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Abstract 

The physical response of composite landfill liners, consisting of a high-density 

polyethylene geomembrane overlying a compacted clay liner, was examined with an 

emphasis on quantifying the magnitude and possible implications of sustained tensile 

strains that may develop in the geomembrane from gravel particles either present on top 

of or underneath the geomembrane. This involved development of new experimental 

apparatus to study the effects of time, temperature and chemical action on 

geomembrane strains. A method based on the concept of time-temperature 

superposition was developed to predict long-term lower temperature geomembrane 

strains from short-term higher temperature data. It was found that the short-term 

response is dominated by loading strains while in the long-term, creep is more 

significant. The predictions from this method suggest that the protection provided by a 

nonwoven needle-punched geotextile is not sufficient to limit long-term tensile strains, 

but a geocomposite may be able to limit geomembrane strains below proposed 

allowable limits, depending on the applied pressure and landfill temperature. 

Experiments were also conducted with the new apparatus to examine the implications of 

sustained tensile strains. It was found that sustained tensile strains resulted in brittle 

rupture of a notched geomembrane, despite stress relaxation for a geomembrane under 

a single gravel particle and constant vertical force. The time to rupture depended upon 

the maximum applied force as well as the stress crack resistance of the geomembrane. 

This represents the first compelling evidence that long-term geomembrane strains from 

gravel indentations should be limited. However, even when using an excellent protection 

layer from overlying gravel particles, gravel particles in the underlying compacted clay 

liner were identified as another possible source of tension in the geomembrane that for 
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very large landfills may exceed tensile strains limits. For such cases, compacting the top 

most layer of the clay liner at the lower bound of its acceptable water content combined 

with careful site inspection such that visible gravel particles are removed from the clay 

surface will minimize the tensile stains that may develop. 
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Chapter 1 

Introduction 

1.1 Description of problem 

Composite liner systems, consisting of a geomembrane (GM) over a compacted 

clay liner (CCL) or a geosynthetic clay liner (GCL), can be an effective barrier to 

contaminant transport in a solid waste landfill (e.g., Rowe et al. 2004). To act as an 

effective barrier, physical damage to the geomembrane must be limited to within 

allowable levels. Therefore, a protection layer is required above the geomembrane to: a) 

prevent geomembrane puncture during placement of the overlying drainage material and 

waste (Koerner et al. 1996); and b) limit the long-term geomembrane tensile strains that 

over time may lead to geomembrane rupture (Rowe et al. 2004). 

The physical conditions experienced by the geomembrane are exacerbated by: 

a) using glacial till, containing gravel particles, for the compacted clay liner; and b) using 

coarse gravel in the overlying leachate collection system. Use of coarse gravel as 

drainage layer, has been shown to minimize the chemical and biological induced 

clogging of the collection system (Fleming and Rowe, 2004). MoE (1998) recommends 

50 mm nominal diameter coarse gravel as drainage material in landfills and Fleming and 

Rowe (2004) showed that 50 mm nominal exhibits high resistance to biological clogging. 

Brachman and Gudina (2008) have shown that using coarse gravel particles (50 mm 

nominal diameter) in the primary leachate collection system results in large local 

indentations in the liner. These large indentations, inducing large tensile strains in the 

geomembrane, could potentially cause geomembrane to puncture.  
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In North America, the method developed by Narejo et al. (1996) is often used to 

select a protection geotextile based on its ability to prevent puncture of the 

geomembrane for various conditions (e.g., gravel size, overburden stresses, etc.). In 

previous studies (Tognon et al. 2000; Gudina and Brachman, 2006; Dickinson and 

Brachman, 2008; Brachman and Gudina, 2008) tests were carried out with nominal 50 

mm coarse gravel (GP50), a nonwoven needle-punched geomembrane protection, 

designed against puncture as per Narejo et al. (1996), overlying a 1.5 mm thick high-

density polyethylene geomembrane on top of a compacted clay liner and/or geosynthetic 

clay liner. For test times varying between 10 and 100 h at 250 kPa of applied stress it 

was reported that no puncture was observed, but the short-term strain in the 

geomembrane exceeded the allowable geomembrane strain limits (e.g., 3% proposed by 

Seeger and Müller, 2003; 6-8% proposed by Peggs et al. 2005) in the literature. 

Currently, the potential implication of these large sustained tensile strains on the long-

term performance of the geomembrane when beneath a gravel contact is not known.  

1.2 Current state of practice 

In the Province of Ontario, it is not uncommon for the clay layer to be made from 

glacial till, which may contain grain sizes ranging from clay to cobbles and boulders. 

Landfill regulations in the Province of Ontario, Canada require that stones larger than 

100 mm be removed from the clay (MoE, 1998). It has been reported by Cartaud et al. 

(2005) that it is a common practice in France to install a geotextile beneath the 

geomembrane because of concerns of geomembrane puncture from below. While much 

is known about geomembrane puncture and tensile strains from materials placed above 

the geomembrane (e.g., Narejo et al. 1996; Gudina and Brachman, 2006; Dickinson and 
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Brachman, 2008; Brachman and Gudina, 2008), there is a shortage of data on the 

potential for geomembrane puncture from stones buried in the clay beneath the 

geomembrane. In one experiment conducted by Gudina (2007) to examine the puncture 

resistance of a 1.5 mm thick high-density polyethylene geomembrane from overlying 

coarse gravel when subjected to a vertical pressure of 3 000 kPa for 10 h, the 

geomembrane was found to be punctured from undetected stones in the underlying 

compacted clay layer. Therefore, it is prudent to investigate whether a geomembrane is 

exclusively punctured from gravel particles in an underlying clay layer during relatively 

short-term laboratory tests. 

For protecting the geomembrane from the gravel particles placed in the drainage 

layer, a rational design guideline for protection layers is required. Such a guideline 

should allow sufficient flexibility (i.e., less prescriptive) and at the same time provide 

enough margin of safety to reduce or avoid the risk of a failed landfill liner. However, the 

paucity of data on the performance of protection layers at different field conditions (e.g., 

overburden stresses, different liner temperature, chemical action, biological action) 

complicates the process of protection design for geomembranes. It would be necessary 

to limit geomembrane indentations and subsequent imparted strains as much as 

possible; however, there is little guidance to aid the selection of an appropriate 

protection layer. Typically, the protection layer is chosen to prevent puncture of the 

geomembrane (e.g., Narejo et al. 1996) with little insight to the long-term response of the 

protection. There is a need to quantify the long-term response of the geomembrane and 

geotextile under various conditions (e.g., overburden stresses, temperature, chemical 

action, etc.). 
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As a first step to developing a rational design method for protection, there is a 

need to quantify the physical demands on the geomembrane – i.e., tests are required 

that simulate the performance conditions of geomembrane liners that enable 

quantification of the response of a geomembrane to applied conditions (overburden 

stress, temperature, chemical action) over a sufficiently long time. Geomembrane strains 

for a particular combination of gravel, protection layer, subgrade and stress levels to be 

used for a given project are presently best estimated from measured deformations of the 

geomembrane during relatively short-term laboratory tests. Deformations of the 

geomembrane are normally obtained by measuring the permanent indentations on a soft 

lead sheet placed beneath the geomembrane (BAM, 1995; Gallagher et al. 1999; 

Zanzinger, 1999; Tognon et al. 2000; Gudina, 2007) and the subsequent geomembrane 

strains are calculated using the method developed by Tognon et al. (2000). There is a 

need to look at higher temperatures, larger pressures and chemical action to better 

understand the performance of geomembrane liners. 

So far, the demand (e.g., strains) experienced by the geomembrane was 

discussed. A safe design of the geomembrane requires that the demands on the 

geomembrane to be less than the resistance (i.e., allowable tensile strain). Seeger and 

Müller (2003) reinterpreted the original BAM (1995) recommendation and stipulated that 

the maximum allowable local geomembrane strain can be set at 3%. Peggs et al. (2005) 

proposed a maximum allowable strain of 6% for smooth geomembranes with a stress 

crack resistance (SCR) of less than 1 500 h and 8% for geomembrane with SCR of 

larger than 1 500 h. More testing is required to assess the long-term response of 

geomembranes in order to better quantify the resistance aspect of the geomembrane.  
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Sustained loading in the landfill result in indentations and subsequent sustained 

tension in the geomembranes. The effect of this sustained tension in the geomembrane 

is not known. Recently, Koerner et al. (2010) have shown that the geomembrane can 

puncture in long-term under sustained loading. They conducted tests with various ASTM 

standard cone heights for 10 years and found that the geomembrane yielded and in one 

test, at one location the geomembrane punctured. For the test that produced puncture, 

type or nature of puncture was not specified. Other than this recent study by Koerner et 

al. (2010), usually short-term tests have been conducted to quantify the tensile strains 

and then a limit has been placed on how much tensile strain is allowed in the 

geomembrane. It has been reported (Tognon et al. 2000; Gudina and Brachman, 2006; 

Dickinson and Brachman, 2008; Brachman and Gudina, 2008) that even if the short-term 

puncture does not occur, the short-term strain in the geomembrane exceeded the 

allowable limits as proposed in the literature. The potential implication of the high 

sustained tensile strains in the geomembrane beneath a gravel contact is not known.  

1.3 Research objectives and methodology 

This thesis examines the deformations and strains that occur in a high-density 

polyethylene geomembrane commonly used as the primary liner at the base of most 

modern engineered landfills, the main emphasis being placed on 1.5 mm thick high-

density polyethylene geomembrane overlying a compacted clay layer. The specific 

objectives of this research are to: 

 examine the possibility of a puncture from the gravel particles in the 

compacted clay liner and quantify the resulting deformations and strains in 

high-density polyethylene geomembranes; 
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 investigate the effect of time, temperature, force, protection layer(s), and clay 

water content on the deformations and strains in the geomembrane; 

 investigate the use of short-term experimental results conducted at elevated 

temperatures to predict long-term strains in the geomembrane; and 

 study the possibility of rupture under long-term sustained loading and study 

the morphology of the ruptured surface of the geomembrane. 

 

These objectives were achieved by planning and conducting a series of 

laboratory tests designed to measure and quantify the parameters being studied. Tests 

performed in Chapter 2 were conducted in a test apparatus previously developed to 

simulate deep burial conditions expected at the bottom of landfills (Gudina, 2007) while 

for rest of the studies, Chapter 3-5, a new test apparatus was developed. Extreme care 

was taken to ensure that test conditions closely simulate the physical conditions that a 

geomembrane liner would be subjected under field conditions.  

1.4 Scope of the thesis 

The original contributions described in this thesis are summarized in the following 

sections. 

1.4.1 Chapter 2 – Geomembrane puncture and strains from stones in an 

underlying clay layer  

A series of short-term laboratory tests were conducted to investigate the effect of 

the stones present in the compacted clay liner used underneath a 1.5 mm thick high-

density polyethylene geomembrane. The effects of applied pressure, clay water content, 
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stone size, stone burial depth and protection layer on the geomembrane tensile strains 

were examined. The geomembrane deformations were measured and the strains 

calculated.  

