorine layer on the two sides. The thickness of the fluorinated 

layer was found to range from 0.31 to 0.37 microns measured by Scanning Electron 

Microscope combined with Energy Dispersive X-Ray. The untreated and fluorinated GM 

can be distinguished by the Fourier Transform Infrared (FTIR) scans Figure 6.1. These 

scans were obtained using the Attenuated Total Reflectance (ATR) method. The strong 

carbon hydrogen (C-H) peak at 2850 cm-1 is characteristic of untreated GM and the 
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strong carbon fluorine (C-F) peak at 1100 cm-1 is the result of the presence of C-F layer 

in fluorinated GM. 

The standard oxidative induction time (OIT) values for the GMs were greater than 

the minimum value of 100 min. required by Geosynthetic Research Institute GM-13 

(GRI, 1997) and the Ontario Regulation 232/98 of the Environmental Protection Act, 

(MoE, 1998). The Std-OIT values for the 1.5-GM1-A (135 min.) and 1.5-f-GM1-A. (137 

min.) GMs were quite similar. The manufacturer would not provide the information on 

types and amounts of antioxidants in the GMs. However, the virgin GMs were analyzed 

for antioxidants at CIBA® Testing services, Tarrytown, New York. Antioxidants and ultra 

violet absorbers (UVA) were screened by high performance liquid chromatography 

(HPLC). The identified antioxidants were hindered phenols (Irganox 1010 and 1076) and 

phosphites/phosphates (Igrafos 168) and their concentrations are given in Table 6.1. 

HALS was screened by thin layer chromatography (TLC) and gel permeation 

chromatography (GPC). No HALS was detected. The crystallinity of the two GMs also 

had similar values of 52% and 51% respectively. 

6.3.2.2 HDPE GMs Series II 

Series II tests were conducted using the same 1.5 mm HDPE and f-HDPE GMs as 

used in Series I. These coupons were taken from different sections of the rolls and had 

slightly higher initial standard OIT than in Series I. An additional 2.0 mm thick HDPE 

GM was used and had properties listed in Table 6.1. This GM was also produced by 

manufacturer A but in addition to being thicker it appears to have been produced from a 
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different resin with lower percentage crystalinity (39% compared to 51-52%) and a 

different antioxidant package since although the std-OIT was similar (134 min for 2mm 

GM versus 146-148 mins for Series II 1.5mm GM), the HP-OIT of the 2mm GM was 

more than three times higher than for the 1.5mm thick GMs. In the following discussion 

these GMs will be denoted as 1.5-GM2-A and 1.5-f-GM2-A and 2.0-GM2-A  

respectively. The tensile strength depended on the thickness of GM with higher values for 

the thicker GM.  

6.3.2.3 HDPE GMs Series III 

The Series III investigation was conducted on three smooth black-surfaced HDPE 

GMs of different thicknesses 1.5, 2.0 and 2.5 mm provided by manufacturer B. In the 

following discussions, these GMs will be denoted as 1.5-GM3-B, 2.0-GM3-B and 2.5-

GM3-B. These GMs were obtained to (a) allow an examination of the effect of thickness 

for GMs from the same manufacturer and to allow a comparison of the antioxidant 

depletion for GM of similar thickness from different manufacturers (i.e. by comparing 

1.5-GM2-A and 1.5-GM3-B, and 2.0-GM2-A and 2.0-GM3-B).  

The typical properties of the GMs are listed in Table 6.2. The initial OIT values of 

the GMs were above 100 min. The OIT value was lowest at 136 min. for the 2.5-GM-III 

compared with 143 min. for 1.5-GM3-B, and 150 min. for 2.0-GM3-B. The differences 

in OIT values is probably due to the fact that the GMs were manufactured from different 

resin lots at different times. The information on types and amounts of antioxidants in the 

GMs was not provided by the manufacturer. Results of antioxidant analysis are given in 
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Table 6.2. The three GMs contained same antioxidants package. No HALS was found. 

The crystallinity of the 2.0-GM3-B and 2.5-GM3-B were about the same with 52% and 

50% respectively. The 1.5-GM3-B had a slightly lower average crystallinity value of 

46% but with coefficient of variation (COV) of 10.4%.  

6.3.2.4 HDPE GMs Series IV 

Some GM samples from the jet fuel diffusion tests (Rowe and Mukunoki personal 

communication) at room temperature (23oC) were also tested after the termination of the 

tests. In the beginning of the diffusion tests, the GM was exposed to pure jet fuel on the 

source side of the GM only.  Jet fuel then diffused through the GM to water on the 

receptor side of the GM (similar to what would be expected for intact GM in the field). 

These samples were tested to infer the depletion of antioxidants when one side is in 

contact with Jet A-1 and the other is in contact with water. In diffusion tests the untreated 

GM denoted as 1.5-GM4-A had average OIT value of 135 min and crystallinity of 45%. 

The fluorinated GM denoted as 1.5-f-GM4-A had OIT of 134 min. and crystallinity of 

44% (Table 6.3).   The difference between the OIT and crystallinity for the Series I, II 

and IV GMs illustrates the variability that one can get for nominally the same product.  

The laboratory testing was all conducted using the same procedures, equipment and 

operator.  

6.3.2.5 Jet Fuel A-1 

Jet fuel of grade Jet A-1 is a colorless to pale yellow liquid with kerosene-like 

odor. According to the ASTM D1655 the specific gravity of Jet A-1 at 15ºC can be 
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between 0.775 to 0.840. It has a freezing point of -47ºC, a viscosity at -20ºC of 8 mm2/s 

and a very low solubility in water (5 mg/L; Cheminfo, 2001). It is composed of a mixture 

of many different saturated and unsaturated hydrocarbons. It consists of blends of refined 

hydrocarbons derived from crude petroleum, naturally occurring gasoline, naturally 

occurring non-hydrocarbons and additives (ASTM D1655). 

Current analytical techniques are not able to separate all individual hydrocarbon 

species present in the jet fuel. But the major hydrocarbons in the jet fuel are members of 

the paraffin (CnH2n+2), naphthene (CnH2n), or aromatic (monocyclic CnH2n-6; and dicyclic 

naphthalene C10H8) classes (Chunshan, et. al. 2000; Chevron, 2000). Jet A-1 is a mixture 

of aliphatic and aromatic hydrocarbons with carbon number distribution predominantly 

between about C8 and C16 (Chevron, 2000; Cheminfo, 2001). 

Jet fuel composition and specification is established by ASTM in consultation 

with manufacturers and aviators. The ASTM D1655 specification for jet fuel is based on 

performance characteristics and no standard formula exists for Jet A-1. The specification 

states that the jet fuel composition should not exceed a maximum of aromatic 

hydrocarbons of 25% by volume, mercaptan sulphur 0.003% by mass, and total sulphur 

0.3% by mass (ASTM D1655). The additives in jet fuel may include antioxidants, a metal 

deactivator, and an electrical conductivity additive. 

6.3.3 Experimental Procedure 

GM coupons were immersed in a bath filled with jet fuel. GM coupons were 

about 19 cm x 19 cm, and 13 x 25.5 cm in size. Coupon sizes depended on the interior 
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dimensions of immersion containers. The coupons were placed upright and separated 

from each other using 5 mm diameter glass rods to allow sufficient space for exposure 

with jet fuel. As the jet fuel slowly evaporated with time, the level of jet fuel in the bath 

was maintained by topping up at regular intervals. The jet fuel was completely replaced 

every few weeks. The rationale behind completely replacing the jet fuel is discussed in 

the later section of this chapter. 

A bath was setup inside a fumehood at laboratory temperature of 23oC.  Baths 

were also placed in a special explosion proof fridge at 9oC and freezer at -22oC. At 

various times samples were withdrawn for testing. At each sampling period the coupons 

withdrawn from the bath were cut, rinsed, wiped, and were kept in fume hood before 

testing commenced. GM samples for OIT testing were taken from central portion of the 

coupons so that the tested specimens, particularly fluorinated GMs, were free from 

possible depletion of antioxidants from the edges. 

6.3.4 Standard OIT Tests 

The GM samples exposed to jet fuel were retrieved at various time intervals and 

the amount of antioxidant remaining in the GM was evaluated using standard oxidative 

induction time (OIT) tests at 200oC and 35 kPa pressure (ASTM D3895). The OIT tests 

were carried out using TA Instruments 2910 and Q100 differential scanning calorimeters 

(DSC) which measured the difference in heat flow between a sample and a reference.  

The OIT value is an index parameter related to the amount of antioxidant in the 

GM and is extremely useful for monitoring the depletion of antioxidants in the GM 
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(Hsuan and Koerner, 1998; Sangam and Rowe, 2002; Müller and Jakob, 2003; Rimal et 

al., 2004; Gulec et al., 2004). The OIT value of the GM decreases as antioxidants are 

depleted with time. 

6.3.5 High Pressure OIT tests 

High pressure oxidative induction time tests (HP-OIT) (ASTM D5885) were also 

utilized to monitor the antioxidant depletion from some samples. TA Instrument 2910 

DSC with a special pressure cell was used to conduct the HP-OIT test.  The GM 

specimen was held isothermally at 150oC and 3500 kPa in an oxygen environment till the 

exothermic peak was detected. The time to the onset of exothermic peak was taken as the 

HP-OIT value. 

HP-OIT test is useful in measuring OIT if antioxidants such as hindered amines 

light stabilizers (HALS) are present in the GM. HALS lose their effectiveness at 200oC in 

the Std-OIT test (Hsuan and Koerner, 1998). Thomas and Ancelet (1993) have 

demonstrated that hindered amines were active at 150oC in HP-OIT test.  The testing 

temperature of 150oC in the HP-OIT test also decreases volatility of these antioxidants 

during testing and the high pressure increases the concentration of the reacting oxidizing 

gas (Tikuisis et al., 1993). HP-OIT provides more accurate OIT results if hindered amines 

are present in the GM. 

6.3.6 Initial Tear Resistance tests 

The initial tear resistance (ITR) is defined as the force required to initiate the tear 

of the material. The ITR was measured according to ASTM D1004. The test specimens 
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were cut with a die conforming to the ASTM standard with 90oC angle at the tearing 

location. The test was performed in Zwick Roell universal testing machine at test speed 

of 51 mm/min. The testing machine comprised of a 20 kN load cell to measure load and 

wedge grips to hold the specimen. The maximum load usually found near the onset of 

tearing was recorded as the initial tear resistance in newtons. 

6.3.7 Tensile Tests  

The tensile properties (strength and elongation at yield and break) of the GM was 

tested in accordance with ASTM D6693. Tensile tests were carried out using the Instron 

Model 3396 and Zwick Roell universal testing machines with wedge grips. The dumbbell 

shaped tensile specimen (ASTM D638 Type IV shaped specimen) was used. The test was 

conducted at a speed of 50 mm/min.  

6.3.8 Crystallinity Tests 

Crystallinity tests were carried out using TA instruments 2910 and Q100 DSCs. 

The GM specimen of known mass was heated in the DSC in nitrogen atmosphere to 

200oC as per the procedures described in ASTM E794. The percentage crystallinity was 

obtained as the ratio of measured heat of fusion of GM specimen with the heat of fusion 

of 100% crystalline polyethylene, 290 J/g (Flory and Vrij, 1963). 
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6.4 Results and Discussions 

6.4.1 Antioxidant Depletion 

The equation for depletion of antioxidant is (Hsuan and Koerner, 1998). 

)exp( stOITOIT ot −⋅=          [6.1] 

where, s is the antioxidant depletion rate (week-1), t is the immersion time (weeks), OITt 

is the OIT value (minutes) at time t representing the index measure of total antioxidant 

amount in the GM; and OITo is the initial OIT value (minutes). 

If OITt is normalized by OITo the Equation 6.1 can be written as, 
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The Equation 6.2 may also be written in logarithmic form as, 
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6.4.1.1 Antioxidant Depletion in Series I 

In this preliminary series samples of 1.5 mm thick HDPE GM (both untreated 1.5-

GM1-A and fluorinated 1.5-f-GM1-A) were immersed in jet fuel. Figure 6.2 illustrates 

change in normalized OIT relative to initial OIT (i.e. OITt/OITo) versus time in the 

untreated and fluorinated GMs immersed in jet fuel for 4.1 years. At each sampling event 

three to five replicate specimens were tested and the average value is shown with the 

vertical bars represent the standard deviation deduced from these tests.  
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The initial OIT value of 1.5-GM-Series-I was 135 min. The OIT value gradually 

reduced with immersion time. From 14 and 26 weeks some scatter was observed in the 

data. The OIT values did not decrease at the same rate as was observed during the initial 

14 weeks of immersion. It was hypothesized that the diffusion of antioxidants from the 

GM resulted in an increase in their concentration in the jet fuel adjacent to the GM. This 

would reduce the concentration gradient and further migration of antioxidants from the 

GM into the jet fuel. Thus after identifying this issue on week 27 the jet fuel in the bath 

was completely replaced. Afterwards a more rapid decrease in OIT value was observed. 

This provided some support for the hypothesis. The relationship between OIT and 

immersion time was exponential as shown in the Figure 6.2 and Equation 6.2. It was 

observed that antioxidants depleted at a faster rate from untreated GM than fluorinated 

GM. Immersion in jet fuel substantially accelerated the antioxidant depletion process as 

compared to that in water and synthetic leachate as observed in prior studies (Hsuan and 

Koerner, 1998; Sangam and Rowe, 2002). Based on early time data, Rowe et al. (2007) 

predicted that the OIT would reach a value of about 0.5 min. ( typically taken as the value 

for pure unstabilized HDPE without antioxidants; Hsuan and Koerner, 1998) in 2.2 years.  

However it was found (Figure 6.2) that the OIT did not drop below a residual OIT (OITr) 

of about 8 to10 min. for both GMs and remained there after 4 years of exposure to jet 

fuel.  

It was hypothesized that the measured OITr could either be due to: (a) effect of 

any traces of jet fuel remaining in GM or, (b) a remaining amount of antioxidant in GM 

that was not readily leached by jet fuel at room temperature. To minimize any possible 
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effect of traces of jet fuel remaining in the GM, the OIT tests were conducted after 

keeping the sample in air in a fumehood for about two weeks (to allow evaporation of 

any jet fuel), washing and wiping before the test. Futhermore, at the OIT test temperature 

of 200oC the volatile jet fuel would be expected to evaporate from the specimen prior to 

the introduction of oxygen.  To verify whether jet fuel interfered with the results of OIT 

test, virgin untreated and fluorinated GM specimens were immersed in jet fuel for about 

24 hours and tested for OIT. No significant difference was found in OIT values between 

the virgin GM and the GM exposed to jet fuel. Also antioxidant depleted samples of 

HDPE GM (archived from another study) were exposed to jet fuel for about 24 hours and 

tested for OIT. No significant difference in OIT values were observed before and after 

exposing the samples to jet fuel. These results provided evidence that the residual OIT 

(OITr) in the GM is not due to the traces of jet fuel in the GM but rather due to a portion 

of the OIT package that is not readily leached by the presence of Jet A1.  

 Based on this finding the data was plotted as illustrated in Figure 6.3. The OIT 

depletion equation is now represented in the following form. 
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where, s’ = antioxidant depletion rate (week-1). 

Equation 6.4 may also be written in logarithmic form as, 
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At laboratory temperature the depletion rate, s’, of jet fuel immersed 1.5-GM1-A 

was 0.0671 week-1. The depletion rate of 0.0194 week-1 for the fluorinated GM (1.5-f-

GM1-A) was only 29% of that for the untreated GM.  

The time to deplete antioxidant (tr) to the residual value can be represented by, 
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where, OITf  is the final OIT value, which is taken as, 

5.0+= rf OITOIT           [6.7] 

For the 1.5-GM1-A the time for depletion to residual, tr, was 83 weeks (1.6 

years), while for 1.5-f-GM1-A it was 286 weeks (5.5 years). The difference in depletion 

time for untreated and fluorinated GM was 203 weeks (3.9 years). Based on these results 

the fluorination had beneficial effect and increases the antioxidant depletion time of the 

GM exposed to jet fuel. The antioxidant depletion times would be expected to be much 

longer at field temperatures in the Arctic, and so it can be inferred that the “service life” 

of the untreated GM will be greater than 1.6 years and that for the fluorinated GM well 

over 5.5 years. The antioxidant depletion time at field temperatures in the Arctic is 

addressed in the next section.  It should also be noted that while a significant amount of 

antioxidant had depleted by these times, there was still 8 to 10 minutes remaining and this 

could be expected to provide continued protection to the GMs and the additional time to 

full depletion of antioxidants could be large.  Thus the estimate of depletion time 

presented herein are quite conservative (i.e. on the low side) but are still useful for 

making engineering decisions. 
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6.4.1.2  Antioxidant Depletion in Series II 

In the following discussion it should be remembered that while the two 1.5 mm 

GMs had fairly similar HP-OIT values (175 and 227 minutes) and very similar 

antioxidants concentrations (Table 6.1). But the 2 mm GM  had a quite different HP-OIT 

of over 700 min. The 2 mm GM also contained small amount of Irganox 1076 and the 

processing stabilizer Irgafos 168 was detected mostly in oxidized phosphate form. The 

high HP-OIT value is typically due to presence of HALS but there was no HALS 

detected in antioxidant analysis.  Thus while thickness is one important variable, the 

difference in antioxidant package is another significant variable to be considered when 

interpreting the test results. Figure 6.4 shows the variation in the logarithm of standard 

(OITt-OITr)/(OITo-OITr) with immersion time at three testing temperatures of 23oC, 9oC 

and -22oC respectively. It was assumed that OITr was same as in Series I. Each data point 

is the average of the three replicate samples tested and the vertical bars represent standard 

deviation. The lines represent the best fit of Equation 6.5. The values of depletion rates, 

s’, obtained from the slope of the lines in Figure 6.4 are listed in Table 6.4. 

At test temperature of 23oC the antioxidant depletion rate, s’, was fastest for 1.5-

GM2-A, followed by 2.0-GM2-A and slowest for 1.5-f-GM2-A. Figure 6.4a shows that 

the untreated GMs had a greater decrease in the OIT values than the fluorinated GM. The 

results indicated that the antioxidants depleted 3.6 times faster from 1.5-GM2-A than 1.5-

f-GM2-A. The s’ was 1.6 times faster from 2.0-GM2-A than 1.5-f-GM2-A. Between the 

untreated GMs of two thicknesses the s’ from 1.5-GM2-A was 2.2 times faster than 2.0-

GM2-A.  
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At test temperature of 9oC the there was a small difference in s’ for the 2.0-GM2-

A and 1.5-f-GM2-A (Figure 6.4b). The depletion rate, s’, was greatest for 1.5-GM2-A. 

The ratio of depletion rates of 2.0-GM2-A and 1.5-f-GM2-A was 1.04. The s’ was 1.38 

times faster for 1.5-GM2-A than 2.0-GM2-A. The s’ was 1.43 times faster in 1.5-GM2-A 

than 1.5-f-GM2-A.  

At a temperature (Figure 6.4c).of -22oC the inferred s’ were very similar for the 

three GMs.  . In 2.0-GM2-A and 1.5-f-GM2-A the values s’ were equal. The value of s’ 

was 1.3 times faster from the 1.5-GM2-A than the 2.0-GM2-A or  1.5-f-GM2-A. 

Variations in HP-OIT versus immersion time for Series II GMs are shown in 

Figure 6.5. At 23oC (Figure 6.5a) the HP-OIT of 2.0-GM2-A did not decrease 

significantly with time during 57 weeks of testing. In contrast std-OIT had reduced to 26 

min. (about 20% of its original value). The std-OIT results indicated the depletion of 

some antioxidants originally in the new GM. Whereas the HP-OIT results suggest that a 

component of the antioxidant package (or other unidentified antioxidant if present) might 

not have depleted and hence are contributing to the relatively constant HP-OIT value. As 

noted earlier, no HALS were detected in the CIBA analysis.  The decline in HP-OIT was 

faster in the untreated GM 1.5-GM2-A than the fluorinated GM 1.5-f-GM2-A. In 1.5-

GM-f-A the HP-OIT value decreased up till 20 weeks and remained steady up to 57 

weeks.  At 9oC (Figure 6.5b) the HP-OIT value had slightly decreased in 1.5-GM2-A and 

1.5-f-GM2-A. Greater decline in HP-OIT was observed in 1.5-GM2-A than 1.5-f-GM2-

A. HP-OIT for 2.0-GM2-A remained steady over time. At -22oC (Figure 6.5c) the HP-
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OIT value slightly decreased for both the 1.5-GM2-A and 1.5-f-GM2-A, but didn’t 

decrease for the 2.0-GM2-A.  

These results suggested that the depletion of antioxidant as observed in the HP-

OIT test was quite different to that inferred from the std-OIT test. This highlights the role 

of the type of antioxidant present in the GM. Thus results for 2 mm untreated GM 

suggests that a component of antioxidant package might not have depleted by the 

exposure to jet fuel.  Therefore these results should be applied with considerable caution 

particularly for the 2 mm thick GM for which HP-OIT remained stable. 

6.4.1.3 Antioxidant Depletion in Series III 

Changes in logarithm of standard (OITt-OITr)/(OITo-OITr) versus immersion time 

for Series III GMs at 23oC, 9oC and -22oC were plotted to obtain the s’ listed in Table 

6.5. The plot at 9oC is illustrated in Figure 6.6. At 23oC, the depletion rate, s’, was 1.2 

times greater for 1.5-GM3-B than 2.0-GM3-B, and 1.6 times greater for 1.5-GM3-B than 

2.5-GM3-B. The s’ from 2.0-GM3-B was 1.3 times greater than 2.5-GM3-B. At 9oC  s’ 

was 1.3 times greater for 1.5-GM3-B than 2.0-GM3-B and 1.6 times greater for 1.5-

GM3-B than 2.5-GM3-B. At -22oC s’ was 1.1 times greater for 1.5-GM3-B than 2.0-

GM3-B, and 1.3 times greater for 1.5-GM3-B than 2.5-GM3-B. Results at 23oC and -

22oC are given in Appendix D. 

At room temperature the decline in HP-OIT was fastest for 1.5-GM3-B, followed 

by 2.0-GM3-B and slowest for 2.5-GM3-B. For 1.5-GM3-B the HP-OIT value decreased 

by about 40% up till 45 weeks and remained steady up to 70 weeks (Appendix D). At 
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other test temperatures HP-OIT had slightly declined (about 10%-19% at 9oC and 5%-

12% at  -22oC in 70 weeks)  in all three GM with the greatest depletion in 1.5-GM3-B. 

6.4.1.4 Effect of GM Thickness and Antioxidant Depletion Rates 

Figure 6.7 presents the relationship between the thickness of GM and s’ in Series 

III tests.  It should be noted that each of these GMs from manufacturer B has fairly 

similar std-OIT and HP-OIT values, and hence likely very similar antioxidant packages, 

and so the primary variable in this series was GM thickness. Neogi (1996) has shown 

mathematically that half-time of mass uptake of solute into the membrane can be 

approximated by 0.01227L2/D, where L is the thickness and D is the diffusion 

coefficient. Hence it can be expected that the tr is proportional to the square of the 

thickness of the GM (other things being equal). Consequently the s’ would be related to 

the inverse square of thickness of the GM. An excellent correlation was obtained between 

inverse square of thickness and s’ at 23 and 9oC. At -22oC the coefficient of 

determination (R2) is lower. This is because the values of s’ were low and not very 

sensitive to thickness at -22oC. Thus the data shown in Figure 6.7 confirms that the 

antioxidant  depletion rate depends on the square of GM thickness and hence (other 

things being equal) a greater GM thinkness will provided a longer time for antioxidant 

depletion.  The effect is greatest at 23 oC and very small at -22oC. 

6.4.1.5 Antioxidant Depletion in Series IV 

Figure 6.8 shows the variation in the logarithm of standard (OITt-OITr)/(OITo-

OITr) with elapsed time during diffusion tests at 23oC. The s’ for 1.5-GM4-A was 0.0141 
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week-1 and for 1.5-f-GM4-A was 0.0045 week-1. It was observed that the antioxidant 

depleted 3.13 times faster from untreated GM than the fluorinated GM. The s’ from GM 

in diffusion tests were lower than in direct immersion tests. For the untreated GM the s’ 

in diffusion test was only 21% of that in the immersion test. For the fluorinated GM the s’ 

in diffusion test was 24% of that in the immersion test. At the start of a diffusion test only 

one face of the GM was exposed to jet fuel. It can be shown that antioxidant depletion is 

much faster for GM immersed in Jet A-1 than one immersed in water. If one hypothesizes 

that for these diffusion tests the depletion is predominantly from the side with jet fuel, 

one would theoretically expect the depletion rate to be 25% of that in the immersion tests.  

It can be seen that this is not a bad approximation with the depletion rates being only 

slightly higher than expected if there was simple one way diffusion.  This highlights the 

fact that most of the depletion occurs to the face with jet fuel and only a small proportion 

to the face exposed to water.   This is generally consistent with the finding at 23oC that 

the depletion rate, s’, for a 2.0 mm thick untreated GM (manufacturer A) immersed in jet 

fuel  (0.0310 week-1) was about 22 times faster than (0.0014 week-1; obtained from test 

described in Chapter 2) for a similar GM immersed in water. 

Using Equation 6.6, the time for std-OIT depletion to residual value, tr was 

calculated for the diffusion tests samples. For untreated GM (1.5-GM4-A) the tr was 393 

weeks (7.6 years). Whereas for fluorinated GM (1.5-f-GM4-A) it was 1226 weeks (23.6 

years). These results (summarized in Table 6.6) provide basis for assessment of the effect 

of full immersion versus having jet fuel only on one side of the GM. One sided exposure 

to jet fuel would be expected in containment applications in the field.  The results for tr 
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for one sided exposure was substantially longer than that for full immersion in jet fuel. It 

was 6 years longer for the untreated GM and 18 years longer for the fluorinated GM. 

6.4.2 Arrhenius Modelling and Prediction  

The relationship between reaction rate and temperature is known as Arrhenius 

equation.  
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Taking the natural logarithm and rearranging, Equation 6.8 can be expressed as, 
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where, s’ is the antioxidant depletion rate (month-1); A is the constant; Ea is the 

Activation energy (kJmol-1); R is the universal gas constant (8.31 Jmol-1K-1) T is the 

absolute temperature (K). 

After establishing Equation 6.9 from the laboratory results at different test 

temperatures, s’ can be predicted at other site specific temperatures. The main 

assumptions associated with the use of Equation 6.9 to predict s’ are (1) s’ is the function 

of temperature (2) the value of the constant A is material and exposure system dependent 

and does not depend on temperature, and (3) the activation energy remains relatively 

constant over the temperature range examined and predicted. Using the predicted values 

of s’, the tr can be estimated for Series II and III GMs. 
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6.4.2.1 Series II GM s 

The plot of inverse of temperature, 1/T (in K-1) versus logarithm s’, ln(s’) (in 

week-1) is shown in Figure 6.9. The straight lines were obtained by linear regression. The 

effect of temperature on the s’ can be observed from the plot, with higher s’ at higher 

temperature. The Arrhenius equations and the deduced activation energy (slope Ea/R of 

the regression lines) are listed in Table 6.7. The activation energy and the intercept for 

the untreated GMs were higher than the fluorinated GM. 

Using the Arrhenius equations listed in Table 6.7 the s’ and tr were estimated at 

average field temperature at BAF-3 (Brevoort Island). Predictions were also made using 

the linear interpolation of the data between 9oC and -22oC since the practical temperature 

lies in that range. This was done to provide the range of predication from two methods 

recognizing the uncertainty in the linearity of the Arrhenius equation between 23oC and -

22oC.  Estimates were made at -1oC (the general year long average temperature 

applicable approximately at all depths at or below 0.5 m as given in Table 6.8. Estimates 

were also made separately at average temperature during summer (July-August) and 

remaining months. This was done at all measured depths. Weighted average (s’adjusted) 

was used to make predictions using depletion rates in summer (s’summer) and the 

remaining months of the year (s’remain).  

6
'5'' remainsummer

adjusted
sss +

=         [6.10] 
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The predicted tr using s’adjusted at the depth of 0.5 m are also given in Table 6.8. 

These predictions yielded similar (to within one year) depletion times  at all depths as that 

obtained from s’ based on the yearly average temperature of -1oC.  

To provide data applicable at different locations and temperatures predictions 

were also made at temperature ranging from -15 to +15oC. The predictions were made 

using Arrhenius equation and linear interpolation of the laboratory data. At temperatures 

above 9oC the prediction were also made using linear interpolation of data at 9oC and 

23oC. At temperatures below 9oC the prediction were also made using linear interpolation 

of data at 9oC and -22oC  The predicted times to deplete to the residual OIT value based 

on the  two methods are given in Table 6.9. Within the predicted temperature range of -15 

to 15oC the antioxidant depletion times were greatest for the fluorinated GM 1.5-f-GM2-

A, followed by the untreated GM 2.0-GM2-A and lowest for the thinner untreated GM 

1.5-GM2-A.  These predictions assume immersion in the jet fuel.  As discussed earlier 

the depletion rate for a GM with water on one side and jet fuel on the other  is likely to 

only be about 25% of that for immersion and hence the time to depletion under these 

condition is likely to be upto  about four times the values given in Table 6.9. 

6.4.2.2 Series III GM s 

Similarly prediction of s’ and tr was carried out for Series III GMs. The Arrhenius 

plot of s’ for Series III GM in jet fuel is shown in Figure 6.10 (the deduced Arrhenius 

equations and activation energies are listed in Table 6.7). The antioxidant depletion times 

to the residual OIT value are given in Table 6.9. Within the predicted temperature range 
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the depletion times were greatest for 2.5-GM3-B, followed by 2.0-GM3-B and lowest for 

1.5-GM3-B. The predicted s’ and time at -1oC are provided in Table 6.10. The prediction 

using weighted average of summer and winter months yielded the same predicted times 

(rounded to nearest year).  It was found that the s’ was smallest for the thickest GM 2.5-

GM3-B followed by the 2.0-GM3-B and lowest for the 1.5-GM3-B.  

6.4.3 Variation in Mechanical Properties 

Variation in tensile properties versus time was monitored for Series I GM. The 

samples for tensile test were kept in air in fumehood for about two weeks to dry the 

samples prior to testing. This was done to minimize the possible effect of traces of jet 

fuel remaining in the GM. In order to check the effect of jet fuel in the GM, after 76 

weeks of exposure two identical samples were tested: one immediately after taking out 

from jet fuel, and one after two weeks of drying. The stress-strain curve for ‘wet’ and 

‘dry’ conditions are shown for the untreated GM in Figure 6.11. The tensile properties in 

these tests are given in Table 6.11. T-test results suggested statistically significant 

difference (at 95% confidence level) in tensile yield properties between ‘wet’ and ‘dry’ 

conditions. For untreated GM 1.5-GM1-A testing in ‘wet’ condition had yield strain of 

38% (SD=2.9). While in ‘dry’ condition the yield strain was 28% (SD=0.85). Similar 

observations were made for the fluorinated GM 1.5-f-GM-A. Higher yield strain was 

obtained in ‘wet’ condition due to the softening effect of the jet fuel sorbed in the GMs. 

The yield strength of the GMs were lower in the ‘wet’ condition. No statistically 

significant difference (at 95% confidence level) was found in tensile break properties. 
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Variation of tensile properties with respect to immersion time in Series I GM is 

given in Figure 6.12. Similar variations in elongation at yield (Figure 6.12a) were 

observed in both 1.5-GM1-A and 1.5-f-GM1-A over the test period when tested in ‘dry’ 

condition. After 11 weeks of exposure, the elongation at yield increased from for the 

untreated GM 19.4% (SD=0.31) to 22.5% (SD=0.40). There was statistically significant 

difference (at 95% confidence level) in elongation at yield between the virgin and the 

exposed GM. The increase in yield strain can be attributed to softening of the GM by jet 

fuel. The elongation at yield gradually increased over time. At the final testing time of 

213 weeks elongation at yield had increased to 29.2% (SD=0.39). Similarly for the 

fluorinated GM elongation at yield had increased from the initial value of 19.4% 

(SD=0.31) to 29.2% (SD=0.65) in 213 weeks. 

For the untreated GM, yield strength (Figure 6.12b) didn’t change significantly 

over the testing period. Yield strength of the jet fuel exposed fluorinated GM remained 

slightly higher than that of the virgin GM. However, data remained scattered over the 

testing period. At 213 weeks there was no significant difference in yield strength of the 

virgin and exposed fluorinated GM. 

Figure 6.13 illustrate the tensile break properties. For the untreated GM the 

elongation at break (Figure 6.13a) remained similar during the test period with some 

scatter in the data. With the fluorinated GM the elongation at break for the exposed GM 

were slightly lower than the virgin GM. However elongation at break remained scattered 

over the study period. 
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The strength at break (Figure 6.13b) also remained unchanged. The break strength 

value for the virgin untreated GM was 50.9 kN/m (SD=5.4) and remained similar at 51.3 

kN/m (SD=6.9) in 213 weeks.  Similarly for the fluorinated GM the initial value of break 

strength was 54.2 kN/m (SD=1.5) and remained similar with 53.9 kN/m (SD=0.72) in 

213 weeks. 

Variation in crystallinity of Series I GMs versus immersion time is shown in 

Figure 6.14. No significant changes (at 95% confidence level) in crystallinity were 

observed over the testing period of 213 weeks for both GMs. For 1.5-GM1-A the initial 

crystallinity was 52% (SD=1.3) and at 213 weeks it was 49% (SD=0.25). For 1.5-f-GM1-

A the initial crystallinity was 51% (SD=1.2) and at 213 weeks it was 51% (SD=0.53). 

Crystallinity of Series II GM 2.0-GM2-A at 23oC is illustrated in Figure 6.15. No 

significant changes in crystallinity were observed for all three Series II GMs at 23oC, 9oC 

and -22oC up to 57 weeks of testing. For Series IV GM no significant change in 

percentage crystallinity for both untreated and fluorinated GMs up to 52 weeks of 

diffusion test. 

The initial tear resistance test was examined in the Series II testing because it is 

much faster to conduct than the tensile test while still indicating if there has been a 

change in the physical properties of the GM. The changes in initial tear resistance of 

Series II GMs immersed in jet fuel at 23oC is illustrated for 2.0-GM2-A (Figure 6.16). 

The GM were immediately tested after taking out from the bath (wet conditions). They 

were also tested after letting the jet fuel evaporate by keeping in the fumehood for about 

fifteen days (dry conditions). The results showed that the initial tear resistance of the 
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GMs were less in the wet conditions. The exposure to jet fuel over a period of time had 

decreased the initial tear resistance of all three GMs when tested in wet conditions. 

However after letting the GM dry, no significant change in initial tear resistance was 

observed. Hence the decrease in initial tear resistance when tested in wet condition was 

due to the presence of absorbed jet fuel in the GM. To check the short term effect on 

initial tear resistance the 2.0-GM2-A was immersed in jet fuel at 23oC for 27 hours. 

When tested in wet conditions the initial tear resistance decreased from 294 N (SD=1.06) 

to 276 N (SD=2.24). 

6.5 Summary and Conclusions 

The findings from a series of studies on ageing of GMs in jet fuel have been 

presented. Based on the GMs tested and presently available data, the following 

conclusions have been reached. 

Improved estimates of the antioxidant depletion time for untreated and fluorinated 

GM immersed in jet fuel at room temperature were obtained based on 4 years data: 

• Immersion in jet fuel substantially accelerated the standard OIT depletion rate 

relative to that observed in water or synthetic leachate. 

• Fluorination of the HDPE GM provided a significant beneficial effect and the 

antioxidants depleted much faster from the untreated GM than the fluorinated 

GM. 

• Although there was relatively rapid depletion of std-OIT it did not deplete to the 

value expected for pure unstabilized HDPE.  Rather, there was residual OIT about 
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8 to 10 min. in the both the fluorinated and untreated GMs after 4 years of 

exposure to jet fuel. The residual OIT was attributed to antioxidants in the GMs 

that could not be readily leached by the immersion in jet fuel.  These residual 

antioxidants will likely results in total depletion times substantially greater than 

that estimated below. 

• The antioxidant depletion rate s’ for fluorinated GM was about 30% of that for the 

untreated GM.  

• The OIT depletion time to reach the residual OIT value was estimated to be 1.6 

years for untreated GM and 5.5 years for the fluorinated GM at 23oC.  

Data obtained at three different temperatures for GM form manufacturer A can be 

used to estimate the antioxidant depletion rates at field temperature for the containment 

applications such as that at Brevoort Island: 

• At 23oC the antioxidant depletion rates was found to be greatest in 1.5 mm 

untreated GM, followed by 2 mm untreated GM and slowest in 1.5 mm 

fluorinated GM. At 9oC similar observations were made. However there was a 

small difference in depletion rates of 1.5 mm fluorinated GM and 2 mm untreated 

GM. At a temperature of -22oC the inferred depletion rates were similar for the 

1.5 mm fluorinated GM and 2 mm untreated GM. The 1.5 mm untreated GM had 

the greatest depletion rate. 

• At all three temperatures HP-OIT results indicated that some antioxidants from 2 

mm untreated GM were not depleting over time contributing to the steady HP-
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OIT value. In the 1.5 mm untreated GM HP-OIT decreased faster than in the 1.5 

mm fluorinated GM. However, the decline in HP-OIT was slower than that 

observed in the OIT test. This general trend was observed in all temperatures for 

the 1.5 mm untreated and fluorinated GM. Therefore the predicted times to std- 

OIT depletion may be very conservative for these GMs. 

• The laboratory data was used to predict OIT depletion time at field temperatures 

in Brevoort Island site in the Arctic. Estimates were made at general year long 

average temperature of -1oC at the Brevoort Island containment. 33 years for 2 

mm untreated GM, and 26-33 years for 1.5 mm fluorinated GM. The predicted 

time for std-OIT to deplete to the residual value ranged from 14-24 years for 1.5 

mm untreated GM, 22- These estimates are for samples immersed in jet fuel.  As 

discussed below the times could be about four times longer for samples with jet 

fuel on one side and water on the other (as expected in the field).  

The effect of GM thickness on antioxidant depletion rates for three conventional 

GM from manufacturer B of three thicknesses at different temperatures, and estimates of 

the antioxidant depletion time: 

• At all three test temperatures 23, 9 and -22oC the antioxidant depletion rates were 

found to be greatest in 1.5 mm GM, followed by 2.0 mm GM and slowest in 2.5 

mm GM. 

• The equations for the relationship between thickness and antioxidant depletion 

rates were derived from the data. An excellent correlation was obtained between 
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inverse square of thickness and antioxidant depletion rates at all three 

temperatures.  

• Arrhenius modelling and linear interpolation was used to predict OIT depletion 

time at field temperatures in Brevoort Island. The values of ranged from 14-21 

years for 1.5 mm GM, 17-26 years for 2.0 mm GM and 21-31 years  for the 2.5 

mm GM. Again, these estimates are for samples immersed in jet fuel. The times 

could be upto about four times longer for samples with jet fuel on one side and 

water on the other. 

With one sided exposure to jet fuel (in diffusion tests and as expected in the 

field):  

• The antioxidant depletion rate was much lower than in two sided exposure 

(immersion test). The antioxidant depletion rate from 1.5 mm untreated GM in the 

diffusion test was about 0.21 times that in immersion test.  For 1.5 mm fluorinated 

GM it was  0.24 times than in immersion test. Also in diffusion test the depletion 

rates of untreated GM was 3 times faster than fluorinated GM.  

• The time for depletion of OIT to the residual value (at 23oC) was  7.6 years for 

untreated GM and  23.6 years for fluorinated GM (compared to 1.6 and 5.7 years 

in immersion tests). 

The effect of immersion in jet fuel on the tensile, crystallinity and tear properties 

of the GM were examined and it is concluded that: 
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• A higher yield strain and lower yield strength were observed for the GMs tested 

wet than when tested dry GMs but there was no significant difference in tensile 

break properties. 

• The tensile elongation at yield increased with the time of immersion in jet fuel 

due to softening of GM by jet fuel. With over 4 years of immersion in jet fuel, the 

elongation at yield increased from about 19% to 29%. Tensile yield strength 

didn’t change significantly over the testing period. The tensile break properties 

were not adversely affected by the exposure to jet fuel. 

• There was no significant change in the crystallinity of the GMs with over 4 years 

of immersion at 23oC. 

• There was no significant change in the crystallinity was observed over the period 

of 57 weeks of testing at 23oC, 9oC and -22oC. 

• The initial tear resistance of the GM was lower when the GM was wet with jet 

fuel than when dry and this is attributed to the effect of the absorbed jet fuel in the 

GM. 

• No significant changes in dry initial tear resistance were observed for GM 

immersed in jet fuel for up to 57 weeks. 
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Table 6.1. Properties of Series I and II GMs – Manufacturer A. 

Property Method 
(ASTM) 

1.5-GM1-A 
1.5-GM2-A 

1.5-f-GM1-A 
1.5-f-GM2-A 

2.0-GM2-A 

  Avg. COV Avg. COV Avg. COV
Thickness (mm) As received 1.5 -- 1.5 -- 2.0 -- 
Density (g/cm3) D1505 0.94 -- 0.94 -- 0.94 -- 

OIT (min) D3895 135 1.5 137 0.7 134 1.5 
HP-OIT (min) D5885 227 2.5 175 7.4 707 4.9 

Crystallinity (%) E794 52 2.4 51 2.2 39 7.8 
MFI (g/10 min.) D1238 0.47 3.7 0.46 3.1 0.44 2.6 

Tensile Properties D6693       
Tensile-strength at yield 

(kN/m) 
 24 3.7 23 2.4 37 1.5 

Tensile-strength at break 
(kN/m) 

 51 11 54 2.8 62 12 

Tensile-strain at yield (%)  20 1.9 20 2.8 19 1.6 
Tensile-strain at break (%)  869 12 979 2.8 759 10 
Initial Tear Resistance (N) D1004 205 3.4 205 1.2 294 0.36 
Single Point Stress Crack 

Resistance (hr) 
D5397 

Appendix 
>300 -- >300 -- >300 -- 

Irganox 1010 (ppm)  1055 -- 1010 -- 1340 -- 
Irgafos 168 PO3 (ppm)  1250 -- 1195 -- <50 -- 
Irgafos 168 PO4 (ppm)  1025 -- 1140 -- 400 -- 

Igranox 1076 (ppm)  <50 -- <50 -- 80 -- 
Note: Avg.=average; COV= coefficient of variation (%).  In Series II test the initial OITs 
of 1.5 mm untreated GM was 148 min. (COV=1.7%) and 1.5 mm fluorinated GM was 
146 min. (COV=1.6) min. 
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Table 6.2. Properties of Series III GMs - Manufacturer B. 

Property Method 
(ASTM) 

1.5-GM3-B 2.0-GM3-B  2.5-GM3-B 

  Avg. COV Avg. COV Avg. COV
Thickness (mm) As received 1.5 -- 2.0 -- 2.5 -- 
Density (g/cm3) D1505 0.947 -- 0.946 -- 0.946 -- 

OIT (min) D3895 143 1.3 150 0.8 136 0.3 
HP-OIT D5885 245 4.8 268 3.8 239 4.7 

Crystallinity (%) E794 46 10 52 2.7 50 3.7 
MFI (g/10 min.) D1238 0.09 22 0.06 17 0.10 10 

Tensile Properties D6693       
Tensile-strength at yield 

(kN/m) 
 28 2.2 38 1.3 47 1.2 

Tensile-strength at break 
(kN/m) 

 44 22 60 7.5 48 29 

Tensile-strain at yield (%)  24 4.3 21 1.2 19 3.9 
Tensile-strain at break (%)  793 19 788 5.2 634 22 
Single Point Stress Crack 

Resistance (hr) 
D5397 

Appendix 
>300 -- >300 -- >300 -- 

Irganox 1010 (ppm)  1620 -- 1205 -- 1665 -- 
Irgafos 168 PO3 (ppm)  735 -- 605 -- 880 -- 
Irgafos 168 PO4 (ppm)  475 -- 415 -- 165 -- 

Igranox 1076 (ppm)  <50 -- <50 -- <50 -- 
Avg.=average; COV= coefficient of variation (%) 
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Table 6.3. Properties of Series IV GMs – Manufacturer A. 
 

Property Method (ASTM) 1.5-GM4-A 1.5-f-GM4-A 
  Avg. COV Avg. COV 

Thickness (mm) As received 1.5 -- 1.5 -- 
OIT (min) D3895 135 4.6 134 4.2 

HP-OIT (min) D5885 220 -- 178 -- 
Crystallinity (%) E794 45 1.5 44 3.4 
 
 
 

Table 6.4. Antioxidant depletion rates in Series II tests. 

Temperature (oC) s’ (week-1) 
 1.5-f-GM2-A 2.0-GM2-A 1.5-GM2-A 

23 0.0188 (0.98) 0.0310 (0.89) 0.0677 (0.98)
9 0.0046 (0.60) 0.0048 (0.87) 0.0066 (0.92)

-22 0.0014 (0.98) 0.0014 (0.75) 0.0018 (0.95)
Note: The number in parenthesis represents coefficient of determination (R2). 
 
 
 

Table 6.5. Antioxidant depletion rates in Series III test. 

Temperature (oC) s’ (week-1) 
 1.5-GM3-B 2.0-GM3-B 2.5-GM3-B 

23 0.0483 (0.89) 0.0390 (0.97) 0.0308 (0.98)
9 0.0069 (0.91) 0.0053 (0.93) 0.0044 (0.93)

-22 0.0021 (0.74) 0.0020 (0.77) 0.0016 (0.75)
Note: The number in parenthesis represents coefficient of determination (R2). 
 
 

Table 6.6. Comparison of antioxidant depletion from GM in jet fuel immersion test 
and diffusion tests at 23oC. 

GM s’ (week-1) tr (years) 
 Immersion Diffusion Diffusion/ 

Immersion
Immersion Diffusion Diffusion/ 

Immersion
1.5 mm 

Untreated 
0.0677 

 
0.0141 

 
0.21 

 
1.6 

 
7.6 

 
4.8 

 
1.5 mm 

Fluorinated 
0.0188 

 
0.0045 

 
0.24 

 
5.7 

 
23.6 

 
4.1 
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Table 6.7. Arrhenius equations and inferred activation energies in Series II and III 
tests. 

GM Exposed to Jet Fuel Arrhenius Equation Ea 
(kJ/mol) 

1.5-GM2-A 
 

ln(s’) = 14.88 – 5379/T 
R2 = 0.84 

44.7 

2.0-GM2-A 
 

ln(s’) = 11.78 – 4650/T 
R2 = 0.87 

38.7 

1.5-f-GM2-A 
 

ln(s’) = 9.13 – 3971/T 
R2 = 0.91 

33.0 

1.5-GM3-B 
 

ln(s’) = 12.30 – 4681/T 
R2 = 0.86 

38.9 

2.0-GM3-B  ln(s’) = 10.96 – 4364/T 
R2 = 0.81 

36.3 

1.5-f-GM3-B  ln(s’) = 10.75 – 4364/T 
R2 = 0.82 

36.3 

 
 
 

Table 6.8. Antioxidant depletion time for Series II GM at (a) -1oC  (full year average 
temperature at most depths) and (b) using weighted average of summer and 
remaining months temperatures at BAF-3 at 0.5 m below ground surface. 

GM Based on linear fit  
between 23 and -22o 

tr (years)  

Based on linear fit  
between  9 to -22oC 

tr (years) 
 (a) 

-1oC 
(b) 

Weighted  
Average Temperature

(a) 
-1oC

(b) 
Weighted  

Average Temperature
2.0-GM2-A 22 21 33 33 
1.5-GM2-A 14 14 24 24 

1.5-f-GM2-A 26 25 33 33 
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Table 6.9. The predicted antioxidant depletion times at temperatures ranging from 
15oC to 15oC for immersion in jet fuel (note: as discussed the depletion times are 
likely to be upto about 4 times longer if the jet fuel is on one side and water is on the 
other side of the GM). 

Temp. Series II tr (years) Series III tr (years) 
(oC) 1.5-GM2-

A 
2.0-GM2-

A 
1.5-f-GM2-

A 
1.5-GM3-

B 
2.0-GM3-

B 
2.5-GM3-

B 
-15   42-44* 55-58 57-57 37-37 42-41 51-50 
-10 28-35 39-47 42-47 26-30 31-34 37-42 
-5 19-28 28-39 32-39 19-25 22-29 27-36 
0 13-23 20-32 24-32 14-20 16-25 20-31 
5 9.4-19 15-27 19-27 10-17 13-22 15-26 
10 6.7-14 11-19 15-21 7.5-13 9.3-17 11-21 
15 4.8-5.9 8.4-9.7 11-13 5.6-6 7.1-8 8.7-10 

Note: *X-Y: X= derived from Arrhenius equation using data at 23oC, 9oC and -22oC. 
Y=derived from linear interpolation between data at 23oC and 9oC or 9oC and -22oC.  
depending on temperature.  
 
 
 

Table 6.10. Antioxidant depletion rates and time for Series III GM at -1oC (full year 
average temperature) (note: as discussed the depletion times are likely to be upto 
about 4 times longer if the jet fuel is on one side and water is on the other side of the 
GM). 

GM Based on linear fit  
between 23 and -22o 

Based on linear fit  
between  9 to -22oC 

 s’(week-1) tr (years) s’(week-1) tr (years)
1.5-GM3-B 0.0074 14 0.0051 21 
2.0-GM3-B 0.0063 17 0.0042 26 
2.5-GM3-B 0.0051 21 0.0034 31 
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Table 6.11. Tensile properties of GMs in wet and dry conditions at 76 weeks of 
immersion at 23oC. 

  Yield Break 
  Strength Elongation Strength Elongation 
  (kN/m) (%) (kN/m) (%) 
1.5-GM1-A Wet 22 (0.63) 38 (2.9) 56 (1.9) 952 (39) 
1.5-GM1-A Dry 24 (0.50) 28 (0.85) 60 (3.0) 913 (55) 
1.5-f-GM1-AWet 22 (0.63) 38 (2.7) 54 (2.7) 910 (86) 
1.5-f-GM1-A Dry 25 (0.55) 28 (0.55) 52 (2.7) 806 (22) 

Note: Values in the parenthesis represent standard deviations. 
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Figure 6.1.  FTIR - ATR scans of untreated and fluorinated GMs. Note: absorbance 
for untreated GM is normalized by the C-H peak value, and fluorinated GM is 
normalized by C-F peak value. 
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Figure 6.2. Variation of normalized standard OIT with immersion time for 
untreated and fluorinated GM exposed to jet fuel at room temperature in Series I 
tests. 
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Figure 6.3. Variation of residual adjusted normalized standard OIT with immersion 
time for untreated and fluorinated GM exposed to jet fuel at room temperature in 
Series I tests. 
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Figure 6.4. Variation of logarithm of normalized standard OIT with immersion time 
in Series II tests (a) at 23oC (b) at 9oC and (c) at -22oC. 
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Figure 6.5. Change in normalized HP-OIT with immersion time in Series II tests (a) 
at 23oC (b) at 9oC and (c) at -22oC. 
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Figure 6.6. Variation of logarithm of normalized standard OIT with immersion time 
in Series III tests at 9oC.  
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Figure 6.7. Relationship between thickness and antioxidant depletion rates for 
geomembrane B in jet fuel. Antioxidant depletion rate based on standard OIT. 
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Figure 6.8. Standard OIT versus time in diffusion test. 

 
 



 

 244

1/T (1/K)

0.0034 0.0036 0.0038 0.0040

ln
[s

'] 
(w

ee
k-1

)

-8

-6

-4

-2

0 1.5-GM2-A
2.0-GM2-A
1.5-f-GM2-A

R2=0.84
R2=0.87
R2=0.91

 

Figure 6.9. Arrhenius plots of antioxidant depletion rates Series II GM. Antioxidant 
depletion rate based on standard OIT. 
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Figure 6.10. Arrhenius plots of antioxidant depletion rates Series III GM. 
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Figure 6.11. Stress-strain curves for Series I GM in wet and dry conditions at 76 
weeks of immersion at 23oC. 
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Figure 6.12. Variation of tensile properties (machine direction) with respect to 
immersion time for Series I GM, (a) Elongation at yield, (b) Strength at yield. 
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Figure 6.13. Variation of tensile break properties (machine direction) with respect 
to immersion time for Series I GM, (a) Elongation at break, and (b) Strength at 
break. 
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Figure 6.14. Percentage crystallinity versus time for Series I GM. 
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Figure 6.15. Percentage crystallinity versus time for 2.0-GM-2-A, at 23oC. 
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Figure 6.16. Initial tear resistance for 2.0-GM-2-A immersed in jet fuel at 23oC. 
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Chapter 7 
Durability of Fluorinated High Density Polyethylene 

Geomembrane in the Arctic 
 

7.1 Introduction 

High density polyethylene geomembranes (HDPE GM) are commonly used as a 

part of liner systems to limit the migration of contaminants. The HDPE GM should not 

only have chemical resistance and low permeability to the contaminants but also maintain 

durability over the design life. Prior field studies and laboratory tests have shown that 

HDPE GMs age with time (Hsuan et al. 1991; Tisinger et al. 1991; Hsuan and Koerner 

1998; Sangam and Rowe 2002; Rowe et al. 2004; Rimal et al. 2004; Rowe 2005). The 

severity of ageing depends on the exposure media (e.g. air, water, leachate, hydrocarbons, 

acid mine drainage) and temperature (Hsuan and Koerner 1998; Sangam and Rowe 2002; 

Rimal et al. 2004; Gulec et al. 2004). 

A  composite barrier system comprised of the fluorinated HDPE geomembrane (f-

HDPE GM) and a geosynthetic clay liner (GCL) was selected to control the advective 

and diffusive migration of hydrocarbons at a site with hydrocarbon contaminated ground 

at Brevoort Island in the Canadian Arctic to allow time for future site remediation (Li et 

al., 2002; Bathurst et al., 2006). The f-HDPE GM was selected because it is more 

resistant to diffusion of aromatic hydrocarbons than the conventional HDPE GM 

(Sangam et al. 2001, Sangam and Rowe 2005). 
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In the field application under investigation, a key question is the long-term 

durability of f-HDPE GM and the time that is potentially available for the clean-up of the 

spill.  Recently, laboratory tests have indicated slower antioxidant depletion rates from f-

HDPE GM than the conventional HDPE GM immersed in jet fuel (Rimal et al. 2004; 

Chapter 6). However it is not possible to precisely simulate field conditions in the 

laboratory and so there is still an outstanding question regarding how the interaction with 

the hydrocarbons and climatic conditions of the Arctic will impact on the durability and 

service life of the f-HDPE GM in the field. Thus the objectives of this paper are to (1) 

assess the durability and performance of f-HDPE GM installed at the field site on 

Brevoort Island, and (2) compare the antioxidant depletion time observed in the field with 

that expected based on laboratory tests. 

7.2 Background 

At a North Warning System long-range radar installation located at 63°20′23″N, 

64°08′45″W on Brevoort Island, Nunavut Territory, Artic diesel (jet fuel) spills and leaks 

have occurred. The site is located 225 km east of Iqaluit. The site (known as BAF-3) was 

re-built in 1987. The site has a zone of continuous permafrost at a depth of 1-2 m, which 

provides a natural barrier to downward migration of contaminants. But the shallow 

permafrost depth contributes to lateral spreading of the hydrocarbons, especially after 

rainfall or snow thaw events. 

There are two large petroleum tanks approximately 75 m north of the ocean. The 

existing tanks replace older tanks dating back to the original Breevort Island distant early 
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warning line communication site. Contamination due to leaks from the old corroded tanks 

or fuel spilled during reconstruction activities was first investigated in 1998 (Bathurst et 

al. 2006). The presence of hydrocarbons was confirmed in the sloped area between the 

tanks and the ocean at levels up to 14,000 ppm total petroleum hydrocarbons (TPH). 

Additional sampling was conducted in 2000 by the Environmental Sciences Group 

(2001). Laboratory analysis of samples from the site indicated that most of the surface 

samples were uncontaminated but the samples collected at depths beneath the surface had 

TPH levels that exceeded the acceptable criteria. It was concluded from the contaminant 

distribution at the site that the hydrocarbon plume was moving down slope from the site 

of the decommissioned tanks towards the bay. 

The Canadian Department of National Defence initiated a cleanup program of the 

site.  Site remediation by excavation and exsitu treatment was planned. However a short-

term strategy was needed to contain the hydrocarbon plume until the site remediation 

could be undertaken. The strategy involved the installation of a subsurface geosynthetic 

composite barrier system comprised (from bottom up) of a needle-punched GCL, f-

HDPE GM, and a needle-punched geotextile protection layer in a trench constructed 

down-gradient of the plume and excavated to permafrost in 2001 (Li et al. 2002). The 

contaminant plume was covered with a GM and the surface graded to minimize future 

infiltration. The barrier was designed to intercept the jet fuel contaminant plume. The 

plume migrates predominantly at the water table since a light non-aqueous phase liquid 

(LNAPL), it is less dense than water. 
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7.3 Materials 

During the construction of the barrier system a set of vertical wooden frames 

supporting coupons of f-HDPE GMs were buried in the backfill immediately upgradient 

of the barrier system (Li et al., 2002) with the objective of allowing the monitoring of 

changes in the barrier materials with time. Each frame holds six 0.25 x 3.0 m samples 

(Figure 7.1). The coupons were extended to reach the permafrost to maximize the 

probability of contact with contaminants. Six sets of f-HDPE coupons were installed. 

Each set consisted of four samples.  