1.4.2 Chapter 3 – Time and temperature effects on geomembrane strain from a 

gravel particle subject to sustained vertical force 

A new test cell was designed to conduct long-term tests at different temperatures 

and applied forces. Tests were conducted to quantify the deformations in the high-

density polyethylene geomembrane under the influence of test time, temperature, clay 

water content, applied force and protection to the geomembrane. A method for the 

prediction of long-term geomembrane strains from short-term tests and time-temperature 

superposition principle was proposed. Using the proposed method predictions were 

made for the long-term geomembrane strains in the landfill under various conditions.  

1.4.3 Chapter 4 – Long-term performance of multi-component geomembrane 

protection 

Having obtained results using the basic reference case of no protection provided 

to the geomembrane and a simple geotextile protection designed as per Narejo et al. 

(1996), tests were expanded to include different protections. The other protections 

tested consisted of various commercially available geotextile in different configurations. 

The tests were conducted again for different temperatures, times, clay water content and 

protections. Similar to Chapter 3, long-term geomembrane strains were predicted. 

Idealized landfill liner temperature profiles from previous study (Rowe and Islam, 2009) 

were used to predict applicability of the geocomposites for protection in the landfill.  
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1.4.4 Chapter 5 – Rupture of notched geomembranes beneath a gravel particle 

subject to constant vertical force 

It was shown in the study conducted for Chapter 3 and 4 that long-term sustained 

vertical loading resulted in deep indentations in the geomembrane resulting in high 

tensile strain. These sustained tensile strains in the geomembrane were higher than the 

maximum allowable strains in the geomembrane (e.g., 6-8% proposed by Peggs et al. 

2005). Therefore, a test study was proposed to investigate whether the geomembrane 

ruptures under these sustained high tensile strains resulting from sustained vertical 

applied force. If, under the sustained constant vertical force, the geomembrane ruptures 

then quantify the effects of maximum applied force and aging on the type of rupture and 

more importantly study the rupture morphology of the sample. 

1.5 Format of the thesis 

This thesis has been prepared in accordance with the regulations for a 

Manuscript Form thesis as stipulated by the School of Graduate Studies at Queen’s 

University. Each manuscript is presented with the literature review, experimental 

procedures, results and conclusions pertinent to each contribution, but without an 

abstract. References, tables and figures are presented at the end of each chapter. The 

thesis consists of four original manuscripts in Chapters 2-5. Chapter 2 has already been 

published as Brachman and Sabir (2010). The other manuscripts will be submitted for 

publication. Additional information is included in the appendices. Units of measurement 

corresponding to the S.I. system (Le Système International d’Unités) are used 

consistently throughout the thesis. 
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Chapter 2 

Geomembrane puncture and strains from stones in an 

underlying clay layer1 

2.1 Introduction 

A composite liner consisting of a high-density polyethylene geomembrane 

overlying compacted clay can be a very effective barrier to the migration of contaminants 

in solid waste landfills. Advective contaminant transport is limited to leakage through 

holes in the geomembrane and the presence of low permeability clay beneath the 

geomembrane greatly reduces the magnitude of any such leakage (e.g., see Rowe et al. 

2004; Rowe, 2005; Saidi et al. 2008).  

It is not uncommon for the clay layer to be made from glacial till, which may 

contain grain sizes ranging from clay size to cobbles and boulders. Landfill regulations in 

the Province of Ontario, Canada require that stones larger than 100 mm be removed 

from the clay (MoE, 1998). Cartaud et al. (2005) reported that it was common practice in 

France to install a geotextile beneath the geomembrane because of concern of 

geomembrane puncture from below. While much is known about geomembrane 

puncture and tensile strains from materials placed above the geomembrane (e.g., Narejo 

et al. 1996; Gudina and Brachman, 2006; Dickinson and Brachman, 2008; Brachman 

and Gudina, 2008), there is a paucity of data on the potential for geomembrane puncture 

from stones buried in the clay beneath the geomembrane. 

                                                 

1 This chapter has been previously published as: Brachman, R.W.I and Sabir, A. 2010. Geomembrane puncture and strains 
from stones in an underlying clay layer. Geotextiles and Geomembranes, 28, pp335-343 
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In one experiment conducted by Gudina (2007) to examine the puncture 

resistance of a 1.5 mm thick high-density polyethylene geomembrane from overlying 

coarse gravel when subjected to a vertical pressure of 3000 kPa for 10 hrs, the 

geomembrane was also found to be punctured from undetected stones in the underlying 

compacted clay layer (Fig. 1a). Four punctures from below, producing elliptical holes 

with areas of 80, 570, 750, and 820 mm2 were observed from stones smaller than 10 

mm in diameter in the clay layer. The largest of these punctures is shown in Fig. 1b. 

The working hypothesis is that when subjected to vertical pressure, stones in the 

clay may lead to local irregularities in settlement, producing local indentations in the 

geomembrane that may lead to tensile strains in the geomembrane, and if sufficiently 

large, may lead to geomembrane puncture. To illustrate this further, consider the 

schematic in Fig. 2 where a stone with vertical dimension D is buried in the clay beneath 

the geomembrane. The stone is initially flush with the clay surface (Fig. 2a). When 

subjected to uniform vertical pressure, points a through d deform to a′ through d′ as 

shown in Fig. 2b. Points a and b beneath the stone would be expected to settle by the 

same amount (provided that the stone does not significantly alter the stress acting 

beneath the particle) with the magnitude of this settlement, , governed by the vertical 

pressure and the thickness and compressibility of the underlying clay. Since the stone is 

incompressible relative to the clay, distances ac  and ca ′′ will be the same and thus 

point c undergoes a vertical displacement of  to point c′. Point d moves to d′ from 

settlement  plus the clay compression over distancebd , where the latter component 

depends on: the particle size of the stone D, the vertical pressure and the compressibility 

of the clay beside the stone. The height of the local indentation in the geomembrane 
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(Fig. 2c) is then the difference in elevation between points c′ and d′ and is equal to 

dbbd ′′-  and is solely from the compression of the clay beside the stone particle. The 

height of this indentation is one factor that controls the local curvature and hence 

possible magnitude of tensile strain in the geomembrane. The width of the local 

indentation (controlled by the horizontal dimension of the stone) will also impact the 

magnitude of any local strain. Large and narrow indentations would be expected to 

produce the largest strains in the geomembrane. In reality, since the stone is much 

stiffer than the clay, the stone may locally attract force and press down into the clay such 

that the vertical displacement at point a may be larger than that at point b. This would 

lead to less relative displacement between the points c′ and d′ and hence a smaller local 

indentation than that shown in Fig. 2. 

If the tensile strains induced in the geomembrane exceed the rupture strain from 

short-term index puncture tests (e.g., ASTM D4833-07) then puncture of geomembrane 

would most certainly be expected. However, if there is no short-term puncture of 

geomembrane, but tensile strains exceed allowable long-term tensile strain limits (e.g., 

Seeger and Müller, 2003; Peggs et al. 2005) there is no available data to show that 

puncture of high-density polyethylene geomembranes would not occur, and hence, it 

may be prudent to limit these tensile strains to ensure adequate long-term performance 

as a contaminant barrier. 

The objectives of this paper are to:  

1. investigate whether a geomembrane is punctured from stones intentionally 

placed in an underlying clay layer during relatively short-term laboratory 

tests; and  
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2. quantify the tensile strains in that geomembrane induced from the underlying 

stones in the clay.  

Results from physical testing are presented to examine the influences of applied 

pressure, clay water content, stone size, stone burial depth and protection layer on the 

tensile strains in 1.5 mm thick high-density polyethylene geomembrane when subjected 

to vertical pressures as large as 2 000 kPa.  

2.2 Method 

2.2.1 Apparatus 

A cross section through the test apparatus is shown in Fig. 3. It is a cylindrical 

pressure vessel with an inside diameter of 600 mm and a height of 500 mm. Vertical 

pressures were applied across the top surface by a rubber bladder pressurized with 

water in increments of 200 kPa each held constant for 12 hrs to allow the clay to reach 

at least 90% consolidation (verified by settlement plate readings located at the top of the 

clay). A saturated geotextile and thin sand layer beneath the clay allowed drainage of 

consolidation water through a port in the bottom of the cell.  

Horizontal stresses corresponding to zero lateral strain conditions developed by 

limiting outward deflection of the test cell. Boundary friction was limited to less than 5° by 

using two 0.1 mm thick polyethylene sheets lubricated with grease (Tognon et al. 1999). 

For its size and with the friction treatment, greater than 95% of the applied vertical 

pressure were calculated to act at the elevation of the geomembrane (Brachman and 

Gudina, 2002). All tests were conducted at a temperature of 22 ± 2ºC.  
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2.2.2 Materials 

As detailed in Fig. 3, the experiments consisted of a 1.5 mm thick smooth high-

density polyethylene geomembrane on top of a 150 mm layer of compacted clay. Index 

properties of the geomembrane are given in Table 1. 

Silty-clay till of low plasticity obtained from a landfill site at Milton, Ontario was 

used for the compacted clay layer. The silty-clay till was dried and particles larger than 

10 mm were removed. The resulting clay had a liquid limit of 26% and plastic limit of 

16%. For standard Proctor compaction, the clay had a maximum dry density of 2.1 g/cm3 

at an optimum water content of 12%. Tests were conducted at initial nominal water 

contents of 12, 14 and 16%, to investigate the limits of acceptable water content for field 

placement of this material as a compacted clay liner (e.g., see Benson et al. 1999; Rowe 

et al. 2004); the actual initial and final water contents are reported in Tables 2-4. The 

clay was compacted in three 50 mm thick lifts by dropping a 10-kg-hammer from a 

height of 0.57 m a total of 145 times for each lift. Average dry densities of 2.0, 1.9, and 

1.8 g/cm3 and initial undrained shear strengths of 110, 80 and 40 kPa were achieved for 

initial water contents of 12, 14 and 16%, respectively. The 150 mm thick clay layer 

tested is believed to be sufficiently thick to study the impact of the surface stones on the 

geomembrane because – as previously discussed with respect to Figure 2 – it is the clay 

compression over the stone particle size (and not the total settlement of the clay) that 

leads to local deformations and hence strain in the geomembrane. Clay thicker than 150 

mm would be expected to experience larger overall clay settlements but not greater 

surface differential settlements induced by the internationally placed stone. 
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Five stones, removed from the till, were intentionally placed back in the 

compacted clay layer, with a nominal size of 35 mm (denoted as A-E) and were used in 

all tests listed in Tables 2 and 3. These stones are shown in Fig. 4 and described in 

Table 5. Since these stones were removed from the till, they may be considered to be 

representative of the lower range of coarse particles contained within the till. They were 

placed in the clay at a centre-to-centre spacing of 60 mm with the objective of trying to 

gather multiple data points from one test. To investigate the influence of stone size, a 

nominal 100 mm stone, denoted as stone F in Fig. 4 and Table 5, was placed in the clay 

for the tests reported in Table 4. The stones were buried in the clay for all but Tests 11-

13 in Table 2. To bury the stones, a hole of approximately the same size as the stone 

was first made in the clay, the stone was placed in the hole and any remaining gaps 

around the stone then were filled with clay (Fig. 3c). For Tests 11-13, the five stones (A-

E) were simply placed on top of the flat compacted surface of the clay. 