Two sets of f-HDPE GMs of each thickness (1.0 mm, 1.5 mm and 2.5 mm) were 

buried. The properties of the f-HDPE GMs are summarized in Table 7.1. There were 

differences in oxidative induction time (OIT) and crystallinity between 1.5 mm thick Set 

3 and Set 4 GMs. The Set 4 GM used in the barrier wall had higher initial OIT and lower 

crystalinity than Set 3 GM.. The GMs were manufactured by GSE Lining Technology 

Inc., Houston, Texas, USA as smooth black-surfaced HDPE GM that was then treated by 

the fluorination process by Fluoro-Seal Inc., Texas, USA. This process involves 

application of elemental fluorine gas to both sides of the untreated GM. The fluorine 

atoms chemically substitute the hydrogen atoms in the carbon-hydrogen (C-H) bond in 

the polyethylene chain to form carbon-fluorine (C-F) covalent bonds. Thin carbon-

fluorine layers of 0.31-0.37 microns (as measured in some of the samples of f-HDPE by 

Scanning Electron Microscope/Energy Dispersive X-Ray) are created on the two sides of 

the GM.  
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7.4 METHODS 

7.4.1 Oxidative Induction Time 

Small quantities of antioxidants are added to the polyethylene resin used to 

manufacture HDPE GM to minimize oxidative degradation of the polymer and hence 

extend the service life of the GM.  The OIT test provides an index measure of the amount 

of antioxidant present in the GM and is useful in monitoring the depletion of antioxidants 

from the GM. Many prior studies have used OIT as an indicator of the amount of 

antioxidant in the GM (Hsuan and Koerner 1995; Hsuan and Koerner 1998; Sangam and 

Rowe 2002; Müller and Jakob 2003; Rimal et al. 2004; Gulec et al. 2004; Rowe 2005). 

Standard OIT tests were carried out following ASTM D3895 with differential scanning 

calorimeters (DSC): TA Instruments 2910 and Q100. For the evaluation of standard 

oxidative induction time (std-OIT) the testing temperature of 200oC was used at a 

pressure of 35 kPa and flow of ultra high pure nitrogen and oxygen of 50 ml/min.  

High pressure oxidative induction time (HP-OIT) (ASTM D5885) was also 

evaluated using test temperature of 150oC at pressure of 3500 kPa in an oxygen 

environment using TA Instruments 2910 DSC with a special pressure cell. HP-OIT test is 

useful in measuring OIT if hindered amines light stabilizers (HALS) are present in the 

GM. HALS are ineffective at 200oC and have shown to be active at 150oC in HP-OIT test 

(Thomas and Ancelet, 1993; Hsuan and Koerner, 1998) 
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7.4.2 Degree of Crystallinity 

The degree of crystallinity influences some of the important physical and 

mechanical properties such as yield stress, elastic modulus, density, impact resistance, 

melting point, and permeability (Kong and Hay 2002; Sperling 1992).  In a 

semicrystalline polymer like HDPE, a slow change in crystallinity may be attributed to 

the physical ageing where the material attempts to establish equilibrium from its as 

manufactured nonequilibrium state (Petermann et al. 1976; Hsuan and Koerner 1995; 

Rowe and Sangam 2002).  

Crystallinity tests were performed according to ASTM E794 using a differential 

scanning calorimeter. The GM specimen was heated at the rate of 20oC/min. to 200oC in 

nitrogen atmosphere. The percentage crystallinity was calculated by dividing the 

measured heat of fusion with the heat of fusion of 100% crystalline HDPE, 290 J/g (Flory 

and Vrij 1963). 

7.4.3 Melt Flow Index (MFI) 

The MFI is useful in examining the changes in molecular weights of the polymer. 

Oxidative degradation (chemical ageing) of polymer results in either a cross-linking or 

chain-scission reaction. Cross linking increases the molecular weight and chain scission 

decreases the molecular weight (Peacock 2000). MFI is inversely proportional to 

molecular weight (Shah 2002). The MFI test was conducted in accordance with ASTM 

D1238 for condition E at 190oC at a load of 2.16 kg. 
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7.4.4 Tensile Properties 

Changes in tensile properties are a useful means to assess the durability of the 

GM. Polymer degradation due to aging leads to the decrease in strength and strain at 

break while tensile modulus and yield stress increase (Rowe and Sangam 2002). The 

tensile properties of the GM were obtained in accordance with ASTM D6693 using 

universal testing machines: Instron Model 3396 and Zwick Roell equipped with load cell, 

crosshead measurements, and self aligning wedge grips.  Dumbell shaped specimens 

(ASTM 693 Type IV) were tested at a speed of 50mm/min. Tensile properties at yield 

and break were evaluated. 

7.5 Results and Discussion 

7.5.1 Sample Collection 

The f-HDPE coupons buried in 2001 were retrieved from the field site in summer 

of 2002 , 2004, 2007 and 2008 and returned to the laboratory for analysis 1, 3, 6 and 7 

years after burial. Table 7.2 shows the time of exhumation of each set of samples from 

BAF-3. The properties of the GM noted in the previous section were monitored and 

quantified to assess their durability and field performance. 

7.5.2 1.0 mm Thick f-HDPE GM 

Std-OIT test results on virgin and exhumed samples of 1.0 mm thick GM (Set 1 

and 2) are illustrated in Figure 7.2a and Table 7.3.  The vertical bars represent average 

std-OIT value and the error bars represent one standard deviation. The straight dashed 

line represents the initial std-OIT of the virgin GM sample. Two tailed t-tests were used 
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to confirm the statistical difference between the two averages. For all t-test results 

described in this paper the conventional 95% confidence level (i.e. significance level α = 

0.05) was used. The probability (referred as p-value) of falsely rejecting the null 

hypothesis (Ho: average value for virgin GM = average value for exposed GM) was 

computed. Average std-OITs of the virgin GM and GM from the field after 7 years 

exposure were compared using t-test. The results of t-test are summarized in Appendix E. 

There was statistically significant difference between the std-OIT value of the virgin GM 

and the 1.0 mm f-HDPE samples exhumed after 7 years at BAF-3. Std-OIT retained after 

7 years was 72%. It was observed that the std-OIT value remained steady for the first 

three years (from 2001 to 2004). The significant decline in std-OIT value in 2008 could 

be attributed to the GM being in contact with higher concentration of jet fuel after 2004.  

Depletion of antioxidants follows a first-order decay model, the OIT value at time 

t, can be expressed as (Hsuan and Koerner 1998): 

)exp( stOITOIT ot −⋅=         [7.1] 

or taking logarithm of both sides, 

( ) ( )oOITsttOIT ln)(ln +−=         [7.2] 

where OITo is the initial OIT (in minutes), s is the antioxidant depletion rate (in month-1) 

and t is the time (in months). 

The time for depletion of OIT (td) is represented by the following equation. 

( ) ( )
s
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where OIT(f) is the final residual value of 0.5 min for a pure HDPE resin without any 

antioxidant (Hsuan and Koerner 1998). 

For the 1.0 mm GM the plot of logarithm of std-OIT versus exposure time at 

BAF-3 is shown in Figure 7.2b. The calculated antioxidant depletion rate was 0.0376 

year-1 and the antioxidant depletion time was 147 years. 

 It was observed that there was no significant difference in HP-OIT of the 1 mm 

GM. This suggested that the primary component of the antioxidant package giving rise to 

the stable HP-OIT had not depleted in 7 years. In contrast the significant decline in std-

OIT may be due to the depletion of a component of the antioxidant package that is not 

evident in the HP-OIT test but is more readily leached out of the GM when GM is in 

contact with jet fuel. Therefore, the estimates of antioxidant depletion time for the GM 

based on std-OIT should be applied with considerable caution. 

Results of crystallinity and MFI tests given in Table 7.3. Based on the t-test, there 

was no significant difference in the degree of crystallinity and MFI of 1.0 mm f-HDPE 

GM after 7 years in the field.  

Conventional tensile tests were performed on virgin and exhumed f-HDPE GM 

samples and the results are given in Table 7.3. Results of t-test showed that there was 

significant difference between the yield strength of virgin and exhumed GM after 7 years 

in the field. However the difference in yield strength was very small (0.8 kN/m). This 

difference cannot be attributed to oxidative degradation as sufficient amount of 

antioxidants are still present to protect the GM. The difference could be due to a small 
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variability in tensile properties at different sections of the GM roll. Further, to check if 

any temporal trend existed in the data, a regression analysis was performed on the yield 

strength data with respect to time. The zero slope test was conducted to evaluate if the 

slope of the regression line is significantly different from zero (Kleinbaum et al. 1998). 

The results of zero slope test are summarized in Appendix E. At a significance level of 

0.05, the yield strength data suggested no linear temporal changes (i.e. the slope is not 

different from zero) over 7 years in the field. Thus the yield strength has remained 

essentially constant. The yield strength of polyethylene is closely related to the degree of 

crystallinity and density (Peacock 2000). As there was no change in crystallinity of the 

GM the yield strength was not affected. 

T-test results showed statistically significant difference (p-value=0.02) in yield 

strain of the virgin and exhumed GM. The average yield stain of the virgin GM changed 

from 19.0% to 20.8% after 7 years in the field. However the zero slope test results 

suggested that there was no linear temporal trend in the data over 7 years. The slope of 

the regression line was not different from zero.  The t-test results indicated that there was 

a significant difference in break strength of after 7 years in the field. The break strength 

changed from 30.6 kN/m to 34.1 kN/m in 7 years.  However, the zero slope tests 

supported the hypothesis that the slope of the regression line for tensile strength at break 

was equal to zero. The average break strain also changed from 720 to 813% in 7 years.  

However, the zero slope results for tensile strain at break supported that hypothesis that 

the slope of the line was equal zero. Given that there was no significant change in 

crystallinity and MFI it is unlikely that the observed variation in tensile break properties 
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is the result of degradation of the GM and more likely the effect of variability in the 

sample from the different parts of the GM roll. 

7.5.3 1.5 mm Thick f-HDPE GM 

For Set 3 GM there was no statistically significant difference between the std-OIT 

value of the virgin GM and the sample exhumed after 3 years at BAF-3 (Table 7.4). 

Similarly there was no significant difference in HP-OIT values for these GMs. For Set 4. 

std-OIT test results on virgin and exhumed samples of 1.5 mm thick GM are illustrated in 

Figure 7.3 and Table 7.5.  Std-OIT values for the virgin GM and 3, 6 and 7 years of 

exposure at BAF-3 were compared using t-test. Although the std-OIT value did drop to 

93% of initial std-OIT in 3 years, this drop was not statistically significant different from 

that of the virgin GM. However the drop to 79% of the initial std-OIT after 6 years was 

statistically significant and is consistent with the trend noted at 3 years. Std-OIT had 

significantly dropped to 72% of the initial std-OIT after 7 years. 

For the 1.5 mm GM the plot of logarithm of OIT versus exposure time at BAF-3 

is shown in Figure 7.4 for Set 4 GM. The regression line is represented by Equation 7.2. 

The slope of the line i.e. std-OIT  depletion rate s was 0.0414 year-1. Based on the 7 years 

of data, the calculated td for the Set 4, 1.5 mm f-HDPE GM at BAF-3 was 141 years. The 

HP-OIT of the Set 4 GM gradually depleted over time (Table 7.5, Figure 7.4). The HP-

OIT depletion rate was 0.0140 year-1 and the HP-OIT depletion time based on OIT(f) of 

20 min for pure unstabilized polyethylene resin (Hsuan and Koerner, 1998) was 201 
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years. The std-OIT gave shorter (more conservative) antioxidant depletion times than the 

HP-OIT. 

Temperature at the field site was monitored below ground surface (from 0.1 to 3 

m). Full year temperature data was available for years 2003 to 2005. The full year 

average temperature, two summer month average temperature and the remaining 10 

months average temperatures are shown in Figure 7.5. The annual average temperature 

ranged from -1.6oC at 0.1 m to -1.0 oC at 3 m.  There was a more significant seasonal 

variation than is evident from these annual average values, as shown in Figure 7.5, and at 

0.1 m the average summer temperature was 7.7oC and average temperature for remaining 

months of the year was -3.4oC.  Thus the weighted average temperatures were also 

calculated. Weighted average (tw) was calculated using the following equation.  

6
5 remainsummer

w
ttt +

=         [7.4] 

where tsummer is the summer temperature (July-August) and tremain for the remaining 

months of the year. 

The weighted average temperature ranged from -1.6oC at 0.1 m to -1.0 oC at 3 m.  

It was found that there was no major difference between the annual and weighted average 

temperatures. Below 0.5 m the annual average and the weighted average temperatures 

were approximately -1oC. Thus -1oC was selected as the temperature applicable to jet fuel 

containment at the jet fuel spill containment at BAF-3. 

One of the objectives of this study was to compare the antioxidant depletion time 

observed in the field with that based on laboratory tests. In the field the GM was partially 
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exposed to jet fuel from one side and water from the other side. Thus the values of std-

OIT depletion time at -1oC in jet fuel immersion tests can be taken as a reference 

(Chapter 6). At -1oC the std-OIT depletion time ranged from 26-33 years for 1.5 mm 

thick fluorinated GM immersed in jet fuel (Chapter 6) and of the order of 100 -130 years 

for a sample exposed to jet fuel on one side and water on the other. This suggest that the 

conditions in the field which gave and  std-OIT depletion time of 141 years for the Set 4 

at BAF-3 were somewhat less severe than the laboratory tests with neat jet fuel. This may 

arise, in part, from the variations in water levels adjacent to the GM (which limit the time 

the GM is exposed to neat jet fuel that floats on the top of the groundwater) and in part 

due to spatial variation in the distribution of hydrocarbon at the site.  Hence the better 

performance of the field exhumed samples with regard to std-OIT depletion was 

expected. 

The results from OIT tests implied that the GM is still in the first stage of ageing 

i.e. (1) the antioxidant depletion time. The other two stages that follow after the depletion 

of antioxidants are (2) induction time to the onset of polymer degradation and (3) 

polymer degradation stage as described by Hsuan and Koerner (1998). 

Variation in crystallinity and MFI versus time for the Set 3 and Set 4 GM are 

given in Tables 7.4 and 7.5.  Neither changed significantly over the periods monitored.   

For Set 3 GM (Table 7.4) there was a small but statistically significant difference 

in tensile yield strength (32 kN/m to 30 kN/m in 3 years). Other tensile properties showed 

no statistically significant change. There was a small but statistically significant 
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difference in tensile properties at yield of the virgin and the exhumed Set 4 GM exposed 

for 7 years in the field. There was no significant difference between the tensile break 

properties (Table 7.5) of the virgin and exhumed Set 4 GM exposed for 7 years in the 

field.  A regression analysis and zero slope test suggested no linear temporal changes in 

the yield or break properties of the GM over 7 years in the field.  

7.5.4 2.5 mm Thick f-HDPE GM 

The results of std-OIT test on virgin and exhumed 2.5 mm thick GM (Set 5 and 6) 

are shown in Figure 7.6. Std-OIT values were compared using t-test. There was no 

statistically significant change in std-OIT value of the 2.5 mm thick GM after 3 years in 

the field. However there was only about 60% of the initial std-OIT retained in the GM 

after 6 years. A sharp decline in std-OIT was observed between 2004 and 2007. 

The plot of logarithm of std-OIT versus exposure time is shown in Figure 7.7. The 

regression line yields the overall std-OIT depletion rate of 0.0721 year-1. Which is higher 

that obtained for 1.5 mm f-HDPE GM. The higher depletion rate was not expected for the 

thicker GM.  It was recognized that there was a sharp decrease in std-OIT value during 3 

years between 2004 and 2007. This could have occurred due to spatial variability of 

hydrocarbons in the field. The sharp decline in std-OIT may be attributed to sample being 

in contact with higher concentration of jet fuel after 2003. The calculated td for Set 5 GM 

in the field was 77 years based on 7 years of data. However this result should be applied 

with caution due to sharp decline of std-OIT in this GM between 2004 and 2007. It is 

noted that this GM had much higher and quite a different HP-OIT value (886 min.) than 
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the other GMs used in this study (Table 7.1). It was found that there was no statistically 

significant change in HP-OIT of this GM between 2001 and 2008. This suggests that the 

primary component of the antioxidant package giving rise to the HP-OIT result had not 

depleted in 7 years and that the decrease in std-OIT may be due to a component of the 

antioxidant package that is not evident in the HP-OIT test but is more readily leached out 

of the GM when the GM is in contact with jet fuel.  Since the HP-OIT gives a better 

measure of the antioxidants available for some antioxidant packages, the prediction of 

antioxidant depletion time based on std-OIT value should be applied with considerable 

caution for this GM. 

The crystallinity and MFI of the 2.5 mm f-HDPE GM (Table 7.6) did not change 

significantly over 7 years. Crystallinity results are presented in Figure 7.8.  The tensile 

properties of 2.5 mm thick f-HDPE GM samples are given in Table 7.6. There was a 

small (1.4 kN/m) but statistically significant difference between the yield strengths virgin 

and exhumed GM exposed for 7 years in the field. There was a small increase in tensile 

strain (from 20.4% to 21.8%) at yield was noted in GM exhumed after 7 years however 

the zero slope test results did not support the hypothesis that there was a linear temporal 

trend in the yield strain data. No statistically significant changes were observed for tensile 

properties at break.  
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7.6 Conclusions 

The results of laboratory testing on the f-HDPE GM used to contain an 

hydrocarbon spill in the Canadian Arctic are reported. The set of f-HDPE GMs samples 

buried in the backfill immediately upstream of the barrier system were retrieved. The 

exhumed samples were tested for OIT, crystallinity, MFI and tensile properties. Based on 

the results the following conclusions have been reached. 

• Test results for buried samples show that the durability was maintained well beyond 

the initial 3-year design life of the barrier system.  

• Changes in std-OIT value were not statistically significant until after 3 years in the 

field in all GMs. 

• After 7 years at BAF-3 the std-OIT results for 1.5 mm thick GM (Set 4) and 2.5 mm 

thick GM had declined significantly. Gradual depletion was observed for 1.5 mm 

thick GM with 72% of initial std-OIT being retained after 7 years.  A sharp decline 

was observed std-OIT of the 2.5 mm GM between 2004 and 2007 with, 60% of the 

initial std-OIT being retained after 6 years. But it was found that the HP-OIT value 

remained stable for over 7 years of exposure.  

• No significant changes were noted in the crystallinity and MFI of the exhumed GM. 

The results implied there was no degradation apparent at the molecular level. This 

indicated that the polyethylene molecules remained essentially unchanged and no 

oxidation had occurred. The antioxidants remaining in the GM were providing 

required protection. 
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• Small changes were observed in some tensile properties of some GMs. However 

these variations were small and unimportant. 

• Based on the observations of OIT, crystallinity, MFI and tensile test it appears that 

the age of the GMs is still in the antioxidant depletion stage. This is consistent with 

the model of Hsuan and Koerner (1998) suggesting that there is no decrease in 

engineering properties during the antioxidant depletion stage of the GM. 

• For 1 mm thick GM (Set 1 and 2) the std-OIT depletion time in the field was 147 

years based on 7 years of data. However this value should be used with caution 

considering the fact that the HP-OIT remained stable for 7 years. 

• For 1.5 mm thick GM (Set 4) the antioxidant depletion time observed was inferred to 

be over 140 years. This result is a little more than would be expected based on 

laboratory tests assuming that the GM is exposed to jet fuel on one side and water on 

the other. 

• The calculated std-OIT depletion time for 2.5 mm thick GM (Set 5 and 6) in the field 

was 77 years. However this value should be used with caution considering sharp 

decline of std-OIT in this GM between 2004 and 2007 and the fact that the HP-OIT 

remained stable for 7 years.  Thus the predicted antioxidant depletion time may be 

very conservative for this GM. 

• The difference in aging between the field samples and samples immersed in jet fuel in 

the laboratory is attributed to the less extreme exposure conditions in the field with 

the geomembrane at most only being partly exposed to hydrocarbon given the 

variable distribution of hydrocarbons (e.g. in part due to variations in water levels 
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adjacent to the geomembrane and in part due to spatial variation in the distribution of 

hydrocarbons at the site). 

• The actual service life may be expected to be longer than that inferred for OIT 

depletion due to the additional time required for induction and polymer degradation. 
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Table 7.1. Initial properties of f-HDPE GM placed in field at BAF-3. 

Property Method 
(ASTM) 

1.0 mm  
Set 1 and 2 

1.5 mm  
Set 3 

1.5 mm  
Set 4 

2.5 mm  
Set 5 and 6 

  Avg. COV Avg. COV Avg. COV Avg. COV 
Std-OIT (min) D3895 128 2.4 118 1.7 174 1.8 125 2.6 
HP-OIT (min) D5885 254 1.8 246 2.9 335 1.4 886 4.0 
Crystallinity (%) E794 59 0.72 63 1.3 47 2.4 41 5.7 
Melt Flow index (g/10 min.) D1238 0.098 7.3 0.170 11 0.130 10 0.365 3.1 
Tensile strength (Machine Direction) D6693         

Tensile strength at yield (kN/m)  20.5 3.1 32.1 2.0 30.5 1.7 48.3 1.7 
Tensile strain at yield (%)  20.5 1.85 19.6 2.5 19.9 2.81 20.6 1.26 
Tensile strength at break (kN/m)  29.6 10.7 47.6 8.1 51.6 6.5 84.5 13.8 
Tensile strain at break (%)  672 9.8 757 9.7 798 5.7 852 11.3 

Tensile strength (Cross Direction) D6693         
Tensile strength at yield (kN/m)  21.8 3.1 31.4  3.5 32.2  1.9 47.2 2.9 
Tensile strain at yield (%)  17.5 0.86 19.3 4.2 18.1  0.9 20.2  2.0 
Tensile strength at break (kN/m)  31.6 10.0 54.4 6.7 47.8  7.8 91.6  9.8 
Tensile strain at break (%)  767 8.6 903 6.6 779  7.2 958 11.3 

Note: Avg. = Average. COV = Coefficient of variation (%).  
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Table 7.2. Time of retrieval of from BAF-3. 

 
From set Thickness (mm) During summer of  

1 1.0 2002, 2004 
2 1.0 2002, 2004, 2008 
3 1.5 2002, 2004 
4 1.5 2002, 2004, 2007, 2008
5 2.5 2002, 2004, 2007, 2008
6 2.5 2002, 2004 

 
 
 

Table 7.3. Properties of 1 mm f-HDPE GM (Sets 1 & 2) recovered from BAF-3 in 2002, 2004 and 2008 (Set 2 only). 

Property Method 
(ASTM) 

Initial 
2001 

2002 2004 2008 

  Avg. COV Avg. COV Avg. COV Avg. COV 
Std-OIT (min) D3895 128 2.4 125 3.9 130 4.2 93 1.0 
HP-OIT (min) D5885 254 1.8 254 2.2 253 0.4 259 0.7 
Crystallinity (%) E794 59 0.7 60 4.6 60 2.8 59 2.2 
Melt Flow index (g/10 min.) D1238 0.098 7.3 0.105 7.3 0.110 10.2 0.099 5.1 
Tensile strength (Average MD and CD) D6693         

Tensile strength at yield (kN/m)  21.2 4.5 20.6 3.6 20.1 6.9 20.4 2.5 
Tensile strain at yield (%)  19.0 8.4 19.1 8.6 20.9 8.4 20.8 7.5 
Tensile strength at break (kN/m)  30.6 10.4 31.2 9.4 32.9 9.3 34.1 5.9 
Tensile strain at break (%)  720 11.1 744 10.4 790 8.4 813 7.5 

Note: Avg. = Average. COV = Coefficient of variation (%). 
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Table 7.4. Properties of 1.5 mm f-HDPE GM (Set 3) f-HDPE GM recovered from BAF-3 in 2002 and 2004. 

Property Method 
(ASTM) 

Initial 
2001 

2002 2004 

  Avg. COV Avg. COV Avg. COV 
Std-OIT (min) D3895 118 1.7 118 1.2 123 5.6 
HP-OIT (min) D5885 246 2.9 246 3.6 244 0.9 
Crystallinity (%) E794 63 1.3 60 7.9 59 4.5 
Melt Flow index (g/10 min.) D1238 0.170 11 0.156 4.3 0.168 8.8 
Tensile strength (Average MD and CD) D6693       

Tensile strength at yield (kN/m)  31.8 2.9 27.1 2.0 29.9 5.1 
Tensile strain at yield (%)  19.5 3.4 17.4 5.9 20.2 7.7 
Tensile strength at break (kN/m)  51.0 9.9 44.3 16.0 45.3 14.9 
Tensile strain at break (%)  830 12.0 810 17.3 769 16.6 

Note: Avg. = Average. COV = Coefficient of variation (%).  
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Table 7.5. Properties of 1.5 mm f-HDPE GM (Set 4) f-HDPE GM recovered from BAF-3 in 2002, 2004, 2007 and 2008. 

Property Method 
(ASTM)

Initial 
2001 

2002 2004 2007 2008 

  Avg. COV Avg. COV Avg. COV Avg. COV Avg. COV
Std-OIT (min) D3895 174 1.8 167 0.9 162 4.7 138 2.8 125 0.5 
HP-OIT (min) D5885 335 1.4 326 1.5 315 0.7 305 2.1 310 1.5 
Crystallinity (%) E794 47 2.4 48 6.4 48 7.1 45 18.4 51 11.9 
Melt Flow index (g/10 min.) D1238 0.130 10 0.133 13.8 0.143 8.2 0.132 6.4 0.100 0 
Tensile strength (Average MD and CD) D6693           

Tensile strength at yield (kN/m)  31.3 3.4 27.5 5.5 30.3 5.9 30.2 4.8 29.5 2.2 
Tensile strain at yield (%)  19.0 5.3 17.0 5.7 19.5 3.3 19.9 6.6 20.7 4.4 
Tensile strength at break (kN/m)  49.7 7.8 44.1 10.7 47.5 12.0 42.0 29.3 47.8 13.4 
Tensile strain at break (%)  788 6.2 795 10.0 785 11.9 715 22.0 802 12.6 

Note: Avg. = Average. COV = Coefficient of variation (%).
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Table 7.6.  Properties of 2.5 mm f-HDPE GM (Sets 5 & 6) recovered from BAF-3 in 2002, 2004, 2007 (Set 5 only), and 2008 
(Set 5 only) 

Property Method 
(ASTM)

Initial 
2001 

2002 2004 2007 2008 

  Avg. COV Avg. COV Avg. COV Avg. COV Avg. COV
Std-OIT (min) D3895 125 2.6 121 6.1 124 3.8 75 8.7 74 2.9 
HP-OIT (min) D5885 886 4.0 887 0.8 891 5.4 876 3.1 850 4.5 
Crystallinity (%) E794 41 5.7 39 5.1 38 6.9 39 2.6 44 2.7 
Melt Flow index (g/10 min.) D1238 0.365 3.1 0.363 6.2 0.369 6.3 0.369 0.6 0.370 1.2 
Tensile strength (Average MD and 
CD) D6693           

Tensile strength at yield (kN/m)  47.7 2.5 43.4 4.1 48.2 5.0 47.6 2.6 46.3 1.4 
Tensile strain at yield (%)  20.4 1.8 19.1 2.2 20.8 1.9 21.4 2.2 21.4 2.0 
Tensile strength at break (kN/m)  88.1 11.9 75.0 14.4 81.0 22.8 87.0 9.1 85.3 14.0 
Tensile strain at break (%)  905 12.3 846 12.3 852 16.8 870 8.7 892 13.2 

Note: Avg. = Average. COV = Coefficient of variation (%). 
 
 
 



  

 

 

 

 

 

 

Figure 7.1. The frames supporting f-HDPE GM coupons during installation. 
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Figure 7.2. (a) Std-OIT of virgin and exhumed 1.0 mm (Set 1 and 2; Set 2 only for 
2008) f-HDPE GM samples. (b)  Logarithm of Std-OIT versus time for the 1.0 mm f-
HDPE GM. Note: 3 specimens per sample in each set, error bars represent ± 1 
standard deviation. 
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Figure 7.3. Std-OIT of virgin and exhumed Set 4, 1.5 mm f-HDPE GM samples. 
Note: 3-5 specimens per sample, error bars represent ± 1 standard deviation. 
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Figure 7.4. Logarithm of std-OIT and HP-OIT versus time for Set 4, 1.5 mm f-
HDPE GM samples. Note: 3-5 specimens per sample, error bars represent ± 1 
standard deviation. 
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Figure 7.5. Temperatures at various depths along the barrier at Breevort Island. 
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Figure 7.6. Std-OIT of virgin and exhumed 2.5 mm (Set 5 and 6; Set 5 only for 2007 
and 2008) f-HDPE GM samples. Note: 3-5 specimens per sample in each set, error 
bars represent ± 1 standard deviation. 
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Figure 7.7. Logarithm of Std-OIT versus time for 2.5 mm ((Set 5 and 6; Set 5 only 
for 2007 and 2008) f-HDPE GM samples. Note: 3-5 specimens per sample in each 
set, error bars represent ± 1 standard deviation. 
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Figure 7.8. Crystallinity of virgin and exhumed 2.5 mm (Set 5 and 6; Set 5 only for 
2007 and 2008) f-HDPE GM samples. Note: 3-5 specimens per sample in each set, 
error bars represent ± 1 standard deviation. 
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Chapter 8 
Summary, Conclusions and Recommendations 

 

The study presented in this thesis has addressed the ageing of high density 

polyethylene (HDPE) geomembrane (GM) liners used in municipal solid waste (MSW) 

landfill and hydrocarbon spill containment applications. This chapter provides a summary 

of the results and conclusions drawn from the work presented in this thesis.  

Recommendations for future research work to more fully address the issue are also 

discussed. Finally the pertinent general conclusions of the study are provided. 

8.1 Summary and Conclusions 

Chapter 2 provided the recent findings regarding the long-term performance and 

service life of HDPE GMs samples exposed to air, water and synthetic MSW landfill 

leachate. The accelerated ageing test was performed at elevated temperatures to 

investigate the three stages of GM service life. Estimates of Stage I was provided based 

on oxidative induction time (OIT) results. It was noticed that, Stage I was shorter in 

samples exposed to leachate than in water and longest in air. Shorter Stage I in leachate 

was attributed to faster rates of antioxidant depletion due to the effect of surfactant. 

Arrhenius modelling was used to provide estimate of Stage I corresponding to typical 

landfill temperatures and approximation was made for the same GM in a composite liner. 

At 35oC calculated length of Stage I was 65 years in air, 35 years in water, and 10 years 

in leachate. 
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Physical and mechanical properties of the GM were monitored. An increase in 

crystallinity at early stages of ageing at 85oC was attributed to physical ageing process. 

Subsequent decrease in crystallinity at later time was attributed to chemical ageing 

process. X-ray photoelectron spectroscopy (XPS) analysis at the surface of the aged GM 

at 85oC revealed oxidative products of polyethylene. At 55oC, a slight increase in 

crystallinity was attributed to physical ageing. There was no significant change in 

crystallinity at lower temperatures during the study period. At 85oC the GM transitioned 

from Stage II into Stage III with a marked decrease in melt flow index (MFI) with time 

attributed to oxidative crosslinking. A corresponding decrease in stress crack resistance 

(SCR) and tensile properties at break was observed. SCR showed to be more critical 

parameter than tensile properties in terms of estimating the service life. 

During the period examined all three stages of service life was observed in GM 

incubated at 85oC. The service life at 85oC was greatest in air and least in leachate. 

Temperature had a critical effect on the service life.  At 55oC the samples immersed in 

leachate are still in Stage II with no significant reduction SCR or tensile properties at 

break having been observed to date. 

For leachate exposed GM a lower bound estimate of Stage II was made assuming 

the Arrhenius relationship for the Stage II between 85oC and 55oC. Stage III was 

evaluated using the Stage III data at 85oC and the activation energy of degradation of 80 

kJ/mol for Stage III from the literature (Viebke et al. 1994). Based on these predictions,  

the service life of the tested GM immersed in leachate is likely to exceed 700 years and 

will probably be of the order of 1000 years (or longer) at 20oC, more than 150 years and 
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likely 225-375 years at 35oC and more than 40 years and likely 50-90 years at 50oC. 

Predictions of service life of the GM were made based on traditional end of Stage I at 

final OIT of 0.5 min (Hsuan and Koerner, 1998) and also using 1 min.  It was shown that 

the uncertainty regarding the final OIT value had no significant influence on the 

predicted service lives. Although not exhaustive, the results of the immersion tests 

provided key insights into the ageing of GM used in MSW landfill application. The 

service life in a liner configuration may be expected to be longer than when immersed in 

leachate. Next step was to investigate ageing of GM by performing test that simulated the 

expected liner condition in a composite liner configuration. Chapter 3 and 4 presented the 

results of the investigation. 

Results of two series of accelerated ageing tests were reported in Chapter 3. In 

simulated composite liner series, the top of the GM was covered with a geotextile (GT) 

protection layer that was exposed to simulated municipal solid waste (MSW) landfill 

leachate while the bottom of the GM was in contact with a hydrated GCL. In the 

immersion series, the GM was immersed in the synthetic MSW leachate and hence both 

sides were exposed to leachate. The results from OIT tests indicated that the antioxidant 

depletion rates were about 2.2-4.8 times faster for the leachate-immersed than the 

simulated composite liner GM specimens. The higher rates were attributed to the higher 

extraction of antioxidants from two sides of the GM immersed in leachate. The different 

exposure to leachate on the top and bottom face of the composite liner GM, and possible 

buildup of antioxidants on the bottom interface of GM retarded the antioxidant depletion 

processes.  
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The antioxidant depletion rates were estimated to a range of temperatures (0-

60oC) using Arrhenius modelling and Stage I was calculated.  At a liner temperature of 

35oC, the Stage I was about 40 years for GM in a composite liner compared to 10 years 

when simply immersed in leachate. These tests suggested that to obtain realistic estimates 

of GM service life one needs data from tests which simulate the expected field conditions 

and that prediction based on immersion tests may underestimate the service life. This 

study presented the first such results for the time of antioxidant depletion for a GM in a 

composite liner with a GCL. 

Chapter 4 presented the results of investigation on the antioxidant depletion time 

for GMs in three composite liners configurations. Three different “protection” layers 

between the GM and overlying gravel and leachate were examined: (1) a traditional 

nonwoven geotextile (GT), (2) a GT-GCL, and (3) a GT-sand-GT layer.   The results 

indicated that the antioxidant depletion rates were dependent on the type of protection 

layer used. The GT-GCL protection layer yielded an antioxidant depletion rate 0.59 to 

0.66 times slower than the GT layer alone. The GT-sand-GT layer gave depletion rates 

0.72-0.75 times that of the conventional GT alone. Depletion of antioxidants in the 

composite liner GMs were significantly less (0.13-0.46 times) than for the same GM 

immersed in leachate (Chapter 3). The slower depletion rates may be partially attributable 

to the possible attenuation of leachate constituents by the protection layers, as well as the 

buildup of concentration on either side, thereby, reducing the concentration gradient and 

outward diffusive flux of antioxidants. 
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The time required for depletion of antioxidants at 35oC was 65 years for a GM 

with a GT-GCL protection layer, 50 years for a GT-sand-GT layer and 40 years for a 

conventional GT protection layer. These times are all significantly greater than the 

depletion time for GM immersed in leachate (10 years) for the GM tested.  The results 

suggested that the antioxidant depletion stage can be improved by using additional 

protection layers (e.g., GCL or sand-GT). A novel diffusion modelling technique was 

developed and applied for ageing tests at room temperature. The diffusion modelling 

results highlighted the effect of protection layers on depletion of antioxidant from the 

GM. The insights gained from this study provided the basis for subsequent diffusion 

modelling study. 

In Chapter 5, results of diffusion modelling study to evaluate experimental data 

on antioxidant depletion from GM in accelerated ageing tests were presented. 

Experimental data on OIT depletion from GM in leachate immersion tests and composite 

liner simulation tests at different incubation temperatures were analyzed using diffusion 

model. The results indicated that between laboratory temperature and 85oC the diffusion 

coefficient typically varied from 10-15 to 10-13 m2/s and partitioning coefficient ranged 

from 1080 to 4. 

The results on OIT depletion time obtained from diffusion model and the 

exponential decay model were compared. For leachate-immersed GM at 85, 70 and 55oC 

at which OIT was depleted during the test period the depletion time calculated using both 

models were similar. At laboratory temperature OIT had not depleted during the study 

period. It was found that there was a significant difference in results obtained from 
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analyzing short term data (from laboratory and model), and long term data (from model). 

Short term results predicted shorter antioxidant depletion time.  

Temperature dependence relationships were established to estimate diffusion and 

partitioning coefficients of the antioxidants corresponding to typical landfill 

temperatures. The estimated parameters were used to model the outward diffusion of 

antioxidant from GM in a composite liner with 30 cm thick sand protection layer between 

two GT. Prediction based on diffusion modelling indicated that the time for depletion of 

OIT was longer when 30 cm sand layer was placed instead of 1.5 cm sand layer. This 

highlighted potential beneficial effect of using a sand protection in practical applications. 

In Chapter 6 the findings from the laboratory study on ageing of various untreated 

and fluorinated HDPE GMs exposed to jet fuel were presented. GM immersion test in jet 

fuel were conducted. Results from first series of test indicated that the immersion in jet 

fuel accelerated the std-OIT depletion rate relative to that observed in water and synthetic 

leachate. It was found that antioxidant depleted at much faster rate from the untreated 

GM than the fluorinated GM. Although relatively rapid depletion of std-OIT there was 

residual value of about 8 to 10 min. in both GMs after 4 years of exposure to jet fuel. 

This was attributed to antioxidants in the GMs that could not be readily leached by the 

immersion in jet fuel. At 23oC time to reach the residual OIT value was estimated to be 

1.6 years for untreated GM and 5.5 years for the fluorinated GM. Results highlighted the 

beneficial effect of surface fluorination. The residual antioxidants will likely result in 

substantially greater total depletion times. 
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Results from the second series of tests indicated that the depletion rates were 

typically greatest in 1.5 mm untreated GM, followed by 2 mm untreated GM and slowest 

in 1.5 mm fluorinated GM. Data obtained at different temperatures were useful to 

estimate the antioxidant depletion rates at various field temperatures and average field 

temperature of -1oC at the jet fuel containment site at Breevort Island in the Arctic 

(Chapter 7). The estimates made in Chapter 6 were for samples immersed in jet fuel.  The 

times could be about four times longer for samples with jet fuel on one side and water on 

the other (as expected in the field). HP-OIT results indicated that decline in HP-OIT was 

slower than that observed in the standard OIT test. Therefore predicted time for std-OIT 

depletion may be very conservative for these GMs. 

The predictions for the antioxidant depletion rates made in Chapter 6 were 

obtained using the Arrhenius equation and the linear interpolation of the data recognizing 

the uncertainty in the linearity of the Arrhenius equation between 23oC and -22oC. 

Further investigation at additional temperatures could be useful in making improved 

estimates of antioxidant depletion rates. 

Results from the third series of tests highlighted the effect of GM thickness on 

antioxidant depletion rates for untreated GMs. The antioxidant depletion rate was found 

to be greatest in greatest in 1.5 mm GM, followed by 2.0 mm GM and slowest in 2.5 mm 

GM. An excellent correlation was obtained between inverse square of the thickness and 

antioxidant depletion rates. Results of laboratory test at different temperatures were used 

to predict antioxidant depletion times at field temperatures. 
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In fourth series of tests with one sided exposure to jet fuel (in diffusion tests and 

as expected in the field) the antioxidant depletion rate was much lower than in two sided 

exposure (immersion test). At 23oC the antioxidant depletion rate from untreated GM in 

the diffusion test was about 0.21 times that in immersion test.  For fluorinated GM it was 

0.24 times than in immersion test. In diffusion test the depletion rates of untreated GM 

was 3 times faster than fluorinated GM. 

The effect of immersion of jet fuel on crystallinity and mechanical properties of 

the GM were examined. There was no significant change in the crystallinity of the GMs. 

Tensile test results indicated a higher yield strain and lower yield strength for the GMs 

tested in wet than when tested dry, but there was no significant difference in tensile break 

properties. Yield strain increased with time of immersion in jet fuel due to softening of 

GM by jet fuel. With over 4 years of immersion in jet fuel, the yield strain increased from 

about 19% to 29%. Tensile yield strength did not change significantly over the testing 

period. The tensile break properties were not affected by the exposure to jet fuel. Tear 

test indicated that the initial tear resistance test of the GM was lower when the GM was 

wet with jet fuel than when dry. This was attributed to the effect of the absorbed jet fuel 

in the GM. No significant changes in dry initial tear resistance were observed for GM 

immersed in jet fuel for over one year. 

The results from jet fuel immersion tests provided key insights into the durability 

of untreated and fluorinated HDPE GMs exposed to jet fuel in the laboratory. During the 

course of this thesis the GM samples exposed at the field site in the arctic were also 

tested to assess durability. 
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Chapter 7 reported the results of laboratory testing conducted to assess durability 

of the f-HDPE GMs used to contain hydrocarbon spill in the Canadian arctic. GMs 

samples buried in the backfill immediately upstream of the barrier system were exhumed 

after a period of time and tested in the laboratory. Based on the observations of std-OIT, 

crystallinity, MFI and tensile test it appears that the age of the GMs was still in the 

antioxidant depletion stage. There was no degradation apparent in the molecular level and 

no oxidation had occurred. This confirmed that the antioxidants remaining in the GM 

were providing the required protection. This is consistent with the conceptual model of 

Hsuan and Koerner (1998) suggesting that there is no decrease in engineering properties 

during the antioxidant depletion stage of the GM. 

For the GM in which OIT depleted with time the antioxidant depletion time was 

estimated. The estimation was a little more than that expected based on laboratory tests 

assuming that the GM is exposed to jet fuel on one side and water on the other. The 

difference in ageing between field samples and samples immersed in jet fuel (Chapter 6) 

is attributed to less extreme exposure conditions in the field. This is partly due to the 

variable distribution of hydrocarbons e.g. due to variations in water levels adjacent to the 

GM and also due to spatial variation in distribution of hydrocarbons at the site (Bathurst 

et al., 2004). 

Thus from the test results it can be concluded that the durability of f-HDPE GM 

buried at the site was maintained well beyond the initial 3-year design life of the barrier 

system. The GMs are still in antioxidant depletion stage and the actual service life may be 
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expected to be longer due to additional time required for induction and polymer 

degradation. 

8.2 Recommendations for Future Work 

The work presented in this thesis has provided important insights into the ageing, 

degradation and service life of HDPE GM in landfill and hydrocarbon containment 

environments. Through the course of the investigation on ageing of HDPE GM, some 

recommendations for future work have been identified. Areas where future research 

would be beneficial in order to gain further knowledge on ageing of HDPE GM are 

discussed below. 

• Continue the monitoring of GMs in accelerated ageing tests in air, water and leachate 

in order to complete the three stages of degradation at temperatures lower than 85oC. 

Although this may take several years to complete, it will be valuable long term test 

results on ageing of GM at lower temperatures. 

• Investigate the ageing of f-HDPE GM in MSW landfill application by performing 

immersion test and compare with untreated GM of same thickness and also thicker 

GM. This will provide insights on the beneficial effect of fluorination of HDPE GM 

in landfill application. Result from the investigation can be useful to the GM 

manufacturers, designers and regulators.  

• Immersion and composite liner ageing test described in this thesis may also be used to 

assess the performance of GM in other applications e.g. industrial landfill or mining 

applications. 
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• It was recognized that scope of this thesis did not include the effect of vertical 

overburden pressure on GM in a composite liner system as would be expected in a 

real landfill. It would be valuable to obtain data in this regard. The combined effect of 

chemical (leachate), thermal and physical loading on aging of GM is the subject of 

current studies (Brachman et al. 2008). 

• Investigate the effect of thickness on aging of HDPE GM exposed to air, water and 

leachate. Such investigation should use GMs of different thicknesses from a single 

manufacturer with same antioxidant package. 

• Continue the examination of jet fuel immersion tests in order to have better 

understanding of the longer term exposure to jet fuel. Although this might take 

several years it will provide insights on the possible long term aging mechanisms for 

GM exposed to jet fuel. 

• Examine the durability of GM in exposed to jet fuel using experimental setup that 

represents the conditions similar to those expected in the field. Such setup should 

involve composite liner system with one sided exposure of jet fuel on the GM. These 

tests may use other common petroleum hydrocarbons such as gasoline and diesel. 

• It is recommended to continue monitoring jet fuel exposed GM at the site in Breevort 

Island in the Arctic till the jet fuel spill gets remediated. 

8.3 General Conclusions  

This thesis comprised an extensive investigation on the ageing of HDPE GM in 

landfill barrier and hydrocarbon containment applications. The results of study on ageing 
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of HDPE GM exposed to air, water and leachate represent fundamental steps in 

identification of ageing and service life of HDPE GM in landfill barrier application.  The 

three stage degradation of HDPE GM was presented. The critical role of antioxidants in 

protecting the GM from the effects of oxidative degradation and prolonging the service 

life of GM was observed. Estimates of the three stages and overall service life of GM at 

typical landfill temperatures were obtained (summary is provided in Tables 8.1 and 8.2). 

The examination of ageing of GM in composite liner configurations addressed the 

antioxidant depletion stage of GM closer to field condition than in basic immersion tests. 

The study discussed the implication of conducting more realistic composite liner 

simulation test than conservative leachate immersion test with regards to antioxidant 

depletion stage (summary is provided in Table 8.1). Results also provided insights 

regarding the effect of using different protection layers and diffusion modelling of OIT. 

The diffusion modelling study evaluated antioxidant depletion in accelerated-ageing test 

involving leachate immersion and composite liner simulation. The results allowed 

comparison between the diffusion model and traditional first order decay model of 

antioxidant depletion. The diffusion modelling allowed to predict outward diffusion of 

antioxidants from the GM in scenarios other than the test typical conditions. The 

investigation involving ageing of untreated and fluorinated GM exposed to jet fuel 

laboratory highlighted potential beneficial effects of surface fluorination. The estimates 

of antioxidant depletion time for various untreated GMs and f-HDPE GM exposed to jet 

fuel for the temperatures in the Canadian arctic and also at temperatures applicable to 

other locations are also valuable (summary is provided in Table 8.3). The examination of 
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jet fuel exposed f-HDPE GM from the field site in Canadian Arctic was important in 

assessing performance of GM in the field. It also provided a comparison with the 

expected results based on the laboratory tests. The recommendations for future research 

work made in the previous subsection will allow further understanding on ageing and 

service life of GM used in landfills and hydrocarbon contaminated sites. The results of 

different stages of service life of HDPE given in this thesis should be applied with 

considerable caution until more data is available. This thesis represents a significant step 

in the field of assessment of ageing and assessment of service life of HDPE GM. This 

will allow landfill designers, regulators and GM manufacturers to know how long the 

GM may function as designed and ensure the long term environmental protection at 

waste containment sites. 
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Table 8.1. Summary of predicted Stage I of service life (years) of HDPE GMs under 
different exposure conditions. 

Temp. 
(oC) 

Air  
immerseda  

Water  
immerseda 

Leachate 
immerseda 

Leachate  
immersedb

CL-
Tb 

CL-
TSTb 

CL-
TGb 

20 190 95 25 35 135 180 230 
35 65 35 10 10 40 50 65 
50 25 15 5 4 10 15 20 
Notes: 
Values over 10 years are rounded to nearest 5 years. 
a = 2 mm thick HDPE GM, OIT=133 min., HP-OIT=380 min. Crystallinity = 44% 
b= 1.5 mm thick HDPE GM, OIT=135 min., HP-OIT=660 min. Crystallinity=49% 
CL-T= HDPE GM in a composite liner with GCL/GM/GT protection layer/gravel *  
CL-TG= HDPE GM in a composite liner with GCL/GM/ GT and GCL protection layer/ gravel * 
CL-TST= HDPE GM in a composite liner with GCL/GM/GT, sand and GT protection layer/ 
gravel * 
* Leachate in gravel above composite liner 
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Table 8.2. Summary of predicted Stage II and III and service life of HDPE GM 
exposed to leachate (Stage I is as indicated in Table 8.1 for Leachate-immersed (a)) 

Temp. 
oC 

Stage II (years) Stage III (years) Service life 
(years) 

 
 Based on tensile break strength 

20 120-255 1455-1625 1605-1905 
35 30-45 295-330 335-380 
50 8-9 70-75 80-90 
 Based on tensile break strain 

20 20-30 840-1125 885-1180 
35 10-15 170-225 190-250 
50 6-7 40-55 50-65 
 Based on stress crack resistancea 

20 365 790 1180 
35 55 160 225 
50 9 35 50 

Notes: 
The results in the table for 2.0 mm thick HDPE GM, OIT=133 min., HP-OIT=380 min. 
Crystallinity = 44% 
a = Assuming that Stage II ends 25% between no change and significant change in SCR. 
The three stages may not add up exactly due to rounding. Where a range is given, lower values 
are based on "interpretation of data" and higher values based on "best fit". 
Results based on OIT(f)=0.5 min. 
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Table 8.3. Summary of predicted Stage I of service life (years) of HDPE GMs 
immersed in jet fuel A-1. 

Temp. Series II tr (years) Series III tr (years) 
(oC) 1.5-GM2-

A 
2.0-GM2-

A 
1.5-f-GM2-

A 
1.5-GM3-

B 
2.0-GM3-

B 
2.5-GM3-

B 
0 13-23 20-32 24-32 14-20 16-25 20-31 
5 9.4-19 15-27 19-27 10-17 13-22 15-26 
10 6.7-14 11-19 15-21 7.5-13 9.3-17 11-21 
15 4.8-5.9 8.4-9.7 11-13 5.6-6 7.1-8 8.7-10 

Notes: 
*X-Y: X= derived from Arrhenius equation using data at 23oC, 9oC and -22oC. 
Y=derived from linear interpolation between data at 23oC and 9oC or 9oC and -22oC depending on 
temperature. 
tr= time to deplete antioxidant (tr) to a residual value. 
1.5-GM2-A: 1.5 mm thick HDPE GM, OIT=135 min., HP-OIT=227 min. Crystallinity = 52% 
2.0-GM2-A: 2.0 mm thick HDPE GM, OIT=134 min., HP-OIT=707 min. Crystallinity = 39% 
1.5-f-GM2-A: 1.5 mm thick f-HDPE GM, OIT=137 min., HP-OIT=175 min. Crystallinity = 51% 
1.5-GM3-B: 1.5 mm thick HDPE GM, OIT=143 min., HP-OIT=245 min. Crystallinity = 46% 
2.0-GM3-B: 2.0 mm thick HDPE GM, OIT=150 min., HP-OIT=268 min. Crystallinity = 52% 
2.5-GM3-B: 2.5 mm thick HDPE GM, OIT=136 min., HP-OIT=239 min. Crystallinity = 50% 
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Appendix A - Ageing of GM in Air, Water and Leachate 

 

Chapter 2 describes the laboratory accelerated ageing experiments conducted to 

study the degradation of HDPE GM exposed to air, water and leachate. This appendix 

provides the additional materials and results of Chapter 2. 

A.1  Three Stages of Service Life of Geomembrane 

 
 

 

 

Stage I: Depletion time of antioxidants 
Stage II: Induction time to onset of polymer degradation 
Stage III: Time to reach 50% degradation of a particular property 

Figure A.1. Three conceptual stages in chemical ageing of HDPE Geomembranes 
(modified from Hsuan and Koerner, 1998). 
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A.2  Polyethylene Oxidation and Antioxidants 

This section provides a brief review of oxidation of polyethylene (e.g. HDPE 

geomembrane) and action of antioxidants. Polyethylene is susceptible to reaction with 

oxygen in chain reactions (Bolland 1948, Bateman, 1954, Grassie and Scott 1985, Al-

Malaika 2003). The sequence of chain mechanism and has two interacting cyclical 

processes shown in Figure A.16 modified from Grassie and Scott (1985).  The oxidative 

reaction initiates by forming free radicals (R•) from the polymer chain (RH) aided by 

energy, catalyst residues or stress in the polymer described by Equation 1. Cycle A is the 

alkyl/alkylperoxyl chain reaction described by Equations 2 and 3. Cycle B is the 

homolysis of hydroperoxides described by Equations 4, 5 and 6 which provides the chain 

reaction with new radicals. There are four important links (a, to d) in these two cycles. If 

any of these links are broken oxidation can be retarded. Antioxidants are added in 

polyethylene as inhibitors for autoxidation by breaking these links (Fay and King, 1984, 

Grassie and Scott, 1985).  Two classes of antioxidants are used. The primary antioxidants 

(chain breaking antioxidants) stabilize the polyethylene by trapping or deactivating free 

radicals by breaking links (a), (b) and (d). The secondary antioxidants (preventative 

antioxidant) intercept the link (c) by decomposing hydroperoxides into a stable alcohol. 

This prevents hydroperoxides from becoming into free radicals which feed the chain 

reaction. 
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Figure A.2. Oxidation cycles in polyethylene and mechanisms of antioxidant action 
(modified from Grassie & Scott, 1985). 
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Table A.1.  Reactions 1 to 6 referred in Figure A.2. (Bolland 1948; Bateman 1954; 
Hsuan and Koerner 1998; Al-Malaika, 2003). 

•+•⎯→⎯ HRRH     [A.1] In the polyethylene polymer chain (RH) 
with influence of energy, catalyst residue 
or stress the oxidative chain reaction 
initiates by forming alkyl radical (R•). 

•⎯→⎯+• ROOOR  2   [A.2] 
 

Free alkyl radical reacts with oxygen to 
form alkylperoxy radical (ROO•). 

•+⎯→⎯+• RROOHRHROO   [A.3] 
 

Free alkyl peroxy radical reacts with the 
polyethylene polymer chain to from 
hydroperoxide (ROOH), which generates 
another alkyl radical (R•). 

OHROROOH •+•⎯→⎯   [A.4] Breakdown of hydroperoxide initiates once 
hydroperoxide concentration reaches a 
critical level. This forms alkyloxy radical 
(RO•) and hydroxy (•OH) radical.  

•+⎯→⎯+• RROHRHRO                [A.5] Free alkyloxy radical react with 
polyethylene chain to form alcohol (ROH) 
and alkyl radical. 

•+⎯→⎯+• ROHRHOH 2               [A.6] Free hydroxy radical reacts with 
polyethylene chain to from water (H2O) 
and alkyl radical. 

 

Most common types of antioxidants used in geosynthetic resin are hindered 

phenols (primary antioxidant), hindered amines (primary/secondary antioxidant).  

thiosynergists (secondary antioxidant), phosphites (secondary antioxidant) (Fay and King 

1994; Hsuan and Koerner 1998). The effective temperature range of these antioxidants 

are shown in Figure A.17. Hindered phenols are effective between 0-300oC, hindered 

amines are most effective below 135oC and preferably below 120oC, thiosynergists are 

effective from 0-200oC, and phosphites considered to be processing stabilizer are 

effective from 150-300oC (Fay and King 1994).  In the Standard OIT test at 200oC 

hindered phenols, phosphites and thiosynergists are effective. But hindered amines lose 
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their effectiveness at 200oC (Hsuan and Koerner 1998).  Thomas and Ancelet (1993) 

demonstrated that hindered amines were active at test temperature of 150oC and pressure 

of 500 psi in HP-OIT test. Thus the HP-OIT test was found to be useful when hindered 

amines were present. The lower testing temperature in the HP-OIT test decreases the 

potential for volatilization of antioxidants and the high pressure increases the 

concentration of the reacting oxidizing gas (Tikuisis et al. 1993). 

 
 

Figure A.3. Effective temperature ranges of the four common classes of antioxidants 
(modified from Fay and King, 1994). 
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A.3  Immersion Test Setup 

For air exposure GM coupons were about 30 cm x 15 cm, for water immersion 

about 40 cm x 15 cm and for synthetic leachate immersion the maximum size of the 

sample were about 15 cm x 12 cm. The air exposed specimens were supported by a 

stainless steel frame, water immersed specimens were placed in stainless steel containers, 

and the leachate-immersed GM were placed in glass containers. Glass rods (5 mm 

diameter) were used to separate the coupons from each other and to ensure that each side 

of GM was in contact with the immersion media. Glass rods were also placed on bottom 

and sides of the containers. The sample setup (shown in below) was placed in elevated 

temperature controlled forced air ovens (VWR Scientific) at 85, 70, 55, 40oC and in 

laboratory at 22oC. The leachate was replaced with new leachate every two weeks to 

ensure that the leachate strength remained relatively constant. The water in the water 

immersion tests was also regularly changed to prevent antioxidant build up in the water. 
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Figure A.4. Photograph of air exposed GM samples. 
 

 

Figure A.5. Photograph of water exposed GM samples. 
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Figure A.6. Photograph of leachate exposed GM samples. 

A.4  Results 

This appendix included figures and tables that were not included in Chapter 2 for 

conciseness. 
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Figure A.7. Variation OIT with incubation time at different temperatures in 
synthetic leachate exposure. Note: Ageing test at 22oC and 70oC were stopped 
earlier by Sangam (2001). 
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Figure A.8. Plot of ln(OIT) with incubation time for tests at 85ºC under different 
exposure conditions (modified from Sangam, 2001). 
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Figure A.9. Plot of ln(OIT) with incubation time for tests at 70ºC under different 
exposure conditions (modified from Sangam, 2001). Note: Ageing test was stopped 
by Sangam (2001). 
 



 

 307

Time (months)

0 20 40 60 80 100 120

ln
{O

IT
} (

m
in

.)

-2

-1

0

1

2

3

4

5

6 Air
Water
Leachate

 

Figure A.10. Plot of ln(OIT) with incubation time for tests at 55ºC under different 
exposure conditions. 
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Figure A.11. Plot of ln(OIT) with incubation time for tests at room temperature 
(22ºC) under different exposure conditions. 
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Figure A.12. Variation in (a) molecular properties and (b) tensile properties with 
time during incubation in air at 55ºC. 
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Figure A.13. Variation in (a) molecular properties and (b) tensile properties with 
time during incubation in water at 55ºC. 
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Figure A.14. Variation in (a) molecular properties and (b) tensile properties with 
time during incubation in air at 40ºC. 
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Figure A.15. Variation in (a) molecular properties and (b) tensile properties with 
time during incubation in water at 40ºC. 
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Figure A.16. Variation in (a) molecular properties and (b) tensile properties with 
time during incubation in leachate at 40ºC. 
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Figure A.17. Variation in (a) molecular properties and (b) tensile properties with 
time during incubation in leachate at 22ºC. 
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Figure A.18. Sample strength versus elongation curves of unaged and aged GM (82 
months at 85oC in leachate). 
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Table A.2. Service life predictions at typical liner temperatures for leachate-
immersed GM based on MFI parameters in Table 2.4. 