The tests listed in Tables 2 and 4 were conducted with a 300 mm thick layer of 

sand on top of the geomembrane that provides uniform loading on top of the 

geomembrane. The sand corresponds to the presence of a very effective protection 

between the geomembrane and an overlying gravel drainage layer (e.g., see Brachman 

and Gudina, 2008; Dickinson and Brachman, 2008). In the tests listed in Table 3, 

nominal 50 mm poorly-graded gravel meeting the requirements of Ontario landfill 

regulations (MoE, 1998) was placed on top of the geomembrane. The grain size curves 

of the materials tested are given in Fig. 5. In Tests 16-19 (Table 3) no protection layer 

was provided above the geomembrane to intentionally test a worst-case scenario; in 

Test 20-22 a nonwoven needle-punched geotextile (with a mass of 540 g/m2) was 

placed between the coarse gravel and geomembrane. 
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2.2.3 Measurements 

Elevations of the central portion of the surface clay were recorded using a 

profiling apparatus both before and after each test to an accuracy of ±0.05 mm. Fig. 6 

shows typical results from these measurements in Test 3. The average settlement of the 

clay obtained from these measurements is given in Tables 2-4 for each test. The local 

indentations from the intentionally placed gravel particles are labeled in Fig. 6. 

The permanent local indentations in the geomembrane induced by the stones in 

the underlying clay were preserved by placing a thin lead sheet on top of the 

geomembrane. The lead sheet was 0.4 mm thick, 270 mm wide and 270 mm long. It 

was sufficiently thin and soft such that it did not locally stiffen the response of the 

geomembrane (Gudina, 2007). At the end of each test, once the backfill was removed, 

the lead sheet was carefully taken out of the cell and was cast in a plaster mould to 

preserve its deformed shape. The geometry of the indentation was then measured with a 

laser to accuracy of 0.04 mm. The deformed shape of one such local indentation is 

shown in Fig. 7a. Strains in the geomembrane were then calculated from the measured 

deformed shape using the method developed by Tognon et al. (2000). This method 

assumes only vertical deflection of the geomembrane, which is reasonable for the small 

deformations measured in these tests. Fig. 7b shows the resulting computed strains 

acting on the top and bottom surfaces of the geomembrane for one particular 

indentation. In this case, the maximum tensile strain occurred along the sides of the 

indentation on the top surface of the geomembrane. The maximum tensile strains from 

each stone in all tests are reported in Table 2-4, where tensile strains are taken as 

positive. 
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2.3 Results 

2.3.1 Puncture 

The geomembrane was punctured in Tests 18, 19a and 19b by the overlying 50 

mm coarse gravel placed above the geomembrane. This was expected since these tests 

were intentionally conducted to a pressure of 2 000 kPa with no protection layer between 

the gravel and geomembrane. However, no puncture occurred from the five gravel 

particles placed in the underlying clay in these tests, or any other of tests conducted. 

The only instance of short-term puncture from a gravel particle in the clay below 

occurred in Test 19a from a sharp undetected gravel particle that had a diameter less 

than 10 mm. Photographs of the punctured geomembrane and the stone causing 

puncture are given in Fig. 8.  

2.3.2 Tensile strains 

Although there was no short-term geomembrane puncture from the intentionally 

placed stones in the clay, they did induced tensile strains up to 18% in Test 19.  

Fig. 9 isolates the tensile strains induced by these stones for pressures up to 1 

000 kPa for the case where the stones were buried, but initially flush with the clay 

surface. At an initial optimum clay water content of 12% there were no tensile strains in 

the geomembrane, even up to a pressure of 1 000 kPa. The low initial water content 

produces a clay with low compressibility. This led to no discernable indentations in the 

geomembrane from the underlying gravel particles and hence, negligible tensile strain. 

Increasing the initial water content of the clay will increase its compressibility. However, 

even at an initial clay water content of 16%, the magnitude of settlement beside the 
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stones at a pressure of 200 kPa was sufficiently small that, again, no indentations were 

discernable in the geomembrane. Increasing the pressure further increased the clay 

settlement beside the stones, producing noticeable indentations and tensile strains in the 

geomembrane. For example, the maximum tensile strain in Fig. 9 increased to 

approximately 10% at an initial water content of 16% at 1 000 kPa.  

The tensile strains induced from all five stones A-E are given in Tables 2 and 3. 

There was no discernable trend as to what stone gave the largest or smallest strain of 

the five when initially buried in the clay. This was not unexpected as the five stones were 

selected to have very similar sizes. This also suggests that there were no significant 

interactions between the stones as the one placed in the centre (stone E) did not always 

have the largest or smallest strain. 

An indication of the influence of stone size on geomembrane strain is shown in 

Fig. 10. Increasing the stone size from 32 to 100 mm at a pressure of 200 kPa and at an 

initial clay water content of 16% went from having no discernable tensile strains to nearly 

3% strain. This was from greater clay settlement beside the stones (since the thickness 

of the clay on either side of the stone increases) as the stone size increases, leading to 

larger local indentations and thus larger tensile strains. Since conducted at the upper 

bound water content of 16%, the tensile strains should be no worse than the reported 

3% at 200 kPa, provided that the stone is less than 100 mm in diameter. At 1000 kPa 

and 12% clay water content, the strain increased to nearly 5% with the 100 mm stone. 

Since tested towards the lower limit of water content, the strains at 1000 kPa would be 

expected to be no less than the reported 5% ( i.e., a higher initial water content would be 

expected to result in even greater tensile strains). 
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Fig. 11 shows that burial of the 35 mm stones to as little as 5 mm below the clay 

surface reduced the tensions to essentially zero for otherwise the conditions that lead to 

the maximum of 10% shown in Fig. 9. The magnitude of settlement beside the stones 

would be expected to be the same as when initial flush with the clay surface, but since 

buried beneath the surface, compression of the clay above the stone alleviates the 

impact of local affects from the stone. 

Fig. 12 presents the strains induced when the underlying 35 mm stones initially 

sit upon the clay surface. This may represents the case following compaction with a 

smooth drum roller where a stone is dropped on top of the clay surface and not picked 

up prior to placement of the geomembrane, or possibly when a near surface stone is 

dislodged from the clay as the geomembrane is pulled over the clay surface during 

geomembrane installation. At a pressure of 200 kPa, a maximum tensile strain of 8% 

was found. Unlike the case for stones buried in the clay, increasing the water content to 

the upper limit of field placement reduced the tensile strains induced in the 

geomembrane. This is because as the clay water content increases, the stone sitting on 

the surface is pressed into the clay resulting in a shorter indentation than at a lower clay 

water content. For the three tests plotted in Fig. 12, stone A with a more angular resulted 

in the largest tensile strain. Based on this observation, the impact of stone shape 

appears to be more important than when it is sitting on the surface than when buried. 

The results shown in Figs 9-12 were for the case of having a sand protection 

layer on top of the geomembrane. With an initial clay water content of 12%, the results 

from Tests 16-18 in Table 3 for the case with 50 mm coarse gravel above the 

geomembrane showed no discernable indentations from the underlying stones in the 

clay, even to a pressure of 2 000 kPa. Of far greater importance in these tests, however, 



 

22 

is that the tensile strains from the overlying 50 mm gravel were very large and resulted in 

geomembrane puncture. To further illustrate the greater importance of adequate 

geomembrane protection from the 50 mm coarse gravel above the geomembrane, there 

was no discernable strain from the stones below the geomembrane in Test 20 (with a 

540 g/m2 nonwoven needle-punched geotextile protection layer at a pressure of 200 

kPa), whereas the maximum strain from the overlying 50 mm coarse gravel in a similar 

test reported by Brachman and Gudina (2008) was nearly 15% (using the same 50 mm 

coarse gravel, geotextile and clay materials). Further, Brachman and Gudina (2008) 

showed that increasing the mass of the geotextile reduced the strains; but, even a 

geotextile with a mass as large as 2240 g/m2 was unable to limit the tensile strains below 

proposed allowable levels for the 50 mm coarse gravel tested. Thus with a poor 

protection layer like a nonwoven geotextile between 50 mm coarse gravel and the 

geomembrane, the strains from the overlying gravel – and not underlying stones in the 

clay (for the particular conditions examined) – will govern the impact on the performance 

of the geomembrane as a contaminant barrier.  

2.4 Discussion 

Although the intentionally placed stones in the clay did not produce puncture in 

the relatively short-term experiments, the results demonstrated that tensile strains can 

be induced in the geomembrane that exceed proposed maximum allowable tensile strain 

limits of 3% (Seeger and Müller, 2003) or 6–8% (Peggs et al. 2005) for high-density 

polyethylene geomembranes. Long-term tensile strains exceeding these limits may 

increase the potential for long-term geomembrane puncture and arguably, the lower the 

sustained tensile strains, the longer the potential geomembrane service life.  



 

23 

For cases with poor protection from the coarse 50 mm gravel above the 

geomembrane (e.g., a nonwoven, needle-punched geotextile protection layer even with 

masses up to 2 200 g/m2; Dickinson and Brachman, 2008), the strains for the overlying 

gravel will govern the impact on the performance of the geomembrane as a contaminant 

barrier. However, for cases where very good protection is provided from coarse gravel 

above the geomembrane (e.g., a thick sand layer; Müller, 2007; Dickinson and 

Brachman, 2008), then tensile strains from stones from below the geomembrane may 

become important. 

For the 35 mm stones tested when buried flush with the clay surface, tensile 

strains greater than 3% were calculated for clay water contents of 14% and larger when 

subjected to pressures of 600 kPa and larger, whereas negligible tensile strains were 

found if initial water content of clay was 12%, even up to pressures of 1 000 kPa.  

For cases where the tensile strains may be expected to exceed allowable limits, 

perhaps the simplest practical remedy is to place the uppermost lift of the clay liner at 

the lower limit of acceptable water content (i.e., lower range of water content where the 

minimum required hydraulic conductivity is still attained). This may already occur in 

construction of compacted clay liners as it is good practice to use a smooth drum roller 

for the uppermost lift to obtain a smooth clay surface to place the geomembrane upon 

(e.g., see Rowe et al. 2004) and for considerations of trafficability of the smooth drum 

roller may itself necessitate placing the clay at a lower water content. 

Alternatively, inclusion of a nonwoven needle-punched geotextile beneath the 

geomembrane (Test 9) reduced the tensile strain from 10% to 4% as shown in Fig. 13 at 

a pressure of 1 000 kPa and clay water content of 16%. Although the tensile strains are 

reduced, the potential leakage through any holes in the geomembrane would be larger 



 

24 

because the interface transmissivity between the geomembrane and clay would be 

much larger with a geotextile than if the geomembrane was in direct contact with the clay 

liner (Rowe et al. 2004). This detail should only be used if the potential increase in 

leakage has been considered in the design calculations and found to be acceptable. Fig. 

13 also shows that using a GCL beneath the geomembrane (Test 10) rather than a 

geotextile reduces tensile strains to undetectable levels and it is expected that using a 

GCL will not increase the interface transmissivity beneath the geomembrane. 

For the 35 mm stones tested initially sitting on the surface, tensile strains greater 

than 3% were calculated when the clay compacted to initial water content of 14% or 

lower. Opposite to what was found for buried stones, these strains increased as the clay 

water content decrease. The most critical case for stones sitting on surface corresponds 

to the most favourable case for shallow buried stone. Thus, it would be especially 

prudent to pick all visible stones prior to placing the geomembrane to reduce the tensile 

strains that may develop when placed on a firm clay layer. Vigilant oversight of the 

surface conditions prior to geomembrane placement would become an important part of 

the construction quality control/assurance program. Stones smaller than 35 mm sitting 

on the surface would arguably have lower tensile strains; however, if deemed important 

for a particular project, the influence of stone size would probably best be determined by 

similar physical testing with site specific clay and stone materials and anticipated 

conditions (i.e., pressure, water content). 

2.5 Conclusions 

Results from physical experiments involving stone particles intentionally placed in 

a compacted clay liner underlying a 1.5 mm thick high-density polyethylene 
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geomembrane were reported. Except in one test conducted to a pressure of 2 000 kPa, 

the geomembrane was not punctured in the short-term tests conducted; however, it was 

subjected to local indentations and tensile strains from the underlying gravel particles 

that may exceed proposed allowable long-term strain limits. The influences of applied 

pressure, clay water content, stone size, stone burial depth and protection layer on the 

geomembrane tensile strains were examined. 

For the specific 35 mm stones tested, tensile strains increased with increases in 

initial clay water content and increases in applied pressure when the stones were buried 

flush with the clay surface. Tensile strains from these stones were negligible, even up to 

pressures of 1 000 kPa, if the initial water content of clay was 12%. Increasing the stone 

size was found to increase the tensile strain; increasing the burial depth was found to 

decrease the strain. For vertical pressures up to 1 000 kPa, tensile strains from buried 

stones can be reduced to less than 3% by removing stones larger than 35 mm from the 

uppermost lift of the clay liner and compacting this final lift at the lower limit of 

acceptable water content. Placing the clay at the lower limit of acceptable water content 

makes it more susceptible to stone particles sitting on top of the clay surface and careful 

site inspection is required to remove all visible stones that sit on top of the clay surface.  

The results and conclusions are applicable to the specific materials and 

conditions tested; therefore, they should not be directly used for design purposes for 

different conditions without experimental verification. 
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Table 1: Index properties of the geomembrane. 
 

Test Direction Property Mean  Std dev. 

ASTM 
D6693 

Machine 

Yield strength (kN/m) 26.7 0.9 
Break yield strength (kN/m) 46.0 5.3 
Yield elongation strain (%) 23.9 1.7 
Break elongation strain (%) 825 81 

Cross-
machine 

Yield strength (kN/m) 28.9 0.5 
Break yield strength (kN/m) 43.7 6.1 
Yield elongation strain (%) 18.5 0.4 
Break elongation strain (%) 830 95 

ASTM 
D4833 

Axisymmetric 
Puncture force (N) 1 370  8 
Displacement at puncture (mm) 23.6 0.3 
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Table 2: Summary of experiments conducted with five intentionally placed stones (A-E) 
in or on clay layer and with sand above geomembrane (GM). No geomembrane 
puncture. 
Test Applied 

vertical 
pressure 

(kPa) 

Clay water 
content (%) 

Clay 
settlement 

(mm) 

Initial 
stone 

position

Calculated GM tensile strain 
from underlying stone (%) 

Initial 
w 

Final
wf 

Avg. Std. 
dev.

A B C D E 

1 200 12.4 12.2 4.8 2.5 flush *** 
2 1 000 12.5 12.1 5.1 2.7 flush *** 
3 600 14.0 12.3 5.7 4.7 flush 3.5 3.6 1.0 3.8 2.8
4 600 14.0 12.3 5.7 4.7 flush 3.5 3.6 1.0 3.8 2.8

5a 1 000 14.2 12.1 7.9 3.5 flush 5.2 6.3 5.0 4.3 4.9
5b 200 16.4 15.6 4.5 2.6 flush   ***   
6 200 16.1 15.3 5.2 3.6 flush 4.2 4.0 5.2 3.0 5.1
7 600 16.2 14.8 6.8 2.6 flush 10.0 4.0 4.5 6.8 3.1
8 1 000 16.2 13.5 8.5 3.4 flush 14.0 21 12.0 7.0 5.3
9* 1 000 16.1 12.8 11.4 4.6 flush 3.5 2.9 3.6 3.5 3.9

10+ 1 000 16.1 12.3 8.2 2.6 flush   ***   
11 1 000 16.2 12.4 9.2 3.3 on top 8.1 5.6 2.5 3.4 1.9
12 200 12.4 12.3 4.4 1.9 on top 5.9 1.9 3.9 1.4 1.5
13 200 14.2 13.8 5.6 1.9 on top 2.2 1.1 0.8 1.5 1.2

14a 200 16.3 15.5 6.1 1.8 
buried 
5 mm 

*** 

14b 1 000 16.1 12.5 7.8 1.8 
buried 
5 mm 

*** 

15 1 000 16.2 12.4 8.1 2.8 
buried 
10 mm 

*** 

 
* Nonwoven geotextile placed between geomembrane and clay. 
+ Geosynthetic clay liner hydrated to an initial water content of 130 % placed between 
geomembrane and clay. 
*** No discernable gravel indentation. 
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Table 3: Summary of experiments conducted with five intentionally placed stones (A-E) 
initially buried flush with clay surface and with 50 mm coarse gravel above 
geomembrane (GM). 
Test Applied 

vertical 
pressure 

(kPa) 

Clay water 
content (%) 

Clay 
settlement 

(mm) 

GM 
Puncture 

Calculated GM tensile 
strain from underlying 

stone (%) 
Initial 

w 
Final

wf 
Avg. Std. 

dev.
A B C D E 

16 200 16.3 15.4 4.2 2.5 none *** 
17 1 200 12.7 12.5 5.3 2.7 none *** 

18 2 000 12.7 12.1 6.6 3.2 
punctured 

from 
above 

*** 

19a 2 000 16.2 12.4 11.2 2.2 

punctured 
from 

above 
and 

below 

14 8 11 18 16 

19b 2 000 16.1 - 11.5 3.4 
punctured 

from 
above 

13 11 14 8.2 18 

20* 200 16.3 15.4 5.5 1.7 none *** 
21* 800 16.2 - 8.1 2.3 none 6 12 12 9 12 

22a* 2 000 15.9 12.3 10.2 3.1 none 18 7 6 15 15 
22b* 2 000 16.3 12.4 10.1 2.9 none 11 9 9 18 9 

 
* 540 g/m2 nonwoven needle-punched geotextile placed above geomembrane. 
*** No discernable gravel indentation. 
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Table 4: Summary of experiments conducted with stones F initially buried flush with clay 
surface and with sand above geomembrane (GM). No geomembrane puncture. 

 
Test Applied 

vertical 
pressure 

(kPa) 

Clay water 
content (%) 

Clay 
settlement 

(mm) 

Calculated GM tensile strain from 
underlying stone (%) 

Initial 
w 

Final 
wf 

Avg. Std. 
dev. 

23 1 000 12.5 12.1 5.2 2.4 4.6 
24 200 16.3 15.4 4.7 2.9 2.8 
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Table 5: Dimensions and shape of stones intentionally placed in the clay. 
 

Stone Maximum dimension 
(mm) 

Minimum dimension 
(mm) 

Shape 
 

A 34 15 Angular 
B 37 23 Subangular 
C 32 24 Subangular 
D 34 32 Angular 
E 32 23 Subangular 
F 100 43 Rounded 
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Fig. 1. a) Illustration of a geomembrane puncture from a stone in an underlying clay 
layer. b) Photograph of a puncture in 1.5 mm thick high-density polyethylene 
geomembrane from a stone in the underlying clay following application of a vertical 
pressure of 3 000 kPa (Gudina, 2007). 
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Fig. 3. a) Plan view b) cross-section through test apparatus showing test configuration 
with sand overlying the geomembrane and c) Detail of placement of stones in 
compacted clay 
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a) Stone A b) Stone B

c) Stone C d) Stone D

e) Stone E f) Stone F

Scale

0 50 mm

 

Fig. 4. Photographs showing intentionally placed stones. Orientation corresponds to the 
orientation when buried in the clay such that the top of the stone as shown was in 
contact with the geomembrane 
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Fig. 5. Grain size distributions for the materials tested (Clay, SP and GP). 
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Fig. 6. Initial and final surfaces of clay along Y=160 mm from Test 3. 
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Fig. 7. a) Local geomembrane indentation and b) calculated geomembrane tensile strain 
from stone D in Test 7. u is the distance from the highest point of the indentation; v is the 
height of the indentation. 
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Fig. 8. a) Photograph looking down on geomembrane showing puncture by a small stone 
from the underlying clay in Test 19a. b) Photograph showing side view of stone that 
caused puncture. 
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Fig. 9. Influence of initial clay water content (w) and applied pressure on geomembrane 
tensile strain for stones A-E when initially buried flush with the clay surface 
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Fig. 10. Influence of stone size (D) and initial clay water content (w) and applied 
pressure on geomembrane tensile strain when initially buried flush with the clay surface. 
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Fig. 11. Influence of burial depth on geomembrane tensile strain for stones A-E at an 
initial clay water content of 16% and an applied pressure of 1 000 kPa. 
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Fig. 12. Influence of initial clay water content (w) on geomembrane tensile strain for 
stones A-E when initially placed on top of the clay surface at an applied pressure of 200 
kPa. 
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Fig. 13. Effectiveness of geotexile and geosynthetic clay liner (GCL) protection layers 
between the geomembrane and clay on reducing tensile strain for stones A-E when 
initially buried flush with the clay surface at an initial clay water content of 16% and an 
applied pressure of 1 000 kPa. 
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Chapter 3 

Time and temperature effects on geomembrane strain from a 

gravel particle subject to sustained vertical force 

3.1 Introduction 

A composite geosynthetic liner consisting of a geomembrane (GM) overlying a 

compacted clay liner (CCL) (e.g., see Fig. 1) can be an effective barrier to contaminant 

transport in a solid waste landfill. Contaminant transport is limited to leakage through 

small holes in the geomembrane and diffusion through the intact geomembrane for 

many nonpolar volatile organic compounds (e.g., Rowe et al. 2004). 