Note: Times above 10 years are rounded to nearest 5. Three stages may not add up 
exactly due to rounding. Where two numbers are given, the first is based on Stage I end 
at OIT(f)=0.5 min and the second (in parenthesis) on Stage I end at OIT(f)=1 min. 
Prediction based on MFI is based on “interpretation of data” for leachate-immersed GM 
(Table 2.4).

Temp. 
oC 

Stage I leachate 
immersion OIT 

data (years) 

Stage II 
leachate 

immersion 
(years) 

Stage III leachate 
immersion and Ea of 

degradation, 80kJ/mol 
(years) 

Service 
life 

(years) 

 

 Based on OIT Based on MFI 

20 25 (25) 50 (50) 215 295 (290) 
35 10 (9) 20 (20) 45 75 (70) 
50 5 (4) 7 (8) 10 20 (20) 
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Table A.3. Service life predictions showing all stages at typical liner temperatures for leachate-immersed GM based on SCR 
parameters in Table 2.5.  
 
Temp. 

oC 
Stage I 
leachate 

immersion 
OIT data 
(years) 

Stage II 
leachate 

immersion 
(years) 

Stage III 
leachate 

immersion 
and Ea of 

degradation, 
80kJ/mol 
(years) 

Service life 
(years) 

Stage II 
leachate 

immersion 
(years) 

Stage III 
leachate 

immersion 
and Ea of 

degradation, 
80kJ/mol 
(years) 

Service 
life 

(years) 

 

Stage II 
leachate 

immersion 
(years) 

Stage III 
leachate 

immersion 
and Ea of 

degradation, 
80kJ/mol 
(years) 

Service 
life 

(years) 

 Based on 
OIT 

Assuming that Stage II ends 25% 
between no change and significant 

change in SCR 

Assuming that Stage II ends 50% 
between no change and significant 

change in SCR 

Assuming that Stage II ends 75% 
between no change and significant 

change in SCR 

20 25-25 365-255 790 1180-1055 140-120 690 855-830 80-75 590 695-685 
35 10-10 55-45 160 225-215 30-30 140 180-180 25-25 120 150-150 
50 5-4 9-9 35 50-50 8-8 35 45-45 7-8 30 40-40 

Note: Times above 10 years are rounded to nearest 5. Three stages may not add up exactly due to rounding. Where two numbers are 
given, the first is based on Stage I end at OIT(f)=0.5 min and the second on Stage I end at OIT(f)=1 min. End of Stage III taken at 
SCR=150 hrs. 
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Appendix B - Ageing of GM in Composite Liner and Immersion 
Tests 

 

B.1  Composite Liner Cell Setup Procedure 

This appendix briefly presents the materials and procedure used to install the 

composite liner cells described in Chapter 3 and 4. 

B.1.1 Materials  

(a) stainless steel composite liner cells, (b) silica sand, (c) geosynthetic clay liner (GCL) 

Bentofix® Thermal Lock NWL, (d) geomembrane (GM) GSE Linings Inc. 1.5 mm thick, 

(f) geotextile 2.0 mm thick, (g) Standard Proctor compaction rammer, (h) mixing pan, (i) 

steel bowl, (j) large spoon, (k) leveller, (l) wrench, spanner, (m) graduated cylinder, (n) 

spray bottle. 

B.1.2 Procedure 

GCL samples were cut to fit the internal diameter of the composite liner cell. GCL were 

cut by a stainless steel cutting die (16 cm diameter) using a concrete test compression 

machine. The inner circumferential surface of the cutting die was wetted with distilled 

water to minimize bentonite losses when transferring the cut GCL to the cell. GM 

samples were cut so that it is bit larger than the outside diameter (16.5 cm) of the 

cylindrical portion of the cell. The size of the GM was enough to cover the top part of the 

cylinder. About 3500 g of sand sample was taken and thoroughly mixed to 14% moisture 

content by weight in a mixing pan. Moisture content of sand was taken after mixing. For 
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compaction of sand another cylinder was fixed carefully facing upside-down on the top 

of the cell. Sand was compacted in three layers in equal increments as in the Standard 

Proctor compaction test. Fifty blows were evenly applied to each incremental layer. The 

rammer was lifted all the way to the top to ensure equal compactive effort. Top cylinder 

was remove and excess sand was levelled. During the process change in mass was noted 

at each step. Sand was excavated about 1 cm just enough to fit the GCL. Sand was 

levelled carefully. About 210 ml of water was sprayed for GCL hydration. Water was 

added to the top of the sand to provide sufficient moisture to hydrate the GCL without 

significantly changing the moisture content of the sand from the compacted value after 

hydration. Precut GCL sample was placed on top carefully ensuring no water losses. The 

precut HDPE GM was placed on top. The upper section of the cell was placed and 

attached to the bottom section of the cell. The top protection layers (e.g. GT, GCL or 

sand) and clean gravel layer was placed above the protection layer. 
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B.2 Results 

The following appendix provides the crystallinity, melts flow index, and tensile 

properties measurements for the GM; and sieve and compaction test results for Ottawa 

silica sand obtained for the work described in Chapter 3 and 4. 
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Figure B.1. Variation in degree of crystallinity with time in CL-T GM at 70oC. 
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Figure B.2. Variation in degree of crystallinity with time in CL-T GM at 55oC. 
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Figure B.3. Variation in degree of crystallinity with time in CL-T GM at 26oC. 
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Figure B.4. Variation in degree of crystallinity with time in leachate-immersed GM 
at 85oC. 
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Figure B.5. Variation in degree of crystallinity with time in leachate-immersed GM 
at 70oC. 
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Figure B.6. Variation in degree of crystallinity with time in leachate-immersed GM 
at 55oC. 
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Figure B.7. Variation in degree of crystallinity with time in leachate-immersed GM 
at 26oC. 
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Figure B.8. Variation in degree of crystallinity with time in CL-TST GM at 85oC. 
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Figure B.9. Variation in degree of crystallinity with time in CL-TST GM at 70oC. 
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Figure B.10. Variation in degree of crystallinity with time in CL-TST GM at 55oC. 
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Figure B.11. Variation in degree of crystallinity with time in CL-TST GM at 26oC. 
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Figure B.12. Variation in degree of crystallinity with time in CL-TG GM at 85oC. 
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Figure B.13. Variation in degree of crystallinity with time in CL-TG GM at 70oC. 
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Figure B.14. Variation in degree of crystallinity with time in CL-TG GM at 55oC. 
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Figure B.15. Variation in degree of crystallinity with time in CL-TG GM at 26oC. 
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Figure B.16. Variation in MFI with time in CL-T GM at 85oC. 
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Figure B.17. Variation in MFI with time in CL-T GM at 70oC. 
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Figure B.18. Variation in MFI with time in CL-T GM at 55oC. 
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Figure B.19. Variation in MFI with time in CL-T GM at 26oC. 
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Figure B.20. Variation in MFI with time in leachate-immersed GM at 85oC. 
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Figure B.21. Variation in MFI with time in leachate-immersed GM at 70oC. 
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Figure B.22. Variation in MFI with time in leachate-immersed GM at 55oC. 
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Figure B.23. Variation in MFI with time in leachate-immersed GM at 26oC. 
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Figure B.24. Variation in MFI with time in CL-TST GM at 85oC. 
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Figure B.25. Variation in MFI with time in CL-TST GM at 70oC. 
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Figure B.26. Variation in MFI with time in CL-TST GM at 55oC. 
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Figure B.27. Variation in MFI with time in CL-TST GM at 26oC. 
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Figure B.28. Variation in   MFI with time in CL-TG GM at 85oC. 
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Figure B.29. Variation in MFI with time in CL-TG GM at 70oC. 
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Figure B.30. Variation in MFI with time in CL-TG GM at 55oC. 
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Figure B.31. Variation in MFI with time in CL-TG GM at 26oC. 
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Figure B.32. Variation in tensile strength at yield with time in CL-T GM at 85oC. 
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Figure B.33. Variation in tensile strain at yield with time in CL-T GM at 85oC. 
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Figure B.34. Variation in tensile strength at break with time in CL-T GM at 85oC. 
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Figure B.35. Variation in tensile strain at break with time in CL-T GM at 85oC. 
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Ottawa silica sand properties 

Sieve testing for grain size distribution (ASTM D6913). 

Ottawa sand grade 24. 

Rigney building supplies (Kingston, ON, Canada). 

Sieve test. 
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Figure B.36. Sieve test result 
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Standard Proctor compaction test (ASTM D698) 

Ottawa sand grade 24. 

Rigney building supplies (Kingston, ON, Canada). 

Compaction test. 
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Figure B.37. Compaction test result 
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Appendix C - Diffusion Modelling of Antioxidant Depletion 

 

Chapter 5 presents results of the diffusion modelling study on antioxidant 

depletion from HDPE GM. This appendix presents the additional results and 

supplementary materials to the results and discussions in Chapter 5. 

C.1 Immersion Test Results 
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Figure C.1. Results for 1.5 mm GM immersed in leachate at 26oC. 
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Figure C.2. Results for 2.0 mm GM immersed in leachate at 85oC. 
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Figure C.3. Results for 2.0 mm GM immersed in leachate at 55oC. 
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Figure C.4. Results for 2.0 mm GM immersed in leachate at 22oC. 
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Figure C.5. Observed normalized OIT versus time and theoretical curve in water 
immersion tests at 85oC. 
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Figure C.6. Observed normalized OIT versus time and theoretical curve in water 
immersion tests at 70oC. 
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Figure C.7. Observed normalized OIT versus time and theoretical curve in water 
immersion tests at 55oC. 
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Figure C.8. Theoretical curve and exponential fits S2 and S3 for 1.5 mm GM 
immersed in leachate at 85oC. 
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Figure C.9. Theoretical curve and exponential fits S2 and S3 for 1.5 mm GM 
immersed in leachate at 70oC. 
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Figure C.10. Theoretical curve and exponential fits S2 and S3 for 1.5 mm GM 
immersed in leachate at 55oC. 
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Figure C.11. Theoretical curve and exponential fits S2 and S3 for 1.5 mm GM 
immersed in leachate at 26oC. 
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Figure C.12. Theoretical curve and exponential fits S2 and S3 for 2.0 mm GM 
immersed in leachate at 85oC. 
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Figure C.13. Theoretical curve and exponential fits S2 and S3 for 2.0 mm GM 
immersed in leachate at 55oC. 
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Figure C.14. Theoretical curve and exponential fits S2 and S3 for 2.0 mm GM 
immersed in leachate at 40oC. Note: curves for S2 and S3 overlap because of similar 
values of S2 and S3. 
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Figure C.15. Theoretical curve and exponential fits S2 and S3 for 2.0 mm GM 
immersed in leachate at 22oC. 
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C.2 Composite Liner Test Results 
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Figure C.16. Observed normalized OIT versus time at room temperature and the 
theoretical curve for CL-TG at 85oC. 
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Figure C.17. Observed normalized OIT versus time at room temperature and the 
theoretical curve for CL-TG at 70oC. 
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Figure C.18. Observed normalized OIT versus time at room temperature and the 
theoretical curve for CL-TG at 55oC. 
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Figure C.19. Observed normalized OIT versus time at room temperature and the 
theoretical curve for CL-TST at 85oC. 
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Figure C.20. Observed normalized OIT versus time at room temperature and the 
theoretical curve for CL-TST at 70oC. 
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C.3 Sample Pollute® Input and Output Files 

C.3.1 Diffusion Modelling of Leachate Immersion Test 

 

POLLUTEv7 
 

Version 7.14 
 

Copyright (c) 2007. 
GAEA Technologies Ltd., R.K. Rowe and J.R. Booker 

 
 

Leachate-immersed GM Room Temperature 
 
 

 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

Thin Water 
Layer 

0.001 m 1 7E-10 m2/s 1 0 m3/kg 1000 kg/m3

Thin Layer GM 0.0001 m 30 2.1E-15 m2/s 1 0 m3/kg 944 kg/m3 
Geomembrane 0.00065 m 10 2.1E-15 m2/s 1 0 m3/kg 944 kg/m3 

       
 
 
 Boundary Conditions  
 
 
    Finite Mass Top Boundary 
          Initial Concentration = 0 kg/m3 
          Volume of Leachate Collected = 4E-8 m/s 
          Thickness of Waste = 0 m 
          Waste Density = 0 g/cm3 
          Proportion of Mass = 0 
          Reference Height of Leachate = 0.048 m 
 
    Zero Flux Bottom Boundary 
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 INITIAL CONCENTRATION PROFILE 
 
 
          Time = 0 day 
          Flux into Soil = 0 m2/s 
          Flux into Base = 0 m2/s 
 

Top Depth Bottom Depth Concentration 
0.000E+00  m 1.000E-03  m 0  kg/m3 
1.000E-03  m 1.003E-03  m 1  kg/m3 
1.003E-03  m 1.750E-03  m 1  kg/m3 

   
 
 
 
 VELOCITY AND SINK PROFILE: 
 

Time Period Minimum 
Depth 

Maximum 
Depth 

Vertical 
Velocity 

Horizontal 
Outflow 

Phase 
Parameter 

 
1 0  m 0.001  m 0  m/a 0  m/a 1 
 0.001  m 0.001003  m 0  m/a 0  m/a 717 
 0.001003  m 0.00175  m 0  m/a 0  m/a 717 
      

 
 
 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 

1E-5 0.000E+00 8.089E-10 
 1.000E-03 8.698E-01 
 1.003E-03 1.000E+00 
 1.007E-03 1.000E+00 
 1.010E-03 1.000E+00 
 1.013E-03 1.000E+00 
 1.017E-03 1.000E+00 
 1.020E-03 1.000E+00 
 1.023E-03 1.000E+00 
 1.027E-03 1.000E+00 
 1.030E-03 1.000E+00 
 1.033E-03 1.000E+00 
 1.037E-03 1.000E+00 
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Time 
day 

Depth 
m 

Concentration 
kg/m3 

 1.040E-03 1.000E+00 
 1.043E-03 1.000E+00 
 1.047E-03 1.000E+00 
 1.050E-03 1.000E+00 
 1.053E-03 1.000E+00 
 1.057E-03 1.000E+00 
 1.060E-03 1.000E+00 
 1.063E-03 1.000E+00 
 1.067E-03 1.000E+00 
 1.070E-03 1.000E+00 
 1.073E-03 1.000E+00 
 1.077E-03 1.000E+00 
 1.080E-03 1.000E+00 
 1.083E-03 1.000E+00 
 1.087E-03 1.000E+00 
 1.090E-03 1.000E+00 
 1.093E-03 1.000E+00 
 1.097E-03 1.000E+00 
 1.100E-03 1.000E+00 
 1.165E-03 1.000E+00 
 1.230E-03 1.000E+00 
 1.295E-03 1.000E+00 
 1.360E-03 1.000E+00 
 1.425E-03 1.000E+00 
 1.490E-03 1.000E+00 
 1.555E-03 1.000E+00 
 1.620E-03 1.000E+00 
 1.685E-03 1.000E+00 
 1.750E-03 1.000E+00 
   

1063 0.000E+00 4.470E-02 
 1.000E-03 4.723E-02 
 1.003E-03 5.115E-02 
 1.007E-03 5.506E-02 
 1.010E-03 5.897E-02 
 1.013E-03 6.288E-02 
 1.017E-03 6.679E-02 
 1.020E-03 7.069E-02 
 1.023E-03 7.459E-02 
 1.027E-03 7.849E-02 
 1.030E-03 8.238E-02 
 1.033E-03 8.627E-02 
 1.037E-03 9.016E-02 
 1.040E-03 9.404E-02 
 1.043E-03 9.792E-02 
 1.047E-03 1.018E-01 
 1.050E-03 1.057E-01 
 1.053E-03 1.095E-01 
 1.057E-03 1.134E-01 
 1.060E-03 1.172E-01 
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Time 
day 

Depth 
m 

Concentration 
kg/m3 

 1.063E-03 1.211E-01 
 1.067E-03 1.249E-01 
 1.070E-03 1.288E-01 
 1.073E-03 1.326E-01 
 1.077E-03 1.364E-01 
 1.080E-03 1.402E-01 
 1.083E-03 1.441E-01 
 1.087E-03 1.479E-01 
 1.090E-03 1.517E-01 
 1.093E-03 1.555E-01 
 1.097E-03 1.592E-01 
 1.100E-03 1.630E-01 
 1.165E-03 2.351E-01 
 1.230E-03 3.031E-01 
 1.295E-03 3.661E-01 
 1.360E-03 4.229E-01 
 1.425E-03 4.726E-01 
 1.490E-03 5.144E-01 
 1.555E-03 5.476E-01 
 1.620E-03 5.718E-01 
 1.685E-03 5.864E-01 
 1.750E-03 5.913E-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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C.3.2 Diffusion Modelling of Composite Liner with Sand 

 
 

POLLUTEv7 
 

Version 7.14 
 

Copyright (c) 2007. 
GAEA Technologies Ltd., R.K. Rowe and J.R. Booker 

 
 

Composite Liner GM TST Room Temperature 
 
 

 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

Gravel Layer A 0.031 m 10 6E-10 m2/s 0.4 0 m3/kg 1350 kg/m3
Gravel Layer B 0.02 m 4 6E-10 m2/s 0.4 0 m3/kg 1350 kg/m3

Geotextile 1 0.002 m 1 6E-10 m2/s 0.79 0 m3/kg 230 kg/m3 
Sand 1 0.015 m 3 3E-10 m2/s 0.41 0 m3/kg 1550 kg/m3

Geotextile 2 0.002 m 1 6E-10 m2/s 0.79 0 m3/kg 230 kg/m3 
Thin Layer 1 

(GM) 
0.0001 m 30 2.5E-16 m2/s 1 0 m3/kg 944 kg/m3 

Geomembrane 0.0013 m 20 2.1E-15 m2/s 1 0 m3/kg 944 kg/m3 
Thin Layer 2 

(GM) 
0.0001 m 30 2.5E-16 m2/s 1 0 m3/kg 944 kg/m3 

Top Geotextile 0.001 m 1 1E-10 m2/s 0.8 0 m3/kg 500 kg/m3 
Bentonite 0.012 m 3 1E-10 m2/s 0.8 0 m3/kg 500 kg/m3 
Bottom 

Geotextile 
0.0008 m 1 1E-10 m2/s 0.8 0 m3/kg 500 kg/m3 

Sand 0.0862 m 18 3E-10 m2/s 0.41 0 m3/kg 1550 kg/m3
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 Boundary Conditions  
 
 
    Finite Mass Top Boundary 
          Initial Concentration = 0 kg/m3 
          Volume of Leachate Collected = 1.03E-8 m/s 
          Thickness of Waste = 0 m 
          Waste Density = 0 g/cm3 
          Proportion of Mass = 0 
          Reference Height of Leachate = 0.0124 m 
 
    Zero Flux Bottom Boundary 
 
 
 
 INITIAL CONCENTRATION PROFILE 
 
 
          Time = 0 day 
          Flux into Soil = 0 m2/day 
          Flux into Base = 0 m2/day 
 

Top Depth Bottom Depth Concentration 
0.000E+00  m 3.100E-02  m 0  kg/m3 
3.100E-02  m 5.100E-02  m 0  kg/m3 
5.100E-02  m 5.300E-02  m 0  kg/m3 
5.300E-02  m 6.800E-02  m 0  kg/m3 
6.800E-02  m 7.000E-02  m 0  kg/m3 
7.000E-02  m 7.000E-02  m 0  kg/m3 
7.000E-02  m 7.150E-02  m 1  kg/m3 
7.150E-02  m 7.150E-02  m 0  kg/m3 
7.150E-02  m 7.250E-02  m 0  kg/m3 
7.250E-02  m 8.450E-02  m 0  kg/m3 
8.450E-02  m 8.530E-02  m 0  kg/m3 
8.530E-02  m 1.715E-01  m 0  kg/m3 

   
 
 
 
 VELOCITY AND SINK PROFILE: 
 

Time Period Minimum 
Depth 

Maximum 
Depth 

Vertical 
Velocity 

Horizontal 
Outflow 

Phase 
Parameter 

 
1 0  m 0.031  m 0  m/a 0  m/a 1 
 0.031  m 0.051  m 0  m/a 0  m/a 1 
 0.051  m 0.053  m 0  m/a 0  m/a 1 
 0.053  m 0.068  m 0  m/a 0  m/a 1 
 0.068  m 0.07  m 0  m/a 0  m/a 1 
 0.07  m 0.0701  m 0  m/a 0  m/a 717 
 0.0701  m 0.0714  m 0  m/a 0  m/a 717 
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Time Period Minimum 
Depth 

Maximum 
Depth 

Vertical 
Velocity 

Horizontal 
Outflow 

Phase 
Parameter 

 
 0.0714  m 0.0715  m 0  m/a 0  m/a 717 
 0.0715  m 0.0725  m 0  m/a 0  m/a 1 
 0.0725  m 0.0845  m 0  m/a 0  m/a 1 
 0.0845  m 0.0853  m 0  m/a 0  m/a 1 
 0.0853  m 0.1715  m 0  m/a 0  m/a 1 
      

 
 
 
 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 

1E-5 0.000E+00 8.282E-10 
 3.100E-03 1.000E-06 
 6.200E-03 1.000E-06 
 9.300E-03 1.000E-06 
 1.240E-02 1.000E-06 
 1.550E-02 1.000E-06 
 1.860E-02 1.000E-06 
 2.170E-02 1.000E-06 
 2.480E-02 1.000E-06 
 2.790E-02 1.000E-06 
 3.100E-02 1.000E-06 
 3.600E-02 1.000E-06 
 4.100E-02 1.000E-06 
 4.600E-02 1.000E-06 
 5.100E-02 1.000E-06 
 5.300E-02 1.000E-06 
 5.800E-02 1.000E-06 
 6.300E-02 1.000E-06 
 6.800E-02 1.000E-06 
 7.000E-02 1.027E-06 
 7.000E-02 9.674E-01 
 7.001E-02 1.000E+00 
 7.001E-02 1.000E+00 
 7.001E-02 1.000E+00 
 7.002E-02 1.000E+00 
 7.002E-02 1.000E+00 
 7.002E-02 1.000E+00 
 7.003E-02 1.000E+00 
 7.003E-02 1.000E+00 
 7.003E-02 1.000E+00 



 

 358

Time 
day 

Depth 
m 

Concentration 
kg/m3 

 7.004E-02 1.000E+00 
 7.004E-02 1.000E+00 
 7.004E-02 1.000E+00 
 7.005E-02 1.000E+00 
 7.005E-02 1.000E+00 
 7.005E-02 1.000E+00 
 7.006E-02 1.000E+00 
 7.006E-02 1.000E+00 
 7.006E-02 1.000E+00 
 7.007E-02 1.000E+00 
 7.007E-02 1.000E+00 
 7.007E-02 1.000E+00 
 7.008E-02 1.000E+00 
 7.008E-02 1.000E+00 
 7.008E-02 1.000E+00 
 7.009E-02 1.000E+00 
 7.009E-02 1.000E+00 
 7.009E-02 1.000E+00 
 7.010E-02 1.000E+00 
 7.010E-02 1.000E+00 
 7.016E-02 1.000E+00 
 7.023E-02 1.000E+00 
 7.029E-02 1.000E+00 
 7.036E-02 1.000E+00 
 7.042E-02 1.000E+00 
 7.049E-02 1.000E+00 
 7.055E-02 1.000E+00 
 7.062E-02 1.000E+00 
 7.068E-02 1.000E+00 
 7.075E-02 1.000E+00 
 7.081E-02 1.000E+00 
 7.088E-02 1.000E+00 
 7.094E-02 1.000E+00 
 7.101E-02 1.000E+00 
 7.107E-02 1.000E+00 
 7.114E-02 1.000E+00 
 7.120E-02 1.000E+00 
 7.127E-02 1.000E+00 
 7.133E-02 1.000E+00 
 7.140E-02 1.000E+00 
 7.140E-02 1.000E+00 
 7.141E-02 1.000E+00 
 7.141E-02 1.000E+00 
 7.141E-02 1.000E+00 
 7.142E-02 1.000E+00 
 7.142E-02 1.000E+00 
 7.142E-02 1.000E+00 
 7.143E-02 1.000E+00 
 7.143E-02 1.000E+00 
 7.143E-02 1.000E+00 
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Time 
day 

Depth 
m 

Concentration 
kg/m3 

 7.144E-02 1.000E+00 
 7.144E-02 1.000E+00 
 7.144E-02 1.000E+00 
 7.145E-02 1.000E+00 
 7.145E-02 1.000E+00 
 7.145E-02 1.000E+00 
 7.146E-02 1.000E+00 
 7.146E-02 1.000E+00 
 7.146E-02 1.000E+00 
 7.147E-02 1.000E+00 
 7.147E-02 1.000E+00 
 7.147E-02 1.000E+00 
 7.148E-02 1.000E+00 
 7.148E-02 1.000E+00 
 7.148E-02 1.000E+00 
 7.149E-02 1.000E+00 
 7.149E-02 1.000E+00 
 7.149E-02 9.674E-01 
 7.150E-02 1.036E-06 
 7.150E-02 1.000E-06 
 7.250E-02 1.000E-06 
 7.650E-02 1.000E-06 
 8.050E-02 1.000E-06 
 8.450E-02 1.000E-06 
 8.530E-02 1.000E-06 
 9.009E-02 1.000E-06 
 9.488E-02 1.000E-06 
 9.967E-02 1.000E-06 
 1.045E-01 1.000E-06 
 1.092E-01 1.000E-06 
 1.140E-01 1.000E-06 
 1.188E-01 1.000E-06 
 1.236E-01 1.000E-06 
 1.284E-01 1.000E-06 
 1.332E-01 1.000E-06 
 1.380E-01 1.000E-06 
 1.428E-01 1.000E-06 
 1.476E-01 1.000E-06 
 1.523E-01 1.000E-06 
 1.571E-01 1.000E-06 
 1.619E-01 1.000E-06 
 1.667E-01 1.000E-06 
 1.715E-01 1.000E-06 
   

1055 0.000E+00 7.778E-02 
 3.100E-03 8.810E-02 
 6.200E-03 9.842E-02 
 9.300E-03 1.087E-01 
 1.240E-02 1.190E-01 
 1.550E-02 1.294E-01 
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Time 
day 

Depth 
m 

Concentration 
kg/m3 

 1.860E-02 1.397E-01 
 2.170E-02 1.500E-01 
 2.480E-02 1.602E-01 
 2.790E-02 1.705E-01 
 3.100E-02 1.808E-01 
 3.600E-02 1.974E-01 
 4.100E-02 2.139E-01 
 4.600E-02 2.305E-01 
 5.100E-02 2.470E-01 
 5.300E-02 2.503E-01 
 5.800E-02 2.825E-01 
 6.300E-02 3.146E-01 
 6.800E-02 3.467E-01 
 7.000E-02 3.500E-01 
 7.000E-02 3.646E-01 
 7.001E-02 3.792E-01 
 7.001E-02 3.937E-01 
 7.001E-02 4.082E-01 
 7.002E-02 4.227E-01 
 7.002E-02 4.371E-01 
 7.002E-02 4.515E-01 
 7.003E-02 4.659E-01 
 7.003E-02 4.802E-01 
 7.003E-02 4.945E-01 
 7.004E-02 5.087E-01 
 7.004E-02 5.229E-01 
 7.004E-02 5.371E-01 
 7.005E-02 5.511E-01 
 7.005E-02 5.652E-01 
 7.005E-02 5.792E-01 
 7.006E-02 5.931E-01 
 7.006E-02 6.070E-01 
 7.006E-02 6.209E-01 
 7.007E-02 6.347E-01 
 7.007E-02 6.484E-01 
 7.007E-02 6.621E-01 
 7.008E-02 6.757E-01 
 7.008E-02 6.893E-01 
 7.008E-02 7.028E-01 
 7.009E-02 7.163E-01 
 7.009E-02 7.297E-01 
 7.009E-02 7.430E-01 
 7.010E-02 7.563E-01 
 7.010E-02 7.695E-01 
 7.016E-02 7.987E-01 
 7.023E-02 8.250E-01 
 7.029E-02 8.485E-01 
 7.036E-02 8.690E-01 
 7.042E-02 8.867E-01 
 7.049E-02 9.016E-01 
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Time 
day 

Depth 
m 

Concentration 
kg/m3 

 7.055E-02 9.139E-01 
 7.062E-02 9.235E-01 
 7.068E-02 9.308E-01 
 7.075E-02 9.357E-01 
 7.081E-02 9.385E-01 
 7.088E-02 9.393E-01 
 7.094E-02 9.384E-01 
 7.101E-02 9.359E-01 
 7.107E-02 9.321E-01 
 7.114E-02 9.271E-01 
 7.120E-02 9.213E-01 
 7.127E-02 9.148E-01 
 7.133E-02 9.080E-01 
 7.140E-02 9.012E-01 
 7.140E-02 8.982E-01 
 7.141E-02 8.953E-01 
 7.141E-02 8.924E-01 
 7.141E-02 8.894E-01 
 7.142E-02 8.865E-01 
 7.142E-02 8.837E-01 
 7.142E-02 8.808E-01 
 7.143E-02 8.780E-01 
 7.143E-02 8.751E-01 
 7.143E-02 8.723E-01 
 7.144E-02 8.696E-01 
 7.144E-02 8.668E-01 
 7.144E-02 8.641E-01 
 7.145E-02 8.615E-01 
 7.145E-02 8.588E-01 
 7.145E-02 8.563E-01 
 7.146E-02 8.537E-01 
 7.146E-02 8.512E-01 
 7.146E-02 8.487E-01 
 7.147E-02 8.463E-01 
 7.147E-02 8.440E-01 
 7.147E-02 8.417E-01 
 7.148E-02 8.394E-01 
 7.148E-02 8.372E-01 
 7.148E-02 8.351E-01 
 7.149E-02 8.330E-01 
 7.149E-02 8.310E-01 
 7.149E-02 8.291E-01 
 7.150E-02 8.272E-01 
 7.150E-02 8.253E-01 
 7.250E-02 8.242E-01 
 7.650E-02 8.195E-01 
 8.050E-02 8.152E-01 
 8.450E-02 8.111E-01 
 8.530E-02 8.103E-01 
 9.009E-02 8.074E-01 
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Time 
day 

Depth 
m 

Concentration 
kg/m3 

 9.488E-02 8.046E-01 
 9.967E-02 8.019E-01 
 1.045E-01 7.994E-01 
 1.092E-01 7.971E-01 
 1.140E-01 7.949E-01 
 1.188E-01 7.929E-01 
 1.236E-01 7.910E-01 
 1.284E-01 7.894E-01 
 1.332E-01 7.878E-01 
 1.380E-01 7.865E-01 
 1.428E-01 7.853E-01 
 1.476E-01 7.843E-01 
 1.523E-01 7.835E-01 
 1.571E-01 7.829E-01 
 1.619E-01 7.824E-01 
 1.667E-01 7.822E-01 
 1.715E-01 7.821E-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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C.4 Sensitivity of Partitioning Coefficient in Immersion Test 
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Figure C.21. Leachate immersion test at room temperature. 
 

Table C.1. Antioxidant depletion times. 

Sgf T4 (months) 
717 254

1 228
600 250
800 257

1000 265
1500 284

T4= Time when Pollute theoretical curve reaches OIT=0.5 min. 
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Table C.2. Percentage difference in OIT/OITo with respect to Sgf=717. 

Time 
(months) 

Sgf=1 Sgf=600 Sgf=800 Sgf=1000 Sgf=1500

1.6 -3.0% -0.4% 0.2% 0.8% 1.8%
4.9 -4.4% -0.6% 0.4% 1.4% 3.6%

12.6 -6.1% -0.9% 0.7% 2.2% 5.7%
24.0 -8.5% -1.3% 0.9% 3.1% 8.4%
35.4 -10.9% -1.7% 1.2% 4.1% 11.0%

133.3 -29.3% -5.1% 3.7% 12.9% 37.3%
 

C.5 Sensitivity of Diffusion Coefficient of Porous Media 

 

At room temperature 

Table C.3. Sensitivity analysis for D of porous media at room temperature. 

Layer Diffusion 
coefficient (m2/s) 

Gravel 6-10x10-10 
GT 6-10x10-10 
Sand 3-10x10-10 
GM 2.1x10-15 
Thin GM interface layer exposed to leachate 2.1x10-15 
Thin GM interface layer exposed to water 2.5x10-16 
GCL 1-3x10-10 
Note: Where a range is given first represents diffusion coefficient used in Case 1 and 
second represents diffusion coefficient used in Case 2. 
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Figure C.22. Plot showing results for Case 1 and Case 2 for CL-TST at room 
temperature. 
 

Table C.4. Percent difference between normalized OIT between Case 1 and Case 2 
for CL-TST at room temperature. 

Time (months) Percent 
difference  in 

OIT/OITo 
1 0.3% 
5 0.8% 
35 1.9% 
167 5.7% 
333 10.6% 
833 26.8% 
1833 66.6% 
2500 99.8% 

 

Table C.5. Antioxidant depletion times for CL-TST at room temperature. 

 Case 1 Case 2 Percent 
difference 

T4 (months) 3067 2659 13% 
Note: T4= Time when Pollute theoretical curve reaches OIT=0.5 min. 
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At 85oC 

Table C.6. Sensitivity analysis for D of porous media at 85oC. 

Layer Diffusion 
coefficient (m2/s) 

Gravel 4.57-7.62x10-8 
GT 4.57-7.62x10-8 
Sand 2.29-7.62x10-8 
GM 1.1x10-14 
Thin GM interface layer exposed to leachate 1.6x10-13 
Thin GM interface layer exposed to water 1.1x10-14 
GCL 7.62-22.9x10-9 
Note: Where a range is given first represents diffusion coefficient used in Case 1 and 
second represents diffusion coefficient used in Case 2. 
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Figure C.23. Plot showing Case 1 and Case 2 for CL-TST at 85oC. Note: Case 1 and 
Case 2 results are on top of each other. 
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Table C.7. Percent difference in normalized OIT between Case 1 and Case 2 for CL-
TST at 85oC. 

Time (months) Percent 
difference  in 

OIT/OITo 
1 0.02% 

6.2 0.16% 
15.3 0.06% 
33.3 0.00% 
100 0.04% 

166.7 0.08% 
200 0.10% 
286 0.00% 

 

Table C.8. Antioxidant depletion times for CL-TST at 85oC. 

 Case 1 Case 2 Percent 
difference 

T4 (months) 286 286 0% 
Note: T4= Time when Pollute theoretical curve reaches OIT=0.5 min. 
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Appendix D - Immersion Test in Jet Fuel A-1 

 

Chapter 6 presents results of the durability of geomembrane exposed to jet fuel A-

1. This appendix provides the additional results of Chapter 6. 
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Figure D.1. Variation of logarithm of normalized standard OIT with immersion 
time in Series III tests at 23oC. 

 

 



 

 369

Time(weeks)

0 20 40 60 80

ln
[(O

IT
t-O

IT
r)/

(O
IT

o-
O

IT
r)

]

-1

0

1
2.5-GM3-B
2.0-GM3-B
1.5-GM3-B

-22oC

 

Figure D.2. Variation of logarithm of normalized standard OIT with immersion 
time in Series III tests at -22oC. 
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Figure D.3. Change in normalized HP-OIT with immersion time in Series III tests at 
23oC. 
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Figure D.4. Change in normalized HP-OIT with immersion time in Series III tests at 
9oC. 
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Figure D.5. Change in normalized HP-OIT with immersion time in Series III tests at 
-22oC. 
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Appendix E - f-HDPE GM Exposed to Jet Fuel A-1 at BAF-3 

 

This appendix contains a summary of t-test and zero slope tests described in 

Chapter 7 on f-HDPE GM exposed to jet fuel in BAF-3 project. T-tests were conducted 

in Excel. Zero slope tests were conducted using linear regression analysis (detailed) in 

Excel. 

Table E.1. P-values from t-test on Std-OIT, HP-OIT, Crystallinity and MFI. Data 
for the virgin GM and last year of exposure at BAF-3 compared. With Set 1 and 2 
combined; and Set 5 and 6 combined. 

Set Std-OIT HP-OIT Crystallinity MFI
1&2* 4.8E-3a 0.21 0.54 0.85

3 0.41 0.71 0.11 0.91
4 1.1E-3a 3.1E-3b 0.18 0.06

5&6** 2.6E-4a 0.22 0.16 0.56
Notes: 
a: Results of t-test showed that there was significant difference between the Std-OIT of virgin and 
exhumed GM after 7 years in the field. 
b: Results of t-test showed that there was significant difference between the HP-OIT of virgin and 
exhumed GM after 7 years in the field. 
*Set 2 only for 2008 (last year of exposure). 
**Set 5 only for 2008 (last year of exposure). 
 

Table E.2. P-values from t-test on GM tensile properties from first and last year of 
exposure at BAF-3 (See if this can be combined with the above table after filling the 
values). With Set 1 and 2 combined; and Set 5 and 6 combined. 

Set Tensile Properties (Average of MD and CD)
 Yield Break 
 Strength Strain Strength Strain 

1&2* 0.4a 0.02b 0.01c 0.01d 
3 4.9E-3e  0.21 0.05 0.25 
4 2.6E-4f 8.7E-4g 0.44 0.70 

5&6** 0.01h 3.8E-7i 0.59 0.81 
Notes: 
a: Results of t-test showed that there was significant difference between the yield strength of 
virgin and exhumed GM after 7 years in the field. However the difference in yield strength was 
very small (0.8 kN/m). 
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b: T-test results showed statistically significant difference (p-value=0.02) in yield strain of the 
virgin and exhumed GM. The average yield stain of the virgin GM changed from 19.0% to 20.8% 
after 7 years in the field. 
c: Results of t-test showed that there was significant difference in break strength of virgin and 
exhumed GM after 7 years in the field. The difference was 3.5kN/m. 
d: The average break strain was 720% for the virgin GM and 813% after in 7 years in the field.  
The t-test results showed that break strain were significantly different. However given that there 
was no significant change in crystallinity and MFI it is unlikely this is the results of degradation 
of the GM and more likely the effect of variability in the samples from different parts of the roll. 
e: There was a small but statistically significant difference in tensile yield strength (32 kN/m to 
30 kN/m in 3 years). 
f: There was a small (1.9 kN/m) but statistically significant difference in tensile yield strength. 
g: There was a small (1.7%) but statistically significant difference in tensile yield strain. 
h: There was a small (1.4 kN/m) but statistically significant difference in yield strength. 
i: There was a small increase in tensile strain (from 20.4% to 21.8%) at yield was noted in GM 
exhumed after 7 years however the zero slope test results did not support the hypothesis that there 
was a linear temporal trend in the yield strain data. 
*Set 2 only for 2008 (last year of exposure). 
**Set 5 only for 2008 (last year of exposure). 
 
 

Table E.3. Slopes and p-values from linear regression analysis zero slope test on GM 
property data from first to last year of exposure at BAF-3 for Std-OIT, HP-OIT, 
Crystallinity and MFI. With Set 1 and 2 combined; and Set 5 and 6 combined. 

Set Std-OIT HP-OIT Crystallinity MFI 
 slope p R2 slope p R2 slope p R2 slope p R2 
1&2*  -5.02 0.12 0.77 0.65 0.16 0.71 2.9E-

3 
0.99 1.7E-

4 
-1.7E-
4 

0.90 9.3E-
3 

3 1.52 0.31 0.78 -0.63 0.08 0.98 -4.83 0.38 0.69 0.0004 0.95 6.5e-
3 

4 -6.67 2.9E-
3a 

0.96 -3.72 0.03b 0.85 0.24 0.57 0.12 -3.1E-
3 

0.31 0.34 

5&6**  -8.22 0.02a 0.87 -4.32 0.11 0.63 0.28 0.55 0.13 8.5E-4 0.07 0.73 
Notes: 
a: OIT values had gradually decreased and slope was significantly different from zero. 
b: HP-OIT values had gradually decreased and slope was significantly different from zero. 
*Set 2 only for 2008. 
**Set 5 only for 2007 and 2008. 
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Table E.4. Slope and statistics from linear regression analysis zero slope test on GM 
property data from first to last year of exposure at BAF-3 for Tensile Properties. 
With Set 1 and 2 combined; and Set 5 and 6 combined. 

 Yield Break 
 Strength Strain Strength Strain 
 slope p R2 slope p R2 slope p R2 slope p R2 

1&2*  -0.09 0.36 0.40 0.28 0.18 0.68 0.56 0.06 0.88 12.95 0.06 0.88
3 -0.34 0.86 0.05 0.40 0.72 0.18 -1.55 0.54 0.43 -

20.50 
0.01a 1.00

4 -3.0E-
4 

1.00 4.0E-7 0.35 0.12 0.60 -0.34 0.59 0.11 -4.23 0.54 0.13

5&6**  0.18 0.63 0.09 0.28 0.08 0.69 0.58 0.59 0.11 0.69 0.89 0.01
Notes: 
a: For Set 3: Zero slope tests suggested that  the slope for tensile strain at break was different 
from zero. However the t-test results suggested that the change is not statistically significantly 
different. And the data within the scatter of the virgin GM. 
*Set 2 only for 2008. 
**Set 5 only for 2007 and 2008. 
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Appendix F - Antioxidants Analysis Results 

 

Some of virgin GMs used in this study were analyzed for antioxidants at CIBA® 

Testing services, Tarrytown, New York.  GM samples were analyzed for the presence 

and quantity of antioxidants, UV absorbers (UVAs) and hindered amine light stabilizers 

(HALS). Samples were initially screened by thin layer chromatography (TLC). Identified 

species were further quantified by liquid chromatographic techniques. Test identified 

Irganox 1010, Irgafos 168 (PO4 and PO3), and trace amount of Irganox 1076 in all 

samples. No UVA and HALS were found. HALS screened included: Uvasil 299, Tinuvin 

622, Tinuvin 292, Tinuvin 770, Chimassorb119, Chimassorb944, Chimassorb2020, 

Cyasorb UV 3346, 3529, 3581, 3853, Uvinul 5050 and HA88. TLC analysis did not 

reveal patterns for any of the HALS (lowest detection limit 200 ppm). The table below 

shows the types and quantity of antioxidants detected. 
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Table F.1.  Types and quantity of antioxidants in geomembranes. 

GM used 
in 

Chapters 
 

Geomembrane 
samples 

Oxidative 
Induction 

Time (OIT) 

Antioxidants analyzed by CIBA® 
testing services. 

  Std-
OIT 

(min.)

HP-
OIT 

(min.)

Irganox 
1010 

(ppm) 

Irganox 
1076 

(ppm) 

Irgafos 
168 
PO3 

(ppm) 

Irgafos 
168 
PO4 

(ppm) 
2 2 mm HDPE 

GM 
 

133 380 1940 
1760 

110 
100 

<50 
<50 

250 
240 

3 and 4 1.5 mm HDPE 
GM 
 

135 660 1390 
1420 

110 
100 

<50 
<50 

430 
440 

6 1.5 mm HDPE 
GM, 1.5-GM1-A 
and 1.5-GM2-A 
 

135 227 980 
1130 

<50 
<50 

1170 
1330 

980 
1070 

6 1.5 mm f-HDPE 
GM, 1.5-f-GM1-
A and 1.5-f-
GM2-A 
 

137 175 1010 
1010 

<50 
<50 

1180 
1210 

1140 
1140 

6 2.0 mm HDPE 
GM, 2.0-GM2-A
 

134 707 1310 
1370 

80 
80 

<50 
<50 

390 
410 

6 1.5 mm HDPE 
GM, 1.5-GM3-B 
 

143 245 1570 
1670 

<50 
<50 

710 
760 

460 
490 

6 2.0 mm HDPE 
GM, 2.0-GM3-B 
 

150 268 1460 
950 

<50 
<50 

720 
490 

490 
340 

6 2.5 mm HDPE 
GM, 2.5-GM3-B 
 

136 239 1570 
1760 

<50 
<50 

860 
900 

170 
160 

Note: GM1 denotes GM used in Series I test, GM2 in Series II test, and GM3 in Series III test 
described in Chapter 6. A=Manufacturer A, B=Manufacturer B. 
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Appendix G  – Stress Crack Resistance Apparatus 

Stress crack resistance apparatus used in the thesis was designed and built at 

Queen’s university during the thesis work.  The apparatus consists of 100 L temperature 

controlled circulating bath, frame with 24 lever arms, load cylinders (pipe) with lead 

shots, sample attachment clamps, automatic liquid replenishing system (level controller) 

with solenoid valve and float switch, level switches and timers for measuring stress crack 

resistance. BT Technology automatic notcher was used to make notch in the SCR 

samples prior to testing. Lever arms of the apparatus were calibrated using a load cell 

(SM-100) and standard weights. The load calibration equation for each lever arm is given 

in table below. This will be required for the users of the apparatus. 

Table G.1. Equations for lever arms. 

Lever 
Arm 

Calibration equation 
(N) 

Lever  
Arm 

Calibration equation 
(N) 

R1 x=(y-4.94)/3.33 L1 x=(y-5.03)/3.29 
R2 x=(y-4.98)/3.29 L2 x=(y-5.32)/3.29 
R3 x=(y-5.10/3.30 L3 x=(y-5.58)/3.29 
R4 x=(y-4.94)/3.34 L4 x=(y-5.29)/3.29 
R5 x=(y-4.91)/3.31 L5 x=(y-5.20)/3.30 
R6 x=(y-5.10)/3.33 L6 x=(y-5.09)/3.30 
R7 x=(y-5.07)/3.31 L7 x=(y-5.22)/3.30 
R8 x=(y-5.05)/3.32 L8 x=(y-5.13)/3.31 
R9 x=(y-4.99)/3.32 L9 x=(y-5.16)/3.30 
R10 x=(y-4.79)/3.32 L10 x=(y-5.11)/3.30 
R11 x=(y-4.90)/3.32 L11 x=(y-5.41)/3.31 
R12 x=(y-4.47)/3.32 L12 x=(y-5.01)/3.30 

Notes: y=output load desired (i.e. equivalent to 30% of yield strength of geomembrane in 
single point notch constant tensile load test); x=input load. 
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Appendix H – Outdoor Weathering of GM 

 

To evaluate the degradation of GM due to exposure to sunlight and natural 

weather conditions, GMs were exposed to natural heat, solar radiation, rain, humidity, 

atmospheric contaminants, thermal cycles and oxygen in air by placing samples on a 

wooden test frame inclined with a slope of 2H:1V in Ontario, Canada.  The test frame 

was located in University of Western Ontario, London, Ontario, Canada, at 43o 02’-N 81o 

09’-W. from winter 1997 to summer 2002 where the average daily temperature was a 

maximum of 32.0 oC in summer and a minimum of –20.5 oC in the winter. The GM 

samples were new GM with properties given in Chapter 2 (Table 2.1). Also GMs 

exhumed from a 14 year old leachate lagoon were tested. Details about the types of 

samples are given in Sangam (2001). Henri Sangam monitored the samples in London, 

Ontario. The samples were moved to Queen’s University, Kingston, Ontario, at 44o 16’-N 

76o 30’-W from  summer 2002 where the average daily temperature was maximum of 

34.5 oC in summer and -33.0 oC in winter. Santosh Rimal monitored the samples in 

Kingston, Ontario. 

 

Type of samples: New GM, SE (‘sunlight exposed’ GM from the leachate 

lagoon), BLE (‘bottom leachate exposed’ from the bottom part of the leachate lagoon), 

and SLE (‘slope leachate exposed’ from the slope of the leachate lagoon). Samples were 

tested for OIT, Crystallinity, Tensile properties, SCR and MFI with exposure time. The 

test results are tabulated below.  
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Table H.1. Results for the new GM. 
  Tensile Properties- MD    

Time OIT Yield Break SCR Cryst. MFI 
  σy Єy σb Єb    

months min. kN/m % kN/m % hrs. % g/10min. 
0.0 133.70 34.8 15.4 77.2 865.2 200.0 43.9 0.420 
9.7 99.00 36.2 15.0 77.9 870.2 -- 52.8 -- 

22.9 88.00 36.8 14.6 80.5 870.0 -- 54.0 -- 
31.0 72.00 38.9 14.2 82.6 891.5 -- 57.0 -- 
51.3 68.00 37.3 17.8 79.0 905.1 -- 55.0 -- 
64.5 65.99 32.4 20.6 74.6 997.2 200.0 56.0 -- 
76.8 62.49 37.8 21.8 80.4 951.4 -- -- -- 
92.2 63.51 38.7 22.6 80.9 952.0 -- -- 0.418 
103.0 49.78 -- -- -- -- -- -- -- 

Note: Values for tensile properties in italics were tested as per ASTM D6693. Values for tensile 
properties in normal font were tested as per ASTM D638. σy = tensile strength at yield, εy = 
tensile strain at yield, σb 

= tensile strength at break, εb = tensile strain at break.  
 
 

Table H.2. Results for SE GM. 
  Tensile Properties- MD Tensile Properties- CD    

Time OIT Yield Break Yield Break SCR Cryst. MFI 
  σy Єy σb Єb σy Єy σb Єb    

months min. kN/m % kN/m % kN/m % kN/m % hrs. % g/10min.
0.0 1.80 36.1 11.4 26.9 499.0 37.3 10.0 24.0 309.9 2.6 67.5 0.500 
8.7 1.20 40.1 8.1 27.8 542.8 44.1 8.0 26.4 51.5 -- 68.5 0.349 

18.4 1.13 40.0 9.6 25.1 183.6 43.2 8.2 25.3 61.7 2.7 69.5 0.270 
31.5 0.83 41.8 8.5 28.9 170.9 45.2 7.8 28.3 48.6 -- 75.1 0.250 
39.7 0.84 44.0 7.9 29.0 140.5 44.5 8.0 26.5 57.8 1.8 79.1 0.210 
60.0 0.82 40.8 14.2 27.6 319.1 43.2 11.9 25.7 58.0 2.5 76.2 -- 
73.2 0.72 40.5 14.2 27.1 173.5 41.1 13.1 28.8 41.1 2.2 78.3 -- 
85.5 -- 40.5 15.7 9.6 98.5 39.97 14.8 8.7 39.0 -- -- -- 
100.6 -- 39.2 16.2 10.1 244.4 45.6 15.2 11.2 102 -- -- 0.259 

Note: Values for tensile properties in italics were tested as per ASTM D6693. Values for tensile 
properties in normal font were tested as per ASTM D638. 
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Table H.3. Results for SLE GM. 
  Tensile Properties- MD Tensile Properties- CD    

Time OIT Yield Break Yield Break SCR Cryst. MFI 
  σy Єy σb Єb σy Єy σb Єb    

months min. kN/m % kN/m % kN/m % kN/m % hrs. % g/10min.
0.0 6.30 36.1 11.0 33.9 755.0 37.9 10.0 30.2 659.9 3.1 67.5 0.432 
8.7 4.20 40.7 9.5 38.4 913.3 42.4 8.1 26.3 31.7 -- -- 0.317 

18.4 2.29 38.0 8.9 26.6 570.3 43.7 8.2 26.1 520.6 3.3 65.6 0.350 
31.5 1.22 41.9 9.0 27.2 476.2 43.9 7.5 24.1 287.5  74.3  
39.7 1.06 43.2 7.6 25.2 425.9 45.2 7.2 24.5 188.6 2.8 76.5 0.460 
60.0 0.83 39.2 13.4 28.0 307.5 41.9 13.0 26.1 46.6 2.1 73.4 -- 
73.2 0.76 38.5 13.8 28.4 326.4 41.4 12.8 28.9 101.9 2.2 76.3 -- 
85.5 -- 38.2 16.0 14.3 193.4 42.6 14.5 9.5 143.2 -- -- -- 
100.6 -- 37.0 16.0 11.7 218.1 40.1 14.4 12.0 84.0 -- -- 0.389 

Note: Values for tensile properties in italics were tested as per ASTM D6693. Values for tensile 
properties in normal font were tested as per ASTM D638. 
 

Table H.4. Results for BLE GM 
   Tensile Properties- MD Tensile Properties- CD    

Time OIT Yield Break Yield Break SCR Cryst. MFI 
   σy Єy σb Єb σy Єy σb Єb    

months min. kN/m % kN/m % kN/m % kN/m % hrs. % g/10min.
0.0 5.00 37.3 10.6 26.8 394.5 39.7 9.7 26.8 439.6 3.0 65.7 0.410 
8.7 3.90 44.1 9.2 44.0 929.2 46.8 8.7 37.2 687.8 -- -- 0.334 

18.4 1.57 38.8 9.2 28.9 656.4 41.9 7.9 24.7 401.4 3.3 69.2 0.320 
31.5 1.15 44.2 9.2 26.9 462.6 47.0 8.7 31.6 646.1 2.9 74.8 -- 
39.7 1.01 43.4 9.6 27.7 254.0 46.0 9.2 28.9 203.0 2.1 78.8 0.270 
60.0 0.91 38.0 13.6 25.4 187.3 39.6 12.5 23.5 49.0 1.9 73.4 -- 
73.2 0.67 38.3 14.3 28.3 113.4 41.4 13.4 25.5 62.2 2.7 76.4 -- 
85.5 -- 43.1 15.4 13.0 113.5 46.0 14.6 10.9 77.5 -- -- -- 
100.6 -- 38.6 16.0 13.8 118.7 47.1 14.82 9.7 92.8 -- 68.1 0.268 

Note: Values for tensile properties in italics were tested as per ASTM D6693. Values for tensile 
properties in normal font were tested as per ASTM D638.
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Appendix I – Tables of Laboratory Test Results 

 

I.1 Results for GM immersion test in air, water and leachate. 

 

Table I.1. Results for the GM exposed to Air at 85oC. 
Time OIT SD σy SD εy SD σb SD εb SD SCR SD Cryst. SD MFI SD 

months min.  kN/m  %  kN/m  %  hrs.  %  g/10min.  
0 133.70 5.00 35.0 0.5 16.0 0.6 77.2 2.8 865.2 15.5 5220.0 157.0 43.9 1.2 0.420 0.01 
0 -- -- 33.9 0.6 22.5 0.3 80.0 2.7 1023.0 62.4 -- -- -- -- -- -- 

1.50 109.60 6.80   --   --   --   --   --   --   --   --   --   --  -- --  0.404 0.003 
8.17 36.60 4.80 38.0 0.56 14.0 0.55 79.0 3.8 938.0 --  5220  -- 47.1 1.2 0.337 0.005 
14.30 13.00 1.50 39.2 0.80 15.2 0.25 81.0 5.2 886.0 --   --  -- 49.5 1.2 0.355 0.009 
23.13 2.82 0.80 40.0 0.60 15.0 0.50 78.0 2.8 895.0 13.4 5220  -- 60.6 2.5 0.329 0.001 
32.83 1.15 0.20 40.0 0.30 16.0 0.60 78.0 2.7 868.0 16.5 5220  -- 59.3 1.4 0.370 0.012 
64.37 0.60 0.10 36.5 0.66 21.0 0.56 73.1 2.0 992.1 15.0 2940 367 48.6 1.0 0.111 0.025 
80.27 0.52 0.10 39.2 0.39 23.0 0.18 71.2 1.2 921.0 9.8 2168 309 52.3 2.5 0.031 0.001 
92.13 0.52 0.10 40.7 0.69 21.0 0.18 57.3 6.6 742.8 39.7 1067 86 45.0 1.5 0.013 0.003 

104.73 0.50 0.10 41.5 0.54 21.2 0.29 62.1 4.2 789.6 51.9 149 10 46.0 2.7 0‡ -- 
115.63 0.89 0.58 40.7 0.54 23.1 0.29 62.9 5.2 815.5 52.9 145 15 47.1 6.2 0‡ -- 
‡ Sample clogged in the melt flow indexer. Values for tensile properties in italics were tested as per ASTM D6693. Values for tensile properties in 
normal font were tested as per ASTM D638. σy = tensile strength at yield, εy = tensile strain at yield, σb 

= tensile strength at break, εb = tensile strain 
at break.  
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Table I.2. Results for the GM exposed to water at 85oC. 
Time OIT SD σy SD εy SD σb SD εb SD SCR SD Cryst. SD MFI SD 

months min.  kN/m  %  kN/m  %  hrs.  %  g/10min.  
0 133.70 5.00 35.0 0.5 16.0 0.6 77.2 2.8 865.2 15.5 5220.0 157.0 43.9 1.2 0.420 0.01 
0 -- -- 33.9 0.6 22.5 0.3 80.0 2.7 1023.0 62.4 -- -- -- -- -- -- 

1.50 89.70 3.80 -- -- -- -- -- -- -- -- -- -- 45.0 1.1 0.402 0.01 
8.17 21.80 3.00 38.1 0.5 14.6 0.4 81.7 2.9 967.3 56.2 5220.0 -- 47.3 1.2 0.379 0.02 
14.30 8.00 1.50 36.0 0.5 14.5 0.3 65.9 6.8 826.9 22.4 -- -- 52.5 1.5 0.350 0.01 
23.13 1.86 0.08 43.0 0.3 15.0 0.4 79.0 5.1 870.0 31.2 5220.0 -- 60.2 0.2 0.380 0.04 
32.83 0.50 0.10 41.0 0.4 15.0 0.5 73.0 5.8 883.0 43.4 5220.0 -- 60.5 2.3 0.360 0.03 
64.37 0.62 0.10 39.2 0.5 19.0 0.3 54.8 1.4 821.0 28.3 107.8 6.8 51.3 1.1 0‡ -- 
80.27 0.53 0.20 38.1 0.3 19.5 0.3 42.4 2.2 720.5 41.2 96.9 7.5 50.1 2.3 0‡ -- 
92.13 0.48 0.10 39.9 0.9 22.3 0.1 15.3 7.7 170.7 29.2 60.5 0.5 48.2 2.7 0‡ -- 

104.73 0.48 0.03 40.1 0.8 20.8 0.2 22.5 8.3 346.2 194.4 46.2 8.2 46.0 2.7 0‡ -- 
115.63 0.44 0.08 41.5 0.9 20.7 0.1 12.6 3.2 249.7 57.1 0.1 0.0 51.6 3.0 0‡ -- 

Note: ‡ Sample clogged in the melt flow indexer. Values for tensile properties in italics were tested as per ASTM D6693. Values for tensile 
properties in normal font were tested as per ASTM D638. 
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Table I.3. Results for the GM exposed to leachate at 85oC. 
Time OIT SD σy SD εy SD σb SD εb SD SCR SD Cryst. SD MFI SD 

months min.  kN/m  %  kN/m  %  hrs.  %  g/10min.  
0 133.70 5.00 35.0 0.5 16.0 0.6 77.2 2.8 865.2 15.5 5220.0 157.0 43.9 1.2 0.420 0.01
0 -- -- 33.9 0.6 22.5 0.3 80.0 2.7 1023.0 62.4 -- -- -- -- -- -- 

2.3 35.60 3.20 -- -- -- -- -- -- -- -- -- -- 57.6 -- 0.404 0.00
4.67 18.60 4.60 39.0 0.3 15.0 0.5 75.0 7.1 826.9 71.6 5220.0 -- 59.5 0.8 0.380 0.00
7.50 2.80 0.50 39.0 0.3 15.0 0.5 79.0 3.2 870.0 16.4 5220.0 -- 57.1 1.3 0.362 0.01
13.00 0.70 0.10 40.0 0.6 14.8 0.4 70.0 5.8 818.0 22.0 5220.0 -- 62.1 0.9 0.370 0.02
25.50 0.66 0.11 36.8 0.4 23.6 0.2 75.4 3.5 930.0 24.9 1609.2 50.9 54.1 1.6 0.365 0.02
41.27 0.68 0.10 38.5 0.5 20.1 0.5 56.5 3.5 958.8 20.0 78.9 3.5 50.0 1.8 0‡ -- 
57.17 0.54 0.10 35.0 0.4 18.0 0.6 56.5 3.2 880.5 18.5 96.2 3.7 55.4 1.5 0‡ -- 
69.03 0.51 0.20 41.0 1.8 20.8 0.1 32.8 6.9 366.3 50.2 36.2 4.2 49.1 1.0 0‡ -- 
81.63 0.50 0.10 44.0 1.1 20.3 1.4 19.3 8.5 283.0 197.0 8.5 1.3 48.4 3.3 0‡ -- 
92.53 0.80 0.11 41.9 2.1 18.4 4.1 28.2 11.5 27.9 23.3 1.0 0.2 54.8 2.8 0‡ -- 

Note: ‡ Sample clogged in the melt flow indexer. Values for tensile properties in italics were tested as per ASTM D6693. Values for tensile 
properties in normal font were tested as per ASTM D638. 
 