One possible failure scenario of a landfill geomembrane, as postulated by Rowe 

et al. (2004), is that the oxidation of the geomembrane leads to a decrease in its stress 

crack resistance and that, if subjected to sustained tensile stresses, could lead to 

development of holes and hence increased contaminant leakage. Failure would then 

occur once the geomembrane develops holes to an extent that it no longer limits 

contaminant impact to an acceptable level. The rate of oxidation of high-density 

polyethylene geomembranes in landfill leachate has been quantified (e.g., Rowe et al. 

2009; Rowe at al. 2010) as well as the decrease in stress-crack resistance from 

oxidation (e.g., Rowe and Rimal, 2008). The focus of this chapter is to quantify the 

tensions that may develop in the geomembrane. 

The tensions in the geomembrane arise due to the gravel particles used in the 

leachate collection layer on top of the geomembrane and the overburden stresses from 

the weight of the overlying waste. A protection layer is required above the geomembrane 
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liner to reduce the likelihood of geomembrane puncture. Narejo et al. (1996) carried out 

short-term puncture tests using different nonwoven needle-punched geotextiles as the 

protection layer and proposed a method to select the mass per unit area of a geotextile 

required to prevent geomembrane puncture. Although, this protection is designed for 

prevention of puncture, an effective protection should also prevent long-term tensions in 

the geomembrane to within allowable limits (e.g., 3% proposed by Seeger and Müller, 

2003, while 6–8% proposed by Peggs et al. 2005). In previous studies conducted by 

Dickinson and Brachman (2008) and Brachman and Gudina (2008), it was concluded 

that nonwoven needle-punched geotextiles (with masses up to 2 200 g/m2) were able to 

prevent short-term puncture, but were unable to limit the tensions in the geomembrane 

to within the allowable strain limits, for pressures up to 250 kPa when using nominal 50 

mm gravel as a drainage layer. They found that only a 150 mm sand protection layer 

was able to limit strains in the geomembrane to less than 1% for tests run for 10 h at 

22°C and 250 kPa. 

Brachman and Gudina (2008) conducted a study to measure geomembrane 

deformations and calculate the resulting tensions in the geomembrane. The tests in the 

study were carried out for a maximum of 100 hrs and a maximum of 1 000 kPa of 

applied pressure. There is a need to study the tensions in the geomembrane for longer 

time periods as landfill liner systems may be required to last for hundreds of years. For 

example, the Ontario regulations (MoE, 1998) governing the landfill design specify that 

the service life of the geomembrane should not be less than 160 years.  

The materials used in the present study (compacted clay, high-density 

polyethylene geomembrane, and geotextile) exhibit varying degrees of time-dependent 

behaviour (Mitchell and Soga, 2005; Ferry, 1980; Deng et al. 1998; Ebewele, 2000), 
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therefore there is a need to know the effect of time on the geomembrane strains for 

realistic landfill barrier applications. 

Further, Brachman and Gudina (2008) focused exclusively on the geomembrane 

tensions under applied load, at a temperature of 22°C. Rowe (2005) and Rowe and 

Islam (2009) have shown that the temperatures in the landfill liners are frequently higher 

than 20°C, therefore there is a need to know how these high temperatures affects 

geomembrane strains. The effect of temperature on the polymeric material is to reduce 

the modulus, thereby increasing creep (Ferry, 1980; Deng et al. 1998; Ebewele, 2000; 

Michler 2008). Various researchers have pointed out that with an increase in 

temperature, the void ratio of clay decreases (Campenella and Mitchell, 1968; Fox and 

Edil, 1996; Laloui et al. 2008 which may lead to higher consolidation at higher 

temperature resulting in a more compressible material beneath the geomembrane. 

However, there is a paucity of data for the system response, consisting of both 

compacted clay and a high-density polyethylene geomembrane for long-term tests. 

The objectives of this paper are to: (1) quantify the effects of time and 

temperature on geomembrane strain from a single gravel particle under controlled 

experimental conditions; and (2) investigate the use of short-term experimental results 

conducted at elevated temperatures to predict long-term strains in the geomembrane. 

The influences of time, temperature, clay water content, applied force, and protection 

layer on geomembrane strain are examined. 
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3.2 Method 

3.2.1 Laboratory apparatus 

The geomembranes were tested in the apparatus shown in Fig. 2. The apparatus 

had an inside diameter of 60 mm and height of 85 mm.  

Force was applied to the geomembrane using a steel probe that was machined 

to simulate a coarse gravel particle. The largest diameter of the probe was 28 mm and 

narrowed to a point where it touched the geomembrane, as dimensioned in Fig. 2. This 

geometry was selected to mimic the shape of a point gravel contact from nominal 50 mm 

coarse gravel as defined by Brachman and Gudina (2008). They showed that point 

contacts were more likely to produce the largest tensile strains in the geomembrane 

relative to the four other contact types identified. Use of a single machined steel probe 

rather than real gravel is advantageous to quantify the effects of time and temperature 

on geomembrane strain under controlled experimental conditions. The results from 

these single contact tests will be compared to results from more elaborate tests, with 

real 50 mm coarse gravel, later in the chapter, from a study carried out by Brachman 

and Gudina (2008). Also, since the purpose of these tests is to study both the time and 

temperature effects on geomembrane strain from coarse gravel sized particles, the steel 

probe differs from the one typically used to assess short-term geomembrane puncture in 

the truncated cone index test (ASTM D5334).  

The diameter of the test specimen (inside the apparatus) was selected to be 60 

mm as this was found to be the mean centre-to-centre spacing between gravel contacts 

for nominal 50 mm coarse gravel in contact with the geomembrane (Brachman and 

Gudina, 2008). The geomembrane was mechanically clamped between grooved steel 
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flanges to obtain a zero radial and zero vertical displacement boundary around the 

perimeter of the test specimen. The zero radial displacement boundary simulates the 

situation of multiple equally spaced contact points with the same contact force. The zero 

vertical displacement boundary produces greater vertical restraint than would be 

expected in the field, which may result in slightly greater tensile strains in the 

geomembrane in the laboratory idealization. 

3.2.2 Materials 

Each experiment consisted of a 1.5 mm thick smooth high-density polyethylene 

geomembrane on top of a 50 mm thick layer of compacted clay. The index stress-strain 

properties of the geomembrane are given in Table 1. All geomembrane specimens 

tested were obtained from the same roll. 

The compacted clay layer beneath the geomembrane was made from silty-clay 

till that was obtained from a landfill site in Milton, Ontario. This soil was first dried and 

particles larger than 10 mm were removed. Index properties of the resulting clay are 

given in Table 2. In all but four tests, the clay was placed at a water content of 16% and 

compacted to a dry density of 1.9 g/cm3. The conditions for these 28 test series are 

summarized in Table 3. A water content of 16% corresponds to the upper limit of water 

content for field placement of this material as a compacted clay liner (e.g., see Benson 

et al. 1999; Rowe et al. 2004). The impact of lower initial water content was examined in 

tests series 27 and 28, as detailed in Table 4. Standard Proctor compactive effort (594 

kJ/m3) was used for all tests. 

Although some sort of protection layer would most certainly be used in an actual 

landfill application, approximately one-half of the test series were conducted without a 
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protection layer between the probe and the geomembrane. This was intended to isolate 

the effects of time and temperature on the geomembrane and to provide a base case to 

compare results with a geotextile protection layer. In the remaining tests, a nonwoven 

needle-punched geotextile (denoted as GT1) with a mass of 540 g/m2 and thickness of 4 

mm (ASTM D5199) was used as a protection layer between the probe and the 

geomembrane. Index force (P) versus deflection (D) results, from a modified version of 

geotextile puncture test ASTM D6241, are given in Fig. 3. Table 3 summarizes the 

conditions for the test series with no protection and with a geotextile protection layer.  

All tests were conducted with a 30 mm head of synthetic leachate on top of the 

geomembrane. The details of the constituents in the synthetic leachate are reported by 

Rowe et al. (2008). Given that they found no significant change in physical properties of 

the geomembrane when immersed in this leachate for the temperature and time ranges 

tested here, it is unlikely that the presence of the leachate impacted the geomembrane 

strains reported in this paper. 

3.2.3 Procedure 

After the materials were placed in the test apparatus, a constant vertical force 

was applied to the gravel probe by hanging weights using a modified consolidation 

frame. The vertical displacement of the probe was measured using a dial gauge, similar 

to a conventional one-dimensional consolidation test, to ± 0.01 mm. The force was 

increased in 140 N increments that were applied every 12 h, as this time was sufficient 

to allow the clay in the cell to reach greater than 90% consolidation (see Appendix A for 

details). Twelve hours after the final load increment was applied, force was then held 

constant for an additional 10, 100 or 1 000 hours as detailed in Table 3. In three tests 
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(test series 9 in Table 3), the final force was held constant for 10 000 hours (1.14 years). 

For the remainder of the paper, the test duration will refer to the time after the last 12 h 

load increment.  

The final constant applied force was 700 N for all test series listed in Table 3. 

Since the cell diameter was selected based on the mean contact spacing for nominal 50 

mm coarse gravel, the final force, when divided by the area of the geomembrane, is 

equal to an average stress of 250 kPa acting on a drainage layer comprised of 50 mm 

coarse gravel. If the contact spacing were reduced to say 30 mm, e.g., by having finer 

gravel, the contact force of 700 N would correspond to a much larger stress closer to 1 

000 kPa. For reference, a vertical stress of 250 kPa could result from burial beneath 15 

to 20 m of municipal solid waste, assuming a unit weight between 12.5 to 16.7 kN/m3. 

Two tests (29 and 30 listed in Table 4) were conducted with applied forces of 280 and 

420 N (resulting in average stresses of 100 and 150 kPa for 50 mm coarse gravel 

contact spacing) to quantify the geomembrane strains at lower burial depths.  

Tests were conducted at constant geomembrane temperatures of either 22, 35, 

45, 55, 70 or 85ºC. The temperature was obtained using a heating tape wrapped around 

the outside perimeter of the test apparatus. The temperature of the geomembrane was 

maintained within ±1ºC of the desired test temperature. The temperature set point was 

located directly beneath the geomembrane, 20 mm from the centre of the apparatus. No 

thermal gradient across the thickness of the geomembrane was measured during the 

study. Force was applied once the desired test temperature was reached. 

After completion of each test, the geomembrane was carefully removed and 

inspected. The geomembrane was not punctured in any of the tests reported in this 

paper. The deformations in the geomembrane beneath the gravel probe were preserved 
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by a thin lead sheet that was placed between the geomembrane and clay. The lead 

sheet was 0.4 mm thick, and 55 mm in diameter. The deformed shape of the lead sheet 

was then measured with a laser scanner to ±0.04 mm. Geomembrane strains were 

calculated from the measured deformed shape using the method developed by Tognon 

et al. (2000).  

3.3 Results 

3.3.1 Displacements 

Typical time-displacement curves from the tests with no protection layer are 

shown in Figs 4a-c. The results are plotted only for the longest test duration at a 

particular temperature, as the results between the replicate tests and shorter test 

durations were essentially identical to the accuracy of plotting. The results for the first 60 

h (with time plotted on an arithmetic scale) show the response during loading. For each 

load increment, there was a rapid increase in displacement then followed by a small 

increase with time. The displacements measured at 60 h increased with increasing 

temperature. The results for times greater than 60 h (with time plotted on logarithmic 

scale) show the increase in displacement from creep when the applied force was held 

constant. A consistent, albeit small, increase in displacement with time was measured in 

all tests. For example, Fig. 4b shows creep deflection of 1.7 mm over the 10 000 h 

duration of test 9a conducted at 55°C.  

Deformed geomembrane shapes for 10, 100 and 1 000 h tests at different 

temperatures with no protection layer are compared in Fig. 5. Here v denotes the vertical 

displacement measured from the initial top surface of the geomembrane. The 
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indentations in the geomembrane became deeper and wider with an increase in 

temperature at a given time. 

Figs 4d-f shows the time-displacement behaviour with the 540 g/m2 nonwoven 

geotextile above the geomembrane. Similar trends with time and temperature were 

observed as without the geotextile but with slightly smaller displacements. At 55°C, for 

example, the displacement after 1 000 h with the geotextile (Fig. 4e) is only 1 mm 

smaller than the corresponding displacement with no protection (Fig. 4b).  

Comparison of deformed geomembrane shapes between tests with and without 

the geotextile is shown in Fig. 5. The deformed shapes are quite similar with the 

geotextile producing deformations that are slightly shallower and wider. This implies that 

the particular geotextile tested did little to reduce the indentation in the geomembrane. 

This was expected as the results in Fig. 3 showed that little force is mobilized in the 

geotextile at displacements less than 10 mm as the fibres of the geotextile need to 

elongate to overcome this initial slack prior to mobilizing significant tensile resistance. 

Thus for the magnitude of deflections plotted in Fig. 5, the geotextile does little to reduce 

the indentation in the geomembrane. 

These experiments provide the time and temperature response of the system ( 

i.e., clay, geomembrane and geotextile) to force, and arguably it is the performance of 

the system that will influence the long-term performance of the geomembrane in landfill 

applications. However, it is of interest to consider the contributions from the different 

components of the system on loading and creep displacements. To help quantify the 

effects on loading, tests were conducted with only clay and with only a geomembrane, 

but otherwise the same conditions as previously examined. Force-displacement curves 

from these tests are compared with the clay and geomembrane system response in Fig. 
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6. It is evident from Fig. 6 that compacted clay and the geomembrane are affected 

similarly by increases in temperature,  i.e., deformations increase with an increase in 

temperature. In terms of creep, all three materials are expected to contribute to the 

increase in displacements with time. Creep of the geotextile may be expected to be less 

prominent than the other components given that little tensile force is mobilized in the 

geotextile, although any creep of the geotextile would be expected to produce additional 

displacements of the geomembrane. Given the nature of the experiments conducted it is 

not possible to precisely determine the creep of each component (clay, geomembrane or 

geotextile) separately. Previous studies have shown that for high-density polyethylene, 

creep rates increase with an increase in temperature (Corneliussen and Peterlin, 1967; 

Ferry, 1980; Ward, 1983; Deng et al. 1998; Ebewele, 2000; Michler 2008). Clay has also 

been shown to show temperature dependent behaviour. Leroueil and Marques (1996) 

explained that an increase in temperature results in expansion of solid particles and pore 

water as well as decrease in strength of the clay matrix. These changes may result in 

higher creep rate for clays at higher temperatures. 

3.3.2 Strains 

The quantity of practical interest, i.e., geomembrane strain, was calculated from 

each measured deformed shape. Typical results for the longest duration test (Test 9a) 

are shown in Fig. 7. The computed strains for the top and bottom surface of the 

geomembrane are given in Fig. 7b. Tensile strains are taken as positive. In Fig. 7b, the 

largest tensile strain of 18% occurred on the bottom surface located roughly half-way up 

the indentation ( i.e., approximately 15 mm away from the deepest point) as a result of 

membrane strain combined with some bending. As the indentation due to the applied 
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force develops, the material on the side of the slope elongates which results in tensile 

strain. When the indentation is deeper and narrower, the elongation tends to be larger, 

resulting in higher tensile strains. The maximum strain in all the tests carried out in this 

study occurred along the side slope of the indentation.  

The maximum tensile geomembrane strains for all tests are given in Table 3. 

Overall, the calculated tensions were very repeatable in replicate tests with a maximum 

coefficient of variation less than 2%. For example, triplicate results from test series 9 (10 

000 h at 55°C) differed at most by 0.6% strain. This high level of reproducibility is 

beneficial to quantify the time and temperature effects on geomembrane strain.  

It is of interest, at this point, to compare the results from the single machined 

steel probe (designed to replicate a point contact from nominal 50 mm gravel) with 

results obtained with real 50 mm coarse gravel. Brachman and Gudina (2008) 

conducted tests with a poorly-graded crushed-limestone gravel above a 1.5 mm thick 

high-density polyethylene geomembrane without protection. Their tests were conducted 

in a 0.6-m-diameter apparatus, at an average applied vertical pressure of 250 kPa for 10 

h and at 22C. Quantifying the strains from all discernable indentations in the 

geomembrane from three replicate tests (a total of 88 values), Brachman and Gudina 

(2008) showed that the tensile strains followed a normal distribution with an average 

strain of about 11 to 13%. The results for test series 1 in Table 3 show an average strain 

of 11% for otherwise similar test conditions (10 h and 22C), showing the machined 

probe is able to closely reproduce the average strains from real 50 mm coarse gravel. 

An unpaired t-test was carried out to compare geomembrane strains from Brachman and 

Gudina (2008) and the present study and showed that the difference was not statistically 
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significant at 95% confidence interval. Thus, the single machined probe can provide 

realistic average strain values. 

Fig. 8 shows the influence of temperature and time on the calculated 

geomembrane strains for the tests conducted at an applied force of 700 N. For the tests 

conducted with geotextile protection (Fig. 8b), the geomembrane strains were smaller 

than when the tests were run without protection (Fig. 8a). The difference in strain is 

attributed to the difference in deformed shape as noted in Fig. 5. The effect of increased 

temperature is similar for both cases, as strains increase by around 1.25 times for 

increases in temperature from 22 to 55°C after 1 000 h. Similarly, either with no 

protection or with the geotextile protection, the geomembrane strains increase by factors 

of 1.2 and 1.3 respectively as time was increased from 10 to 1000 h. At higher 

temperatures, the modulus of the geomembrane decreases thereby increasing the creep 

of the material. This increase in the material creep results in increased indentation depth 

and, consequently, larger geomembrane strains at longer times. 

Results in Table 3 and Fig. 8 show the effects of time and temperature for the 

particular force and subgrade conditions tested. Tests 29 and 30 were therefore 

conducted to examine how the compressibility of the clay beneath the geomembrane 

affects the strains for the time and temperatures given in Table 4. Fig. 9 shows the 

tensile strains induced by the machined probe for the case when the water content of the 

clay was varied from 16% to 12%. At an initial clay water content of 16%, the tensile 

strains in the geomembrane were approximately 15%. The high initial water content 

produces clay with high compressibility. This leads to larger indentations in the 

geomembrane and hence higher tensile strain. Decreasing the initial water content of the 

clay decreases its compressibility, which results in smaller indentations and hence 
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smaller tensile strains in the geomembrane. This is demonstrated in Fig. 9 that the 

tensile strains decrease to approximately 11% when the clay was placed at 14% and to 

approximately 5% with the initial water content of 12%. In the cases where the tensile 

strains may be expected to exceed allowable limits, perhaps one simple remedy would 

be to place the uppermost lift of the clay liner at the lower limit of acceptable water 

content, provided the required low hydraulic conductivity of the clay can still be attained.  

Test series 31 and 32 were run to study the effects of smaller applied forces, and 

the results are presented in Fig. 10. The initial water content of the clay was kept at 16% 

and the tests were run for 10 h and at 22C with geotextile protection. As expected, a 

lower applied force lead to smaller indentations in the geomembrane and hence lower 

tensile strains. The maximum tensile strain in the geomembrane decreased from 

approximately 9% at 700 N to about 3% at 280 N.  

3.4 Time-temperature superposition  

Given that engineering decisions need to be made on the potential long-term 

performance of a protection layer in realistic time frames that preclude actual long-term 

data, there is a need for a method where data from short-time studies (e.g., 10 to 1 000 

h) conducted at different temperatures (e.g., 22 to 85C) can be extrapolated to longer 

time frames, that may extend to several decades, at a desired temperature. A method 

for extrapolating short-term geomembrane strains to longer periods, called time-

temperature superposition (tTS), is examined here.  

Assuming that the effect of temperature and time on a specific material property 

have similar trends (Tobolsky, 1956; Ferry, 1980), the data at different temperatures can 

be superposed on data taken at a specified reference temperature (Tref) by shifting 
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individual curves one at a time along the time axis, logarithm time (log t), about the 

reference temperature. Using tTS, a single continuous curve of the property under 

consideration extending over many decades of time at the reference temperature can 

then be obtained (Tobolsky, 1956; Ferry, 1980; Lomellini, 1992; Deng et al. 1998; Jeong 

et al. 2004; Tajvidi et al. 2005). This constructed curve is called the master curve at the 

reference temperature.  

Various researchers have used tTS to characterize different properties of high-

density polyethylene. Nakayasu at al. (1961) used tTS to compute the long term 

dynamic mechanical properties of high-density polyethylene. Mark and Findley (1978) 

reported a creep master curve for polyethylene using tTS. Lomellini (1992) applied tTS 

for the viscosity of high-density polyethylene, whereas Dutta and Edward (1997) and 

Aryama et al. (1997) used tTS for its stress relaxation characterization. Recently, 

Kongkitkul and Tatsuoka (2007) used tTS to quantify the long-term creep in geogrids. 

The difference between the previous studies conducted for various different properties of 

high-density polyethylene and the present study is that previously no work has been 

done to quantify geomembrane tensile strains under simulated field conditions using a 

multi-component system ( i.e., geomembrane on top of clay with a geotextile protection 

layer) as proposed in the present study. 