Table I.4. Results for the GM exposed to air at 70oC (from Sangam, 2001). 
Time OIT SD 

months min.  
0 133.70 5.00 

1.50 120.50 7.00 
8.17 99.70 5.80 

14.30 73.00 2.90 
23.13 40.51 7.00 
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Table I.5. Results for the GM exposed to water at 70oC (from Sangam, 2001). 

Time OIT SD 
months min.  

0 133.70 5.00 
1.50 97.50 6.00 
8.17 48.80 3.50 
14.30 30.00 3.20 
23.13 10.59 0.90 

  

Table I.6. Results for the GM exposed to air at 55oC. 
Time OIT SD σy SD εy SD σb SD εb SD SCR SD Cryst. SD MFI SD 

months min.  kN/m  %  kN/m  %  hrs.  %  g/10min.  
0 133.70 5.00 35.0 0.5 16.0 0.6 77.2 2.8 865.2 15.5 5220.0 157.0 43.9 1.2 0.420 0.01 
0 -- -- 33.9 0.6 22.5 0.3 80.0 2.7 1023.0 62.4 -- -- -- -- -- -- 

1.50 128.40 6.50 -- -- -- -- -- -- -- -- -- -- -- -- -- -- 
8.17 120.70 1.80 -- -- -- -- -- -- -- -- -- -- -- -- -- -- 

14.30 103.00 4.20 -- -- -- -- -- -- -- -- -- -- -- -- -- -- 
23.13 79.03 1.38 -- -- -- -- -- -- -- -- -- -- -- -- -- -- 
32.83 63.04 0.06 -- -- -- -- -- -- -- -- -- -- -- -- -- -- 
64.37 29.30 1.40 32.6 0.6 21.0 0.2 74.5 3.6 991.3 14.6 5220.0 0.0 45.0 7.3 0.373 0.02 
80.27 24.20 1.20 38.6 0.8 22.7 0.2 83.2 1.6 1001.6 21.4 5220.0 0.0 50.5 4.6 0.342 0.03 
92.13 17.13 0.06 36.6 0.4 22.7 0.6 71.6 18.1 891.2 214.2 -- -- 45.9 4.5 0.345 0.03 

104.73 15.86 0.08 35.4 0.1 22.9 0.5 69.0 10.4 856.2 171.4 -- -- 45.6 3.2 0.342 0.03 
116.13 10.91 1.39 37.7 0.4 23.1 0.0 78.9 4.5 936.0 32.4 4696.0 459 47.2 0.3 0.380 0.01 

Note: Values for tensile properties in italics were tested as per ASTM D6693. Values for tensile properties in normal font were tested as per 
ASTM D638.
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Table I.7. Results for the GM exposed to water at 55oC. 
Time OIT SD σy SD εy SD σb SD εb SD SCR SD Cryst. SD MFI SD 

months min.  kN/m  %  kN/m  %  hrs.  %  g/10min.  
0 133.70 5.00 35.0 0.5 16.0 0.6 77.2 2.8 865.2 15.5 5220.0 157.0 43.9 1.2 0.420 0.01 
0 -- -- 33.9 0.6 22.5 0.3 80.0 2.7 1023.0 62.4 -- -- -- -- -- -- 

1.50 123.60 4.80 -- -- -- -- -- -- -- -- -- -- -- -- -- -- 
8.17 103.70 1.50 -- -- -- -- -- -- -- -- -- -- -- -- -- -- 
14.30 73.00 2.40 36.3 0.5 13.9 0.3 71.0 2.7 854.8 62.4 -- -- -- -- -- -- 
23.13 44.99 1.38 -- -- -- -- -- -- -- -- -- -- -- -- -- -- 
32.83 30.58 0.06 -- -- -- -- -- -- -- -- -- -- -- -- -- -- 
64.37 13.88 1.20 31.5 0.2 20.4 0.3 71.6 4.1 983.7 22.8 5220.0 0 48.24 0.9 0.370 0.02 
80.27 3.43 0.40 36.8 0.6 22.8 0.5 80.9 2.5 991.6 38.6 5220.0 0 47.3 0.5 0.340 0.00 
92.13 2.23 0.38 37.2 0.8 22.4 0.2 75.4 2.1 926.2 16.8 -- -- 46.4 2.1 0.355 0.02 

104.73 1.48 0.53 36.5 0.4 22.5 0.4 76.8 2.8 943.3 31.2 -- -- 48.7 3.0 0.340 0.04 
116.13 2.10 0.95 38.1 0.7 22.9 0.1 80.0 4.5 955.3 32.4 4971.0 149 48.6 3.7 0.363 0.00 
Note: Values for tensile properties in italics were tested as per ASTM D6693. Values for tensile properties in normal font were tested 
as per ASTM D638.
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Table I.8. Results for the GM exposed to leachate at 55oC. 
Time OIT SD σy SD εy SD σb SD εb SD SCR SD Cryst. SD MFI SD MFI* SD 

months min.  kN/m  %  kN/m  %  hrs.  %  g/10min.  g/10min.  
0 133.70 5.00 35.0 0.5 16.0 0.6 77.2 2.8 865.2 15.5 5220.0 157.0 43.9 1.2 0.420 0.01 12.1 0.12
0 -- -- 33.9 0.6 22.5 0.3 80.0 2.7 1023.0 62.4 -- -- -- -- -- -- -- -- 

2.30 70.53 6.20 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 
4.67 48.10 3.20 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 
7.50 41.92 5.60 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 
13.00 15.00 3.20 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 
41.27 0.42 0.05 32.2 0.8 20.7 0.1 71.1 5.0 1000.0 0.0 5220.0 0.0 44.4 0.5 0.375 0.02 11.4 -- 
57.17 0.60 0.08 36.6 0.8 23.5 0.3 78.6 5.0 949.6 51.2 5220.0 0.0 47.3 1.3 0.328 0.02 11.3 -- 
69.03 0.62 0.14 36.9 0.5 22.8 0.4 79.3 4.8 963.2 69.2 -- -- 47.7 1.9 0.335 0.01 11.0 -- 
81.63 0.87 0.33 35.1 0.6 22.7 0.5 76.3 5.2 948.4 55.4 -- -- 51.0 5.1 0.373 0.03 11.3 -- 
93.03 0.58 0.09 37.1 0.6 24.1 0.2 78.8 6.2 931.5 28.3 5111.0 49.0 47.6 3.6 0.383 0.01 11.3 -- 

101.70 -- -- 36.1 1.1 24.6 0.7 74.9 3.2 907.2 33.7 5140.0 76.0 52.3 0.9 0.385 0.01 11.2 -- 
Note: Values for tensile properties in italics were tested as per ASTM D6693. Values for tensile properties in normal font were tested as per 
ASTM D638. *MFI measured with 21.6 kg at 190oC. 
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Table I.9. Results for the GM exposed to air at 40oC. 
Time OIT SD σy SD εy SD σb SD εb SD SCR SD Cryst. SD MFI SD 

months min.  kN/m  %  kN/m  %  hrs.  %  g/10min.  
0 133.70 5.00 35.0 0.5 16.0 0.6 77.2 2.8 865.2 15.5 5220.0 157.0 43.9 1.2 0.420 0.01 
0 -- -- 33.9 0.6 22.5 0.3 80.0 2.7 1023.0 62.4 -- -- -- -- -- -- 

3.20 129.00 4.40 -- -- -- -- -- -- -- -- -- -- -- -- -- -- 
10.33 111.61 3.40 -- -- -- -- -- -- -- -- -- -- -- -- -- -- 
20.03 99.47 1.80 -- -- -- -- -- -- -- -- -- -- -- -- -- -- 
51.57 68.00 2.57 -- -- -- -- -- -- -- -- -- -- 44.2 5.4 -- -- 
67.47 55.12 1.86 -- -- -- -- -- -- -- -- -- -- 41.1 3.2 -- -- 
79.33 52.30 1.89 -- -- -- -- -- -- -- -- -- -- 43.7 1.2 -- -- 
91.93 49.50 0.52 35.7 0.3 22.3 0.2 78.6 2.6 959.0 19.06 -- -- 43.5 3.7 0.416 0.01 

103.33 42.55 2.51 -- -- -- -- -- -- -- -- -- -- 43.9 1.8 0.418 0.00 
Note: Values for tensile properties in italics were tested as per ASTM D6693. Values for tensile properties in normal font were tested as per 
ASTM D638.
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Table I.10. Results for the GM exposed to water at 40oC. 
Time OIT SD σy SD εy SD σb SD εb SD SCR SD Cryst. SD MFI SD 

months min.  kN/m  %  kN/m  %  hrs.  %  g/10min.  
0 133.70 5.00 35.0 0.5 16.0 0.6 77.2 2.8 865.2 15.5 5220.0 157.0 43.9 1.2 0.420 0.01 
0 -- -- 33.9 0.6 22.5 0.3 80.0 2.7 1023.0 62.4 -- -- -- -- -- -- 

3.20 123.00 4.50 -- -- -- -- -- -- -- -- -- -- -- -- -- -- 
10.33 92.08 2.80 -- -- -- -- -- -- -- -- -- -- -- -- -- -- 
20.03 65.64 2.00 -- -- -- -- -- -- -- -- -- -- -- -- -- -- 
51.57 37.00 0.59 -- -- -- -- -- -- -- -- -- -- 42.5 0.5 -- -- 
67.47 28.65 1.14 -- -- -- -- -- -- -- -- -- -- 43.7 1.3 -- -- 
79.33 21.58 3.39 -- -- -- -- -- -- -- -- -- -- 44.9 0.9 -- -- 
91.93 17.85 2.46 35.8 0.3 22.4 0.1 72.7 3.9 905.0 27.4 -- -- 41.4 1.8 0.410 0.01 

103.33 12.70 2.25 -- -- -- -- -- -- -- -- -- -- 43.7 2.0 0.415 0.01 
Note: Values for tensile properties in italics were tested as per ASTM D6693. Values for tensile properties in normal font were tested as per 
ASTM D638. 



 

 388

 

Table I.11. Results for the GM exposed to leachate at 40oC. 
Time OIT SD σy SD εy SD σb SD εb SD SCR SD Cryst. SD MFI SD 

months min.  kN/m  %  kN/m  %  hrs.  %  g/10min.  
0 133.70 5.00 35.0 0.5 16.0 0.6 77.2 2.8 865.2 15.5 5220.0 157.0 43.9 1.2 0.420 0.01 
0 -- -- 33.9 0.6 22.5 0.3 80.0 2.7 1023.0 62.4 -- -- -- -- -- -- 

2.3 105.31 5.50 -- -- -- -- -- -- -- -- -- -- -- -- -- -- 
4.67 95.59 2.60 -- -- -- -- -- -- -- -- -- -- -- -- -- -- 
7.50 81.39 3.20 -- -- -- -- -- -- -- -- -- -- -- -- -- -- 

13.00 55.00 2.02 -- -- -- -- -- -- -- -- -- -- -- -- -- -- 
41.27 10.10 1.92 -- -- -- -- -- -- -- -- -- -- 48.3 2.8 -- -- 
57.17 4.60 0.74 -- -- -- -- -- -- -- -- -- -- 43.4 0.7 -- -- 
69.03 3.12 0.19 -- -- -- -- -- -- -- -- -- -- 42.8 1.4 -- -- 
81.63 1.00 0.41 35.7 0.7 23.2 0.2 77.6 7.1 952.1 46.2 -- -- 42.5 1.1 0.410 0.00 
93.03 0.57 0.05 -- -- -- -- -- -- -- -- -- -- 42.8 2.2 0.416 0.01 

Note: Values for tensile properties in italics were tested as per ASTM D6693. Values for tensile properties in normal font were tested as per 
ASTM D638. 
 

Table I.12. Results for the GM exposed to air at 22oC (from Sangam, 2001). 
Time OIT SD 

months min.  
0 133.70 5.00 

1.50 130.50 5.80 
8.17 128.90 0.80 

14.30 127.70 1.80 
23.13 127.80 2.80 
32.83 121.40 3.20 
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Table I.13. Results for the GM exposed to water at 22oC (from Sangam, 2001). 
Time OIT SD 

months min.  
0 133.70 5.00 

1.50 133.90 3.20 
8.17 125.80 3.10 

14.30 120.00 2.20 
23.13 118.00 1.90 
32.83 117.70 2.50 

 

 

Table I.14. Results for the GM exposed to leachate at 22oC. 
Time OIT SD σy SD εy SD σb SD εb SD SCR SD Cryst. SD MFI SD 

months min.  kN/m  %  kN/m  %  hrs.  %  g/10min.  
0 133.70 5.00 35.0 0.5 16.0 0.6 77.2 2.8 865.2 15.5 5220.0 157.0 43.9 1.2 0.420 0.01 
0 -- -- 33.9 0.6 22.5 0.3 80.0 2.7 1023.0 62.4 -- -- -- -- -- -- 

2.30 124.6 4.8 -- -- -- -- -- -- -- -- -- -- -- -- -- -- 
4.67 118.9 6.0 -- -- -- -- -- -- -- -- -- -- -- -- -- -- 
7.50 115.8 1.5 -- -- -- -- -- -- -- -- -- -- -- -- -- -- 
13.00 110.3 2.5 -- -- -- -- -- -- -- -- -- -- -- -- -- -- 
40.20 70.5 3.5 -- -- -- -- -- -- -- -- -- -- -- -- -- -- 
56.10 52.8 4.0 -- -- -- -- -- -- -- -- -- -- 45.0 0.6 -- -- 
68.60 45.2 3.5 -- -- -- -- -- -- -- -- -- -- 45.3 1.9 -- -- 
80.60 24.8 0.6 34.8 0.82 22 0.32 78.45 3.7 988.6 33.8 -- -- 45.7 2.4 0.421 0.005
91.50 22.50 4.5 -- -- -- -- -- -- -- -- -- -- 45.2 0.1 0.417 0.003
99.70 21.90 1.6 -- -- -- -- -- -- -- -- -- -- 44.8 3.0 0.419 0.006
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I.2 Results for GM immersion test in leachate and composite liner 
simulation test.  

 

Table I.15. Results of Std-OIT versus HP-OIT of CL-T GM at 70oC. 
Time Std-OIT SD HP-OIT SD 

months min.  min.  
0 135.46 4.55 661.15 28.92 

4.3 48.41 1.42 207.73 5.73 
5.8 24.36 4.92 148.45 10.19 

10.1 10.48 0.93 82.64 0.93 
19.2 2.15 0.13 50.52 5.00 
27.7 0.53 0.10 29.67 0.90 

 

 

Table I.16. Results of OIT versus time for leachate-immersed GM at 85oC. 
Time OIT SD 

months min.  
0 135.46 4.55 

0.50 65.62 0.98 
1.03 23.88 0.34 
1.70 8.05 0.19 
2.27 5.41 0.52 
3.33 1.54 0.07 
4.07 1.17 0.13 
4.57 0.81 0.07 

 

 

Table I.17. Results of OIT versus time for leachate-immersed GM at 70oC. 
Time OIT SD 

months min.  
0 135.46 4.55 

0.50 96.41 2.02 
1.03 82.48 2.05 
1.70 67.09 1.01 
2.27 49.53 0.81 
3.33 22.71 2.33 
4.07 16.30 1.86 
7.43 3.27 0.24 

10.93 0.85 0.13 
 



 

 391

Table I.18. Results of OIT versus time for leachate-immersed GM at 55oC. 
Time OIT SD 

months min.  
0 135.46 4.55 

0.50 122.62 1.15 
1.03 117.76 0.36 
1.70 105.17 1.79 
3.33 85.50 1.51 
6.20 61.18 1.00 

10.33 33.87 1.31 
14.57 19.65 0.70 
18.67 12.31 0.63 
25.27 6.55 1.18 
30.67 4.00 0.50 
35.67 2.41 0.41 

Table I.19. Results of OIT versus time for leachate-immersed GM at 26oC. 
Time OIT SD 

months min.  
0 135.46 4.55 

1.60 128.54 1.98 
2.43 123.25 2.34 
4.90 119.67 0.76 
6.00 110.25 0.25 

12.57 102.40 0.81 
18.53 80.14 0.16 
24.03 78.14 0.30 
30.53 65.00 2.20 
35.43 53.10 0.75 

Table I.20. Results of OIT for composite liner GM at 85oC. 
T-85   TG-85   TST-85   
Time OIT SD Time OIT SD Time OIT SD 

months min.  months min.  months min.  
0 135.46 4.55 0 135.46 4.55 0 135.46 4.55 

1.00 54.98 4.88 1.00 83.61 1.50 1.00 63.42 3.40 
2.10 29.67 4.16 2.10 53.28 2.05 2.10 34.06 2.67 
4.33 20.92 0.49 4.33 45.01 5.48 4.33 26.96 0.16 
6.20 20.24 1.37 6.20 35.76 2.03 6.20 22.33 2.08 
9.83 5.53 2.69 9.83 21.89 3.39 9.83 14.33 2.61 

15.33 2.87 0.33 15.33 9.94 2.21 15.33 7.08 1.04 
20.20 0.71 0.01 20.20 4.37 0.19 20.20 2.81 0.60 
27.50 0.83 0.10 27.50 0.83 0.10 27.50 0.64 0.07 
34.83 0.61 0.04 34.83 0.60 0.16 34.83 0.71 0.21 
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Table I.21. Results of OIT for composite liner GM at 70oC. 
T-70   TG-70   TST-70   
Time OIT SD Time OIT SD Time OIT SD 

months min.  months min.  months min.  
0 135.46 4.55 0 135.46 4.55 0 135.46 4.55 

1.00 82.46 2.52 1.00 93.26 2.85 1.00 87.69 2.69 
2.00 47.16 5.04 2.00 61.36 1.76 2.00 57.51 2.06 
4.33 48.41 1.42 4.33 55.74 4.53 4.33 55.12 3.64 
5.83 24.36 4.92 5.83 45.09 2.40 5.83 37.44 1.62 

10.07 10.48 0.93 10.07 45.62 4.08 10.07 20.16 1.73 
13.90 7.76 0.87 13.90 37.93 5.92 13.90 31.14 2.97 
19.17 2.15 0.13 19.17 21.84 0.57 19.17 11.35 1.15 
27.67 0.53 0.10 27.67 6.01 0.85 27.67 1.49 0.53 
35.17 0.67 0.12 35.17 0.87 0.27 35.17 0.58 0.01 

Table I.22. Results of OIT for composite liner GM at 55oC. 
T-55   TG-55   TST-55   
Time OIT SD Time OIT SD Time OIT SD 

months min.  months min.  months min.  
0 135.46 4.55 0 135.46 4.55 0 135.46 4.55 

1.00 122.42 1.79 1.00 126.42 2.76 1.00 123.37 1.64 
2.00 99.97 4.93 2.00 112.78 9.15 2.00 111.20 2.04 
4.33 91.30 2.44 4.33 107.21 2.07 4.33 102.57 2.52 
6.17 76.78 2.32 6.17 90.15 2.80 6.17 88.31 0.22 

12.03 70.49 0.41 12.03 91.14 3.57 12.03 83.50 0.89 
15.17 54.30 0.22 15.17 76.12 0.17 15.17 68.93 0.63 
20.40 41.10 1.17 20.40 65.56 5.08 20.40 55.16 1.06 
27.67 30.50 2.08 27.67 55.38 2.06 27.67 45.28 2.62 

35.33 23.88 1.63 35.33 44.13 1.56 35.33 35.64 2.18 

Table I.23. Results of OIT for composite liner GM at 26oC. 
T-R   TG-R   TST-R   
Time OIT SD Time OIT SD Time OIT SD 

months min.  months min.  months min.  
0 135.46 4.55 0 135.46 4.55 0 135.46 4.55 

1.00 133.64 0.86 1.00 134.31 0.45 1.00 133.61 0.01 
2.00 131.13 0.98 2.00 132.81 0.36 2.00 133.52 0.11 
7.00 128.67 0.76 7.00 131.82 0.34 7.00 129.12 0.12 

13.77 124.85 2.50 13.77 128.43 1.34 13.77 127.55 0.36 
17.37 122.12 1.02 17.37 126.81 0.23 17.37 124.95 0.13 
22.87 118.54 0.32 22.87 124.50 0.24 22.87 122.21 0.93 
28.33 117.71 1.99 28.33 124.11 0.48 28.33 123.10 1.35 
35.17 114.16 1.73 35.17 122.51 1.09 35.17 118.64 1.45 
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Table I.24. Results of crystallinity and MFI tests for leachate-immersed GM at 
85oC. 

Time MFI SD Cryst. SD 
months g/10min.  %  

0.00 0.492 0.02 49.75 3.03 
3.33 0.486 0.01 54.29 2.46 
10.93 0.486 0.01 55.17 1.13 
14.57 0.488 0.01 55.96 1.37 
25.27 0.472 0.00 55.15 0.50 
35.67 0.471 0.00 54.87 1.61 

 

Table I.25. Results of Crystallinity and MFI tests for leachate-immersed GM at 
70oC. 

Time MFI SD Cryst. SD 
months g/10min.  %  

0.00 0.492 0.02 49.75 3.03 
3.33 0.493 0.00 51.30 1.87 
10.93 0.490 0.00 53.50 2.41 
14.57 0.483 0.01 53.40 0.25 
25.27 0.484 0.01 53.59 1.74 
35.67 0.488 0.01 53.19 1.86 

 

Table I.26. Results of Crystallinity and MFI tests for leachate-immersed GM at 
55oC. 

Time MFI SD Cryst. SD 
months g/10min.  %  

0.00 0.492 0.02 49.75 3.03 
3.33 0.494 0.00 49.83 2.05 
10.93 0.492 0.00 49.23 1.02 
14.57 0.488 0.00 49.89 2.19 
25.27 0.493 0.00 51.96 1.75 
35.67 0.491 0.00 52.08 1.13 
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Table I.27. Results of Crystallinity and MFI tests for leachate-immersed GM at 
26oC. 

Time MFI SD Cryst. SD 
months g/10min.  %  

0.00 0.492 0.02 49.75 3.03 
2.43 0.489 0.00 49.39 1.37 
12.57 0.491 0.00 49.20 0.90 
35.43 0.491 0.01 50.32 1.97 

 

Table I.28. Results of Tensile properties, MFI and Crystallinity tests for for CL-T at 
85oC. 
Time σy SD εy SD σb SD εb SD MFI SD Cryst. SD 

months kN/m  %  kN/m  %  g/10min.  %  
0.00 26.90 0.67 18.10 0.67 64.70 0.65 962.00 7.70 0.492 0.02 49.75 3.03
2.10 28.79 0.43 20.20 0.76 57.22 4.74 854.78 61.96 0.487 0.00 55.97 3.19
6.20 27.37 0.87 19.95 0.51 55.84 1.88 901.58 35.24 0.488 0.01 54.96 1.15
9.80 28.05 0.91 20.37 0.81 59.95 4.78 922.83 79.01 0.477 0.00 55.65 0.86

20.20 28.90 0.29 19.40 0.90 60.20 2.84 918.11 60.70 0.472 0.00 54.36 0.98
34.83 27.40 0.49 20.10 0.40 59.10 3.65 946.33 74.80 0.475 0.00 55.95 0.47

 

Table I.29. Results of Crystallinity and MFI tests for CL-TST at 85oC. 
Time MFI SD Cryst. SD 

months g/10min.  %  
0.00 0.492 0.02 49.75 3.03 
2.10 0.485 0.01 52.08 1.58 
6.20 0.487 0.00 53.52 0.54 
9.80 0.481 0.00 52.90 0.39 
20.20 0.476 0.00 56.36 2.50 
34.83 0.479 0.00 56.44 1.46 

 

Table I.30. Results of Crystallinity and MFI tests for CL-TG at 85oC. 
Time MFI SD Cryst. SD 

months g/10min.  %  
0.00 0.492 0.02 49.75 3.03 
2.10 0.485 0.00 48.92 4.13 
6.20 0.486 0.01 54.78 1.50 
9.80 0.478 0.00 51.79 3.01 
20.20 0.474 0.01 54.43 2.23 
34.83 0.479 0.00 56.29 1.00 
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Table I.31. Results of Crystallinity and MFI tests for CL-T at 70oC. 
Time MFI SD Cryst. SD 

months g/10min.  %  
0.00 0.492 0.02 49.75 3.03 
2.00 0.486 0.00 51.19 1.37 
5.83 0.492 0.01 53.55 2.73 
10.07 0.492 0.00 53.67 0.19 
19.17 0.488 0.01 54.26 0.84 
35.17 0.492 0.00 55.17 0.29 

 

Table I.32. Results of Crystallinity and MFI tests for CL-TST at 70oC. 
Time MFI SD Cryst. SD 

months g/10min.  %  
0.00 0.492 0.02 49.75 3.03 
2.00 0.490 0.01 51.96 1.62 
5.83 0.490 0.00 52.93 6.70 
10.07 0.487 0.01 53.12 1.52 
19.17 0.487 0.01 54.95 2.56 
35.17 0.492 0.00 55.89 0.49 

 

Table I.33. Results of Crystallinity and MFI tests for CL-TG at 70oC. 
Time MFI SD Cryst. SD 

months g/10min.  %  
0.00 0.492 0.02 49.75 3.03 
2.00 0.488 0.00 53.28 2.35 
5.83 0.491 0.00 55.19 2.37 
10.07 0.478 0.00 54.60 1.59 
19.17 0.484 0.00 54.37 0.91 
35.17 0.492 0.00 56.72 1.98 

 

Table I.34. Results of Crystallinity and MFI tests for CL-T at 55oC. 
Time MFI SD Cryst. SD 

months g/10min.  %  
0.00 0.492 0.02 49.75 3.03 
2.00 0.488 0.00 53.28 2.35 
5.83 0.491 0.00 55.19 2.37 
10.07 0.478 0.00 54.60 1.59 
19.17 0.484 0.00 54.37 0.91 
35.17 0.492 0.00 56.72 1.98 
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Table I.35. Results of Crystallinity and MFI tests for CL-TST at 55oC. 
Time MFI SD Cryst. SD 

months g/10min.  %  
0.00 0.492 0.02 49.75 3.03 
2.00 0.496 0.00 50.33 1.80 
6.17 0.491 0.00 50.47 3.37 
12.03 0.496 0.00 49.34 3.73 
20.40 0.493 0.00 51.96 4.12 
35.33 0.489 0.00 54.01 1.43 

 

Table I.36. Results of Crystallinity and MFI tests for CL-TG at 55oC. 
Time MFI SD Cryst. SD 

months g/10min.  %  
- 0.492 0.02 49.75 3.03 

2.00 0.489 0.01 50.30 0.63 
6.17 0.490 0.00 50.11 0.97 
12.03 0.487 0.01 49.87 2.22 
20.40 0.494 0.00 51.31 3.02 
35.33 0.492 0.00 53.34 0.32 

 

Table I.37. Results of Crystallinity and MFI tests for CL-T at 26oC. 
Time MFI SD Cryst. SD 

months g/10min.  %  
0.00 0.492 0.02 49.75 3.03 
2.00 0.488 0.01 48.67 4.73 
7.00 0.496 0.00 50.83 1.21 
13.77 0.489 0.01 51.39 2.91 
22.87 0.493 0.00 49.45 2.35 
35.17 0.488 0.00 49.65 2.97 
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Table I.38. Results of Crystallinity and MFI tests for CL-TST at 26oC. 
Time MFI SD Cryst. SD 

months g/10min.  %  
0.00 0.490 0.02 49.75 3.03 
2.00 0.490 0.00 51.31 1.44 
7.00 0.490 0.01 49.63 2.39 
13.77 0.490 0.00 52.56 0.51 
22.87 0.490 0.00 51.04 1.98 
35.17 0.490 0.00 50.67 1.52 

 

Table I.39. Results of Crystallinity and MFI tests for CL-TG at 26oC. 
Time MFI SD Cryst. SD 

months g/10min.  %  
0.00 0.492 0.02 49.75 3.03 
2.00 0.494 0.00 49.14 1.01 
7.00 0.491 0.00 51.29 1.00 
13.77 0.492 0.00 52.37 0.75 
22.87 0.493 0.00 50.38 2.17 
35.17 0.495 0.00 51.35 0.80 
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I.3 Results for GM immersion test in jet fuel. 

Table I.40. OIT for Series I GMs. 
1.5-GM1-A 1.5-f-GM1-A 

Time  OIT SD 
Time 

(weeks) OIT(min) SD 
weeks min.  weeks min.  

0.0 135.47 2.09 0.0 137.34 0.80 
2.0 121.16 4.78 2.0 132.91 1.85 
4.0 100.70 1.88 4.0 121.09 4.59 
6.0 86.36 8.19 6.0 114.62 4.66 
8.0 69.51 4.96 8.0 110.94 16.37 

10.0 53.87 2.79 10.0 105.80 3.26 
14.0 45.22 2.45 14.0 105.72 10.35 
16.0 45.82 3.00 16.0 102.26 5.07 
18.0 45.16 1.14 18.0 89.29 12.06 
20.0 55.04 4.43 20.0 86.70 0.35 
22.0 36.54 4.65 22.0 83.72 3.33 
24.0 56.29 1.47 24.0 93.96 0.60 
26.0 37.34 1.83 26.0 89.21 2.72 
29.7 22.40 0.78 29.7 69.91 7.26 
33.0 22.46 3.35 33.0 76.52 6.44 
36.0 19.71 2.41 36.0 70.45 9.79 
38.7 18.68 0.88 38.7 60.71 11.07 
43.0 15.27 0.60 43.0 63.21 13.78 
49.0 12.10 1.08 49.0 57.24 16.03 
55.0 12.40 1.05 55.0 52.46 6.78 
61.0 8.65 1.27 61.0 49.43 4.13 
98.4 10.39 1.48 98.4 33.7 6.36 

213.1 10.50 2.88 213.1 9.61 1.65 
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Table I.41. OIT for Series II GMs at 23oC. 
2.0-GM2-A 1.5-GM2-A 1.5-f-GM2A 

Time OIT SD Time OIT SD Time OIT SD 
weeks min.  weeks min.  weeks min.  

0 133.70 2.00 0 147.50‡ 2.50 0 146.40‡ 2.3 
3.86 116.79 11.29 3.86 122.31 3.32 3.86 134.76 1.9 
7.29 97.50 3.55 -- -- -- -- -- -- 
11.29 89.18 2.77 11.29 91.95 2.74 11.29 124.61 3.8 
17.29 81.77 1.74 -- -- -- -- -- -- 
20.86 71.62 6.13 20.86 55.33 4.67 20.86 111.99 3.0 
29.86 51.31 1.96 -- -- -- -- -- -- 
38.86 38.24 1.33 38.86 23.74 1.35 38.86 72.95 2.6 
47.14 27.86 2.14 -- -- -- -- -- -- 
56.71 26.53 2.45 56.71 10.54 0.40 56.71 63.41 2.8 
81.71 26.17 0.93 81.71 8.93 1.36 81.71 36.05 2.0 

Note: ‡Represents tests from different section of the roll than that in Series I. 

Table I.42. OIT for Series II GMs at 9oC. 
2.0-GM2-A 1.5-GM2-A 1.5-f-GM2A 

Time OIT SD Time OIT SD Time OIT SD 
weeks min.  weeks min.  weeks min.  

0 133.70 2.00 0 147.50 2.50 0 146.40 2.30 
3.86 125.04 1.21 3.86 144.80 1.01 3.86 140.90 1.75 
7.29 121.93 1.65 7.29 132.78 0.44 7.29 139.03 3.33 

11.29 121.26 3.28 11.29 135.58 3.12 11.29 128.58 0.51 
17.29 121.16 1.92 17.29 131.78 4.07 17.29 128.32 6.67 
20.86 118.23 2.85 20.86 126.32 1.64 20.86 124.58 2.54 
29.86 117.58 3.28 29.86 118.91 4.63 29.86 121.33 3.48 
38.86 112.34 1.14 38.86 111.81 4.16 38.86 119.50 1.84 
47.14 105.78 2.47 47.14 105.43 2.66 47.14 117.99 0.86 
56.71 103.27 4.16 56.71 105.03 1.68 56.71 116.88 0.92 
81.71 96.40 0.24 81.71 96.25 1.38 81.71 112.75 1.74 
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Table I.43. OIT for Series II GMs at -22oC. 
2.0-GM2-A 1.5-GM2-A 1.5-f-GM2A 

Time OIT SD Time OIT SD Time OIT SD 
weeks min.  weeks min.  weeks min.  

0 130.10 1.50 0 147.00 2.30 0 142.14 1.50 
3.86 128.83 1.75 3.86 146.30 0.88 3.86 141.31 1.76 
7.29 126.90 0.38 7.29 145.80 1.35 7.29 141.28 3.08 

11.29 126.45 0.88 11.29 143.43 2.95 11.29 139.89 3.95 
17.29 126.63 3.27 17.29 142.44 3.71 17.29 138.31 0.69 
20.86 127.58 1.00 20.86 141.49 1.30 20.86 137.57 4.22 
29.86 121.69 2.61 29.86 140.27 4.24 29.86 136.28 2.16 
38.86 125.26 0.98 38.86 140.02 0.61 38.86 135.93 1.49 
47.14 120.57 4.23 47.14 133.43 0.62 47.14 133.29 2.78 
56.71 120.87 1.67 56.71 132.08 6.60 56.71 130.50 1.19 
81.71 119.52 4.13 81.71 129.46 1.97 81.71 128.16 4.67 

 

Table I.44. HP-OIT for Series II GMs. 
 2.0-GM2-A 1.5-GM2-A 1.5-f-GM2A 

23oC 
Time OIT SD OIT SD OIT SD 
weeks min.  min.  min.  

0 707.01 34.73 227.36 5.74 175.55 12.91 
3.86 701.95 32.96 136.93 7.40 150.94 19.27 
20.86 710.83 17.74 106.00 4.29 138.80 5.80 
38.86 710.90 41.77 104.78 6.12 129.82 5.31 
56.71 705.99 5.08 103.29 1.95 114.97 2.04 

       
9oC 

0 707.01 34.73 227.36 5.74 175.55 12.91 
20.86 713.67 62.64 189.57 3.78 155.97 1.51 
56.71 705.04 0.82 179.01 6.99 147.60 2.69 

       
-22oC 

0 707.01 34.73 227.36 5.74 175.55 12.91 
20.86 700.71 6.83 194.66 0.12 164.15 2.33 
56.71 704.06 16.57 193.92 0.03 157.55 0.07 
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Table I.45. OIT for Series III GMs at 23oC. 
1.5-GM3-B 2.0-GM3-B 2.5-GM3-B 

Time OIT SD Time OIT SD Time OIT SD 
weeks min.  weeks min.  weeks min.  
0.00 142.97 1.91 0.00 150.29 1.17 0.00 136.23 0.43 
6.00 93.50 3.38 6.00 116.76 3.99 6.00 112.36 3.40 
18.57 40.42 8.34 18.57 79.85 1.53 18.57 79.63 0.74 
35.86 24.26 4.62 35.86 35.93 11.80 35.86 42.63 5.57 
45.43 21.89 0.52 45.43 33.49 6.77 45.43 39.48 2.06 
70.43 15.66 2.35 70.43 18.63 1.74 70.43 25.27 3.47 

 

Table I.46. OIT for Series III GMs at 9oC. 
1.5-GM3-B 2.0-GM3-B 2.5-GM3-B 

Time OIT SD Time OIT SD Time OIT SD 
weeks min.  weeks min.  weeks min.  

0 142.97 1.91 0 150.29 1.17 0 136.23 0.43 
6.00 129.95 1.33 6.00 142.72 5.79 6.00 131.23 0.72 

18.57 124.06 0.82 18.57 134.49 1.37 18.57 124.35 2.11 
35.86 106.19 0.72 35.86 119.61 2.53 35.86 111.76 1.77 
45.43 105.99 1.81 45.43 119.41 0.45 45.43 113.88 0.68 
70.43 95.43 4.79 70.43 110.27 1.18 70.43 104.97 2.69 

 

Table I.47. OIT for Series III GMs at -22oC. 
1.5-GM3-B 2.0-GM3-B 2.5-GM3-B 

Time OIT SD Time OIT SD Time OIT SD 
weeks min.  weeks min.  weeks min.  

0. 142.97 1.91 0 150.3 1.2 0 136.2 0.4 
6.00 139.51 1.00 6.00 144.4 0.5 6.00 133.0 1.7 

18.57 135.42 4.71 18.57 142.6 0.0 18.57 129.3 1.9 
35.86 129.74 0.37 35.86 138.4 1.3 35.86 128.3 0.3 
45.43 128.64 0.73 45.43 136.4 1.2 45.43 125.6 1.2 
70.43 128.96 0.55 70.43 134.5 1.2 70.43 125.0 1.5 
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Table I.48. HP-OIT for Series III GMs. 
 1.5-GM3-B 2.0-GM3-B 2.5-GM3-B 

23oC 
Time OIT SD OIT SD OIT SD 
weeks min.  min.  min.  

0 245.08 11.80 268.42 15.55 238.95 11.24 
45.43 152.40 5.66 203.68 3.13 192.68 3.46 
70.43 148.24 3.26 191.74 5.52 179.27 1.20 

9oC 
0 245.08 11.80 268.42 15.55 238.95 11.24 

45.43 213.15 2.81 254.60 10.21 227.05 7.17 
70.43 198.45 2.98 233.16 6.22 215.10 3.75 

-22oC 
0 245.08 11.80 268.42 15.55 238.95 11.24 

45.43 225.40 0.68 259.95 4.07 231.84 4.46 
70.43 215.60 1.81 251.92 13.42 227.05 9.33 

 

Table I.49. OIT for Series IV GMs at room temperature. 
 1.5-GM4-A 1.5-f-GM4-A 

Time OIT SD OIT SD 
weeks min.  min.  

0 135.46 4.55 134.01 4.16 
23.6 101.85 6.79 110.6 16.15
37.9 98.75 10.46 109.1 4.37 
51.7 92.45 21.26 -- -- 
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Table I.50. Tensile properties of Series I GM. 
MD YIELD     MD YIELD     

1.5-GM1-A   1.5-GM1-A   1.5-f-GM1-A   1.5-f-GM1-A   
Time Strain SD Time Strength SD Time Strain SD Time Strength SD 
weeks %  weeks kN/m  weeks %  weeks kN/m  

0 19.9 0.4 0 23.8 0.9 0 19.5 0.3 0 22.8 0.5 
11.0 22.4 0.8 11.0 23.1 0.4 11.0 22.5 0.4 11.0 24.5 0.5 
36.0 25.9 0.7 36.0 23.8 0.9 36.0 26.0 0.9 36.0 26.5 0.5 
75.6 28.2 0.9 75.6 24.3 0.5 75.6 28.0 0.6 75.6 24.7 0.4 
98.4 27.6 0.6 98.4 23.6 0.9 98.4 26.2 0.5 98.4 26.5 0.9 

213.1 29.2 0.4 213.1 24.6 0.4 213.1 29.2 0.7 213.1 23.5 0.2 
            

MD BREAK     MD BREAK     
1.5-GM1-A   1.5-GM1-A   1.5-f-GM1-A   1.5-f-GM1-A   

Time Strain SD Time Strength SD Time Strain SD Time Strength SD 
weeks %  weeks kN/m  weeks %  weeks kN/m  

0 869.1 104.0 0 50.9 5.4 0 979.1 27.6 0 54.2 1.5 
11.0 861.0 219.0 11.0 49.5 1.3 11.0 870.5 39.2 11.0 53.8 2.6 
36.0 939.1 44.5 36.0 56.3 2.3 36.0 899.3 34.6 36.0 57.9 2.2 
75.6 912.7 55.5 75.6 59.7 3.0 75.6 805.8 21.9 75.6 51.5 2.7 
98.4 904.7 51.7 98.4 54.2 3.8 98.4 841.9 79.7 98.4 54.9 6.2 

213.1 807.5 91.4 213.1 51.3 6.9 213.1 884.8 8.7 213.1 53.9 0.7 
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Table I.51. Crystallinity of 1.5 mm thick Series I GMs. 
 1.5-GM1-A  1.5-f-GM1-A  

Time Crystallinity SD Crystallinity SD 
weeks %  %  

0.0 52.1 1.3 50.9 1.1 
10.0 49.8 0.8 51.4 3.0 
16.0 48.8 4.1 50.2 1.3 
22.0 52.2 3.6 51.6 1.8 
26.0 50.6 3.1 48.5 4.0 
33.0 50.1 3.8 49.8 6.9 
38.7 49.1 6.0 49.0 7.0 
49.0 52.1 2.0 49.0 1.1 
98.4 49.3 1.7 51.0 0.0 

213.1 49.3 0.3 50.8 0.5 
 

 

Table I.52. Crystallinity of Series II GM. 
 2.0-GM2-A  1.5-GM2-A  1.5-f-GM2-A  
Time Crystallinity SD Crystallinity SD Crystallinity SD 
weeks %  %  %  
23oC 
0.0 39.4 3.1 49.7‡ 3.4 49.5‡ 5.3 
3.9 42.6 2.1 -- -- -- -- 
11.3 38.7 0.7 -- -- -- -- 
20.9 42.1 3.0 -- -- -- -- 
38.9 39.3 4.5 -- -- -- -- 
56.7 36.3 5.5 47.4 2.7 49.2 6.4 
9oC 
0.0 39.5 3.1 49.7 3.4 49.5 5.3 
56.7 43.4 0.8 47.9 2.8 46.2 6.5 
-22oC 
0.0 39.5 3.1 49.7 3.4 49.5 5.3 
56.7 40.2 1.3 51.4 1.5 52.3 2.2 
Note: ‡Represents tests from different section of the roll than that in Series I. 
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Table I.53. Initial tear resistance of Series II GM. 
 2.0-GM2-A 1.5-GM2-A 1.5-f-GM2-A 

Time ITR SD ITR SD ITR SD ITR SD ITR SD ITR SD 
weeks N  N  N  N  N  N  

 WET  DRY  WET  DRY  WET  DRY  
0.0 -- -- 293.9 1.1 -- -- 205.1 2.4 -- -- 205.2 6.9 
3.9 267.4 0.7 283.5 0.9 -- -- -- -- -- -- -- -- 

11.3 241.2 1.8 285.8 3.8 189.2 3.7 206.6 1.5 184.5 2.5 210.4 5.6 
17.3 243.1 3.3 285.6 3.7 176.9 2.2 207.1 1.6 171.3 1.8 203.4 2.7 
20.9 249.4 2.4 289.4 2.9 198.8 0.6 223.5 5.4 181.1 1.4 217.1 0.4 
38.9 249.7 25.7 273.1 3.9 -- -- -- -- -- -- -- -- 
47.1 241.2 1.8 276.0 3.2 -- -- -- -- -- -- -- -- 
56.7 253.5 0.4 291.0 4.3 -- -- -- -- -- -- -- -- 

Note: ITR = Initial Tear Resistance. 
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Glossary5 

Acid mine drainage Low pH (acidic) water from mines. 
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. 

Ageing The change in properties of a material with time under specific 
conditions. 

Alkyl A substance obtained by removing a hydrogen atom from an alkane. 
Amorphous Describing a substance that is not crystalline. 
Anaerobic, anoxic 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. 
Aromatics A substance that contains a benzene ring in its molecule or that has 

chemical properties similar to benzene. 
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 

                                                      

5 From the references listed below: 

ASTM Dictionary of Science and Technology (10th Edition). American Society of Testing Materials 
International, (2005). 
Definitions of Terms Relating to Crystalline Polymers, Pure and Applied Chemistry. 61, 769-785 (1989). 
Fay, J.J., and King, R.E. (1994). “Antioxidants for geosynthetic resins and applications.” In Geosynthetic 
Resins, Formulations and Manufacturing. Edited by Y.G. Hsuan and R.M. Koerner. GRI Conference 
Series, Industrial Fabrics Association International (IFAI), St Paul, Minn., 77–96. 
IUPAC Compendium of Chemical Terminology: The Gold Book, International Union of Pure and Applied 
Chemistry, (2007) 
IUPAC Compendium of Macromolecular Nomenclature: The Purple Book, International Union of Pure and 
Applied Chemistry, (1988). 
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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activity of micro-organisms. 
Bioreactor landfill A specifically designed landfill into which water and air are 

circulated in order to cause accelerated biological decomposition of 
the waste material. 

Brittle Inability of a material to deform plastically before fracturing. 
Bulk void ratio Given by [height of GCL-height of solids in GCL]/height of solids 

in GCL.   
Carbon black A material consisting essentially of elemental carbon in the form of 

near-spherical colloidal particles and coalesced particle aggregates 
of colloidal size, obtained by partial combustion or thermal 
decomposition of hydrocarbons. 

Chain A line of atoms of same type in a molecule. 
Chain-scission The breaking of a molecular bond causing the loss of a side group or 

shortening of the overall chain. 
Chromatography A group of laboratory separation techniques based on selective 

adsorption by which components of complex mixtures (vapors, 
liquids, solutions) can be identified. 

Compaction Act of packing soil with mechanical force to increase its density. 
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. 

Concentration 
gradient 

The change in chemical concentration per unit distance in a given 
direction. 

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. 

Correlation A statement of the kind and degree of a relationship between two or 
more variables. 

Cross direction Direction of a geosynthetic which is perpendicular to the plane of its 
manufactured direction. 

Cross-linking The reaction which forms covalent bond directly between carbon 
atoms of adjacent polymer chains that link adjacent chain via a short 
chemical bridge. This produces profound changes in the physical 
properties. 

Crystalline Having regular internal arrangement of atoms, ions or molecules 
characteristic of crystals. 

Degree of crystallinity Degree of crystallinity indicates the amount of crystalline region in 
polymer. 

Degree of saturation The ratio of volume of water to volume of void of a porous material. 
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Density The ratio of the mass of a substance to its volume. 
Desorption Partitioning between the outer surface of geomembrane and the outer 

medium 
Differential scanning 
calorimeter 

A technique in which the difference in heat flow into or out of a 
substance and an inert reference is measured as a function of 
temperature while the substance and the reference material are 
subjected to a controlled temperature program. 

Diffusion The migration of atoms, molecules, ions, or other particles as a result 
of concentration gradient. 

Dissolution The process of attraction and association of molecules of a solvent 
with molecules or ions of a solute. 

Dry density The mass of mineral matter divided by the total volume it is within. 
Ductile The ability of a material to deform plastically before fracturing. 
Eh An intensity measure of the reducing or oxidizing conditions in a 

system. 
Elastic modulus The ratio of stress to strain below the proportional limit. 
Elongation at 
yield/break, 
percentage 

In a tensile test the ratio of the extension of a material to the length 
of the material prior to stretching usually expressed as a percent at 
yield or break. 

Embrittlement The reduction of the normal ductility in a material due to a physical 
or chemical change. 

Endothermic Pertaining to a process or reaction that occurs with the adsorption of 
heat. 

Evaporation The physical transformation of a liquid to a gas at any temperature 
below its boiling point. 

Exothermic Pertaining to a process or reaction that occurs with the evolution of 
heat. 

Fluorination A chemical reaction in which a fluorine atom is introduced into a 
molecule. 

Free radical A very reactive species that has an unpaired electron. 
Geomembrane A relatively impermeable polymeric sheet used as a liquid and vapor 

barrier in 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. 

Glass transition The reversible change in an amorphous polymer or in amorphous 
regions of a partially crystalline polymer from (or to) a viscous or 
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rubbery condition to (or from) a hard and relatively brittle one. 
Glass transition 
temperature 

The approximate midpoint of the temperature range over which the 
glass transition takes place. 

Grab elongation Elongation at break in geotextile grab tensile test. 
Grab tensile strength Strength at break in geotextile grab tensile test. 
Grain size 
distribution 

A grain size distribution plot is generally used to depict the results of 
a particle size ‘sieve’ analysis test. 

Half-life Time required for one-half of a chemical material to be degraded 
(e.g. biodegradation, ageing) or transformed (e.g. radioactive). 

Heat of fusion The heat in calories or joules required to convert one gram of a 
material from the solid to the liquid state at the melting temperature. 

Heat stabilizers Stabilizers to prevent polymer decomposition when heated. 
Hindered amine light 
stabilizers 

Class of stabilizers to inhibit light-induced degradation of polymers. 
Function as primary and secondary antioxidant. Complex chemical 
structure with hindered amine group e.g. Chimassorb 2020. 

Hindered phenols Primary antioxidants used in geomembranes to scavenge oxygen 
centered free radicals by donating hydrogen atom. Complex 
chemical structure with hindered phenol group e.g. Irganox 1010. 

Hydration Combining water with some other substance. 
Hydrocarbon Chemical compound that contains only carbon and hydrogen in 

various combinations. 
Hydrolysis A reaction occurring in water in which a chemical bond is cleaved 

and a new bond formed with the oxygen atom of water. 
Hydroperoxide Compound of an element or radical with univalent group OOH. 
Impact, 
environmental 

The predicted effect of influence on public health and the safety or 
the environment caused by the introduction of a proposed 
environment undertaking. 

Impact resistance Resistance to fracture under the sudden application of an external 
force. 

Initial tear resistance The force required to initiate the tear of the material. 
Jet Fuel A-1 Jet fuel of grade Jet A-1 is a colorless to pale yellow liquid with 

kerosene-like odor. 
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. 

Leachate A liquid produced from a landfill that contains dissolved, suspended 
and/or microbial contaminants from solid waste. 

Machine direction The direction in the plane of a geosynthetic product, parallel to the 
direction of manufacture. 

Melt flow index Flow rate of a polymer at specified temperature and pressure. 
Melting point The temperature at which the solid and liquid phases of a substance 
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are in equilibrium at a specified pressure (normally taken to be 
atmospheric unless stated otherwise). 

Mercaptan sulphur Also referred as thiols. Suffix indicating that a substance belongs to 
the group of organic compounds resembling alcohols but having the 
oxygen of the hydroxyl group replaced by sulfur, as in ethanethiol 
(C2H5SH). 

Migration A physical phenomenon in which the antioxidants diffuse from the 
bulk HDPE material to the surface, driven by a concentration 
gradient. 

Naphthene Also referred as cycloparrafin, an alicyclic hydrocarbon in which 
three or more of the carbon atoms in each molecule are united in a 
ring structure and each of these ring carbon atoms is joined to two 
hydrogen atoms or alkyl groups; generic formula CnH2n. 

Needle-punched Mechanically bonded by staple or filament fibers using barbed 
needles to form a compact fabric. 

Nonwoven geotextile A textile structure produced by bonding or interlocking of fibers, or 
both, accomplished by mechanical, thermal or chemical means. 

Nuclear magnetic 
resonance 
spectrometer 

An instrument which determines how atoms are arranged in 
molecules using magnetic property of certain nuclei.  

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.  

Optimum moisture 
content 

The water content at which a soil can be compacted to a maximum 
dry unit weight by a given compactive effort. 

Organic Substances containing carbon in their molecular structure. 
Oxidation Process whereby a loss of electrons normally involves the 

combination of oxygen with another element to form one or more 
new substance. 

Paraffin (1) Also called alkane. A class of aliphatic hydrocarbons 
characterized by a straight or branched carbon chain; generic 
formula CnH2n+2. Their physical form varies with increasing 
molecular weight from gases (methane) to waxy solids. 

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. 

Permeable A medium permitting the flow of water or other liquids. 
Permeant Liquid or gas that flows through a medium. 
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pH The negative logarithm of the hydrogen-ion activity in an aqueous 
solution, with neutrality represented by a value of seven, with 
increasing acidity represented by decreasingly smaller values, and 
with increasing alkalinity represented by increasingly larger values. 

Phosphites, 
antioxidant 

Secondary antioxidant used in geomembrane to convert 
hydroperoxide into stable alcohol. Protects both the polymer and 
primary antioxidant during processing. Chemical structure consists 
of trivalent phosphorus group e.g. Irgafos 168. 

Plastic A material that contains, as an essential ingredient, one or more 
organic polymeric substances of large molecular weight, is solid in 
its finished state, and, at some stage in its manufacture of processing 
into finished articles, can be shaped by flow. 

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. 

Post-crystallization Crystallization occurring after primary crystallization, usually 
proceeding at a lower rate. Also secondary crystallization. 

Primary antioxidant Antioxidants that stabilize the polymer by trapping or deactivating 
free radicals after they are formed. 

Re-crystallization Reorganization of crystals proceeding through partial melting. Re-
crystallization is likely to result in an increase in the degree of 
crystallinity, or crystal perfection or both. 

Scrim reinforced Reinforced by lightweight woven or non-woven fabrics that are 
manufactured from yarns. 

Secondary antioxidant Antioxidants that decompose hydroperoxide and convert them to 
stable alcohol. This prevents hydroperoxide from becoming free 
radicals. 

Semicrystalline Material comprised of amorphous and crystalline regions. 
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. 

Solubility A measure of the extent to which the material can be dissolved. 
Solubility parameter A numerical estimate of the degree of interaction between materials 

and good indicator of solubility of non polar materials. It is given by 
the square root of cohesive energy density (heat of vaporization 
minus work of vaporization per unit volume of liquid, at 298 K). 

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 
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matter. 
Specific gravity The ratio of the mass (density) of a sample material to the mass 

(density) of an equal volume of water at the same specified 
temperature. 

Standard Proctor 
Compaction 

A laboratory compaction procedure used to determine the 
relationship between water content and dry unit weight of soils. 

Stress cracking An external or internal crack in a plastic caused by a tensile stress 
less than its short-term mechanical strength. 

Surfactant Surface-active chemical agent: a substance, such as detergent, added 
to a liquid to increase its spreading or wetting properties by reducing 
its surface tension. 

Tensile strength at 
yield/break of 
geomembrane 

In tensile testing of geomembrane, the ratio of maximum load a 
body can bear before yielding/breaking to original width given in 
ASTM D6693 usually expressed in kN/m. 

Tensile strain at 
yield/break of 
geomembrane 

In tensile testing of geomembrane, the ratio of change in length at 
yielding/breaking by gauge length given in ASTM 6693. 

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. 

T-test A test of statistical significance based on the use of Student's t-
distribution and used to compare two sample averages or a sample 
average and a hypothetical value. 

Void ratio Ratio of volume of void and volume of solids of a porous material. 
Volatile fatty acid Fatty acids contain only the elements of carbon, hydrogen and 

oxygen, and consist of an alkyl radical attached to a carboxyl group 
e.g. acetic acid CH3COOH. 

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. 

Wettability The ability of a liquid to spread out over a surface. 
Wide angel x-ray 
diffraction 

X-ray diffraction technique used to determine the crystalline 
structure of polymers using scattering angles larger than 5°. 

X-ray photoelectron 
spectroscopy 

A technique in which the sample is bombarded with X-rays and 
photoelectrons produced by the sample are detected as a function of 
energy. It can measure the elemental composition, empirical 
formula, chemical state and electronic state of at sample surface.  

Zero slope test A statistical test to infer if the slope of liner regression line is 
significantly different to zero. 
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