The time-temperature superposition principle can be expressed as:  

( , ) ( , )ref ref
T

tT t T a 
       (1)

 

where: is the strain at test temperature T and time t, ref is the strain at reference 

temperature Tref, and aT is the shift factor required to shift the property from temperature 

T to Tref. The shift factor aT is obtained from the experimental data curve by measuring 
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the horizontal shift along the log time axis to match the curve for the reference 

temperature, whereas for the reference temperature, log aT is chosen as unity. For this 

study, t is reserved for the actual time for which the tests were run and transformed time 

t′ is for the extrapolated time at the reference temperature, where the transformed time is 

given by t/aT.  

It is important to note here that tTS should only be applied when, according to 

Ward (1983), the adjacent curves transition smoothly and temperature dependence of aT 

can be explained in the form of a simple Arrhenius-like relationship. It is prudent to note 

here that according to Mours and Winter (2000) the master curve should not be 

generated if partial melting occurs in the temperature range concerned; or actual 

structure of the polymer changes with temperature. In the present study, even at high 

test temperatures of 85C, partial melting is not expected as the melting temperature of 

high-density polyethylene is approximately 130C. Therefore, it is expected that the 

master curve for the system under consideration can be constructed. 

The generation of a master curve can be accomplished by following steps (Ward 

1983): 

1. The curve (trend of experimental data) at temperature (Tref), usually in the middle 

of the tested range, is chosen as reference which in this study the reference 

temperature is chosen as 55C 

2. The curves at other temperatures are shifted one at a time until they superpose 

with the reference temperature curve. Curves at temperature above Tref (70 and 

85C) are shifted to the right and those below Tref (22 and 35C) are shifted 

towards the left of the reference temperature curve. 
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3. If the curves do not cover a large enough range to permit an overlap on the 

reference temperature, then they are superposed to the nearest neighbour based 

on extrapolations. The tests in this study were planned in such a way that an 

overlap was achieved between the data sets. 

The tTS master curve was constructed for the case of no protection following the 

steps described and is shown in Fig. 11. Fig. 11a shows the experimental data for all the 

tests with a test time of 1 000 h or less plotted against real test time on a logarithmic 

scale. The general trend of the data is increasing geomembrane strain with increasing 

test time and test temperature. Fig. 11b shows the shifted data for the final tTS curve 

against transformed time t′. Fig. 11c shows the relationship between the shift factor (log 

aT) and temperature. Previous studies (Nakayasu at al. 1961; Mark and Findley, 1978; 

Lomellini, 1992; Dutta and Edward, 1997; Aryama et al. 1997; Tajvadi, 2005) showed an 

Arrhenius like relationship between the shift factor and temperature. In this study, the 

shift factor also exhibits an Arrhenius-like relationship ( i.e., a linear relation between 

temperature and log aT) indicating that the tTS is applicable to the system under 

consideration in this study. After plotting the master curves, regression analysis for the 

data was carried out. The analysis showed that the coefficient of determination, r2, for no 

protection master curves at 55°C is 0.95. 

It is essential that for the geomembrane strains predicted from tTS should be 

compared with the results for medium term tests to validate the study, at least for the 

duration of the longest test conducted. For this purpose, three medium-term experiments 

with no protection were run for 10 000 h (1.14 years) at 55C and 700 N. The results 

from the three medium term tests are plotted in Fig. 12b with the hollow symbols. Using 
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the tTS superposition, the geomembrane strain for 10 000 h is predicted to be 19% 

whereas the actual strain from the experiments was 18%. This close agreement 

between the predicted tTS value and real experimental values is encouraging as it 

shows that short-term elevated temperature experimental results can be used to predict 

longer-term strains in the geomembrane at lower temperatures but the predicted 

geomembrane strain values may deviate from actual values of geomembrane strains at 

long-time. 

The tTS master curve was also constructed for the system with geotextile 

protection and is shown in Fig. 12. Fig. 12a shows the measured data plotted against 

real test time on a logarithmic scale. It can be seen that the geomembrane strain 

increases with the test time as well as the test temperature. Fig. 12b shows the shifted 

data for the final tTS curve against t′. Fig. 13c shows the relationship between the shift 

factor (log aT) and temperature and similar to Fig. 12c it shows an Arrhenius like 

relationship between the shift factor and temperature suggesting that the tTS may also 

applicable to the system where a geotextile has been used as protection and the 

behaviour of the system is temperature dependent. Similarly, Fig. 13 presents the tTS 

master curves constructed for the temperatures of 22°C and 35°C and compared with 

the master curve for 55°C.  

Similar to master curves at the reference temperature of 55°C, master curves 

can also be made at other reference temperatures. The procedure to follow for 

constructing the master curves at other temperature (22, 35, and 70°C) is same as 

explained earlier for 55°C. The constructed master curves for these temperatures for 

both no protection and GT1 protection are given in Appendix B.  
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A comparison of the tTS curves developed at 55C for both no protection and 

geotextile protection is presented in Fig. 14. It is evident from the comparison that the 

long-term creep for the system, without and with the geotextile protection, is similar. This 

shows that the geotextile used in this study does not have a major impact on the long-

term strains in the system.  

3.5 Discussion 

From a practical perspective, if tensile strains are to be kept below the limit of say 

6% as proposed by Peggs et al. (2005), then the particular 540 g/m2 nonwoven 

geotextile would not be sufficient as a protection layer as even the smallest 

geomembrane strain in Fig. 8b is 9%. This conclusion is consistent with the more 

performance based protection layer testing reported by Dickinson and Brachman (2008). 

However, from another perspective, if this geotextile was selected solely using the 

method devised by Narejo et al. (1996) – a method derived to prevent short-term 

puncture in the geomembrane – then this geotextile would have been deemed to be 

sufficient. The data in this chapter can then be used to assess the potential long-term 

strains for cases that may have been constructed with a constant liner temperature. Fig. 

12 shows that the long-term geomembrane strains for such a system will be high, 

around 20% for 100 years for a sustained temperature of 55°C. 

Using the time-temperature superposition curves developed in the present study, 

the long-term geomembrane strains can be predicted for a constant temperature profile 

over time. Table 5 presents a comparison between the predicted long-term 

geomembrane strain values at various temperatures for both configurations tested. For 

the case with geotextile protection, if an assumption is made that the temperature 
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remains constant over the service life of the geomembrane liner, then the data 

presented in Table 5 shows that the geomembrane strains exceeds the allowable strain 

limit of 6% as proposed by Peggs et al. (2005) even before one year has passed, at 700 

N of applied force. It can also be seen from Table 5 that even for low temperatures of 

22°C, the predicted 10 years geomembrane strains, with a geotextile protection, are 

15% increasing to 18% if the temperature increases to 55°C. Similarly for 100 years, the 

geomembrane strains are predicted as 17% and 20% for 22 and 55°C test temperatures 

respectively. At a constant liner temperature of 55°C, 10 year geomembrane strains are 

3 times the proposed strain limit given by Peggs at al. (2005), and increase to 

approximately 3.3 times for 100 years. Although, the implications of such high 

geomembrane strains, in the long-term, are not clear, it is postulated that these high 

tensile strains in the geomembrane may lead to rupture of the geomembrane, resulting 

in the release of contaminants from the landfill to the groundwater. The potential for 

rupture in the long-term under sustained loads is presented in Chapter 5. 

3.6 Conclusions 

Laboratory experiments were conducted to evaluate the effects of time and 

temperature on the geomembrane strains and an effort was made to predict long-term 

strains in the geomembrane from the short-term data obtained from the tests conducted 

in this study. 

The influences of temperature, time, a geotextile protection, clay water content 

and applied force on the geomembrane tensile strains were examined. It was found that 

the clay water content had the greatest impact on the geomembrane strains in this study 

as an increase of 4% in the clay water content (from 12% to 16%), approximately 
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doubled the geomembrane strains. It was seen that for a 2.5 times increase in force 

(from 280 N to 700 N), the geomembrane strains increased by approximately 2.8 times. 

When test time was changed from 10 h to 1 000 h, the geomembrane strains increased 

by a factor of 1.3 whereas with the increase in temperature from 22°C to 55°C, the 

geomembrane strains also increased by a factor of 1.3.  

When a geotextile was used as protection for the geomembrane from the 

machined steel probe, the effect of time and temperature is similar to when no protection 

was used with a general trend of increased geomembrane strain with increases in either 

time or temperature. In the present study, generally the geomembrane exhibits lower 

tensile strains when a geotextile is used as protection (on average approximately 0.8 

times the average geomembrane strain when tested without protection).  

The results from short-term tests conducted at elevated temperatures were used 

to predict long-term geomembrane strains at lower temperatures. The principle of time-

temperature superposition (tTS) was applied for the multi-component system, consisting 

of compacted clay, geomembrane with and without protection. The geomembrane 

strains obtained from the tests were used to construct master curves at reference 

temperature of 55°C. The tTS master curve for no protection was validated using results 

from real medium term tests, run for 10 000h (1.14 years). It was shown that for the 

system under consideration, master curves generated using the tTS principle may 

deviate from the actual values of geomembrane strains at long-term.  

If a geotextile protection is designed solely based on the method proposed by 

Narejo et al. (1996), then 10 year geomembrane strain exceeds the maximum 

geomembrane strain limit (6%) proposed by Peggs at al. (2005) by a factor of 2.5 at 

22°C increasing to 3 times at temperature of 55°C, when using nominal 50 mm gravel 



 

67 

and 250 kPa stress. Therefore, the tested geotextile is not recommended as a protection 

to the geomembrane for the service life of the liner. 

Caution must be used when the results of this study are applied as the results 

and conclusions are applicable only to the specific materials, conditions and loading rate 

tested; therefore, they should not be directly used for design purposes for different 

conditions without experimental verification.  
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Table 1: Index stress-strain properties of the geomembrane 

Test Direction Property Units Mean 
Std 
dev. 

ASTM 
D6693 

Machine 

Yield strength kN/m 27 1 
Break yield strength kN/m 46 5 
Yield elongation strain % 24 2 
Break elongation strain % 830 80 

Cross-machine 

Yield strength kN/m 29 1 
Break yield strength kN/m 44 6 
Yield elongation strain % 19 1 
Break elongation strain % 830 95 

ASTM 
D4833 

Axisymmetric 
Puncture force N 1 370 8 
Displacement at puncture mm 24 0.3 
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Table 2: Soil properties 

Property Units Value 

Percent finer than 0.002 mm % 42
Liquid limit % 26
Plastic limit % 16
Std Proctor optimum water content % 12
Std Proctor maximum dry density g/cm3 2.1
Dry density as placed in the cell g/cm3 1.9
Specific gravity of soil solids  2.75
Compression index*  0.35
Recompression index*  0.04
Preconsolidation pressure* kPa 200
Undrained shear strength* kPa 40

 

* for a clay specimen compacted at w=16% to a dry density of 1.9 g/cm3 
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Table 3: Maximum tensile strains for tests conducted at an initial clay water content of 
16% 

Protection 
Test 

series 
Temp Time Maximum tensile strain (%) 

°C h a b c Avg. Std dev. 

No 
Protection 

1 
22 

10 11.1 10.7 10.8 10.9 0.2 

2 100 12.0 12.0 12.0 12.0 < 0.1 

3 1000 13.7 13.9 13.8 13.8 0.1 

4 
35 

10 12.6 12.7  12.6 0.1 

5 100 13.6 13.6  13.6 < 0.1 

6 

55 

10 14.6 15.1 15.0 14.9 0.3 

7 100 15.4 15.2 15.3 15.3 0.1 

8 1 000 17.1 17.2 17.2 17.2 0.1 

9 10 000 18.3 17.7 17.9 18.0 0.3 

10 
70 

10 15.5 15.5  15.5 < 0.1 

11 100 16.7 16.8  16.7 0.1 

12 
85 

10 16.7 16.6 16.7 16.7 < 0.1 

13 100 19.1 19.0 19.1 19.1 0.1 

14 1 000 20.4 20.7 20.5 20.5 0.1 

GT1 

15 
22 

10 8.8 8.6  8.7 0.2 

16 100 9.6 9.8  9.7 0.1 

17 1 000 10.8   10.8  

18 
35 

10 9.8     

19 100 10.9     

20 

55 

10 11.7 11.8  11.7 0.1 

21 100 12.0 12.4  12.2 0.3 

22 300 13.0     

23 1 000 13.7     

24 
70 

100 13.5     

25 300 14.5     

26 

85 

10 14.0 14.1 14.1 14.1 0.1 

27 100 16.0 16.0 16.0 16.0 < 0.1 

28 800 17.2     

 

Note: a, b and c denote replicate tests for each test series 
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Table 4: Maximum tensile strains for tests conducted at different initial water contents 
and applied forces 

Protection 
Test 

series 

Initial 
water 

content 

Applied 
Force 

Temp Time 
Maximum tensile 

strain (%) 

% N °C h a b Avg. 

No 
Protection 

29 12* 700 
55 100 

5.4 5.7 5.6 

30 14† 700 11.0 11.4 11.2 

GT1 
31 16 280 

22 10 
3.1  3.1 

32 16 420 5.1  5.1 

 

Initial dry densities equal to 2.23* and 2.32† g/cm3 
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Table 5: Predicted geomembrane strain from time-temperature superposition 
extrapolations. (Predictions for specific force, loading rate and temperature, and 
materials tested.) 

Temp Time Tensile strain (%) 

°C years No protection GT protection 

22 
1 15 13 

10 17 15 
100 19 17 

35 
1 17 14 

10 19 16 
100 21 18 

55 
1 19 16 

10 22 18 
100 24 20 
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Fig. 1. Illustration of gravel contacts leading to local indentations in a geomembrane at 
the base of a solid waste landfill 
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Fig. 2. Cross-section through the laboratory apparatus. Dimensions in mm. 
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Fig. 4. Measured vertical displacement of machined probe with time 
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Fig. 5. Measured geomembrane indentations with no protection layer 
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Fig. 7. Force-displacement behaviour of geomembrane and clay, clay only and 
geomembrane only 
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Fig. 8. a) Measured geomembrane indentation and b) calculated geomembrane strains 
from Test 17a conducted at 55C and 10 000 h 
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Fig. 9. Effect of temperature on geomembrane strains with time for a) no protection and 
b) geotextile protection 
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Fig. 10. Effect of water content on geomembrane strains for tests conducted with no 
protection at 55C for 100 h 
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Fig. 11. Effect of applied force on geomembrane strain for tests conducted with 
geotextile protection at 22°C and 10h 
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Fig. 12. Time-temperature superposition master curve for no protection (Tref = 55°C) 
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Fig. 13. Time-temperature superposition master curve for geotextile protection (Tref = 
55°C) 
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Fig. 14. Comparison of time-temperature superposition master curves for geotextile 
protection at different temperatures 
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Fig. 15. Comparison between time-temperature superposition master curve for no 
protection and geotextile protection (Tref = 55°C) 
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Chapter 4 

Long-term performance of multi-component geomembrane 

protection 

4.1 Introduction 

A protection layer is required for landfill liners to limit physical damage to the 

geomembrane from the placement of overlying material (e.g., dumping cover soil or 

possibly when there is only shallow cover soil and construction equipment) and because 

of point loading from overlying gravel particles when subjected to the weight of the 

material on top of the geomembrane (Fig. 1). Relatively light-weight nonwoven needle-

punched geotextiles are often sufficient to prevent puncture from construction loading 

(e.g., Reddy et al. 1996). The present study focuses on geomembrane protection from 

damage caused by point loading of the overlying gravel particles (e.g., from a leachate 

collection system) when subjected to the weight of the material on top of the 

geomembrane (e.g., waste in a landfill). 

A safe geomembrane liner design also requires that demands on the 

geomembrane be less than the resistance (i.e., allowable tensile strain). In Germany, the 

BAM (1995) guidelines required the geomembrane strain to be limited to 0.25%, hence 

requiring extremely heavy and thick protection to the liner. Although, Seeger and Müller 

(2003) point out that stringent requirements specified by BAM (1995) suffer from 

inflexibility and design redundancy but these stringent requirements are thought to 

reduce the risk of landfill liner failure. Seeger and Müller (2003) reinterpreted the original 

BAM recommendations and suggested that the maximum allowable geomembrane 
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strain can be 3%. Similarly, Peggs et al. (2005) proposed a range of maximum allowable 

strain of 6-8% based on stress crack resistance (SCR) of the geomembrane (6% for 

smooth geomembranes with a SCR less than 1 500 h and 8% for geomembrane with 

SCR of larger than 1 500 h). Peggs et al. (2005) did not conduct any tests to support 

their conclusions, but based their conclusions on previous studies. 

The effectiveness of a protection layer may be expected to depend on (Rowe et 

al. 2004): the type of geomembrane, the grain size and grain shape of material above 

geomembrane, the stresses acting just above liner, the temperature of the liner, and the 

time frame over which the geomembrane protection layer is required. A wide range of 

protection layers have been examined for this purpose, including: thick soil layers 

(Seeger and Müller, 2003; Gudina and Brachman, 2006; Dickinson and Brachman, 

2008); nonwoven needle-punched geotextiles (Narejo et al. 1996; Dixon et al. 1997; 

Zanzinger 1999; Gudina and Brachman, 2006; Brachman and Gudina, 2008a); various 

sand filled geocomposites (Saathoff and Sehrbrock, 1994; Zanzinger, 1999; Tognon et 

al. 2000; Dickinson and Brachman, 2008); rubber geocomposites (Zanzinger, 1999; 

Tognon et al. 2000); and recycled rubber tire shreds (Reddy and Saichek, 1998; 

Dickinson and Brachman, 2008).  

Nonwoven needle-punched geotextiles are commonly used as a protection 

layers since they are commercially available, easy to install and economical relative to 

many of the other possible options. Narejo et al. (1996) proposed an equation to select a 

nonwoven needle-punched geotextile to prevent puncture. Tognon et al. (2000), Gudina 

and Brachman (2006), Dickinson and Brachman (2008), Brachman and Gudina (2008a, 

2008b) all confirmed that nonwoven needle-punched geotextiles prevented puncture in 

relatively short term tests conducted ( i.e., 10 – 100 h), with 50 mm coarse gravel above 
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a 1.5 mm thick high-density polyethylene geomembrane and at a pressure of 250 kPa; 

however, they were unable to limit tensile strains in the geomembrane below proposed 

allowable strain limits (e.g., 3% by Seeger and Müller, 2003, and 6-8% by Peggs et al. 

2005). A summary of geomembrane strains from the tests conducted by Dickinson and 

Brachman (2008) with nonwoven needle-punched geotextiles is given in Table 1. 

As illustrated in Fig. 2, protection offered by nonwoven needle-punched 

geotextiles and other thin geosynthetics may take two forms. First, there may be a 

cushioning effect. As the gravel particle deforms into the geotextile, the thickness of the 

geotextile is reduced and the contact area between gravel particle and geotextile 

increases (Fig. 2b). This spreads the gravel force over a larger area, resulting in a 

slightly wider and shallower indentation and thereby smaller strains in the 

geomembrane, relative to no protection. As shown in Table 1, increasing the mass (and 

hence thickness) of these geotextiles resulted in a decrease in the peak strain due to 

greater cushioning. Second, as the geotextile deforms, membrane tensions can be 

mobilized in the geotextile, further reducing the contact force applied to the 

geomembrane from the gravel particle (Fig. 2c). The amount of membrane tension 

mobilized will depend on the slack and stiffness of the geotextile and the magnitude of 

displacement. Dickinson and Brachman (2008) showed that even very thick nonwoven 

needle-punched geotextiles mobilised very little tensile force for small displacements. 

The result is that protection provided by nonwoven needle-punched geotextiles is from 

cushioning; hence, they may be able to prevent short-term puncture because of 

cushioning (and possibly by mobilizing some tensile resistance at large-displacements). 

However, they are often unable to limit tensile strains (a small displacement problem), as 
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once the geotextile is able to carry force, the geomembrane had already deformed to the 

extent that tensile strains exceed the allowable limit. 

Observing that nonwoven needle-punched geotextiles alone were unable to limit 

strains for their conditions tested, Dickinson and Brachman (2008) investigated a 

geocomposite made from three layers of geotextiles that were glued together, Fig. 3. 

The idea of this study was to use a thick nonwoven needle-punched geotextile in the 

core to provide cushioning, and that once the core geotextile would deform, then slack 

would be overcome in the upper nonwoven heat-bonded geotextile to the point where it 

can start to carry force while the geomembrane experiences only small displacements. 

As summarized in Table 1, short-term strains in the geomembrane were below 3%, 

when using the geocomposite, which were better than using a nonwoven needle-

punched geotextile alone. 

Continuing from these encouraging short-term results, the objectives of this 

paper are to: 1) examine what combinations of commercially available geotextiles may 

make effective geocomposite protection layers; and 2) since the geosynthetic is relied 

upon to carry force, evaluate the long-term performance of a multiple geotextile layered 

geocomposite protection layer. Different combinations of geotextiles are tested to 

evaluate the protection they provide to the geomembrane. The effect of temperature, 

time, and maximum applied load on geomembrane tensions is also quantified. 

4.2 Method 

The apparatus shown in Fig. 4 was used for the tests carried out in this study. It 

had an inside diameter of 60 mm and a height of 85 mm. Force was applied by a steel 

probe that was machined to simulate a coarse gravel particle. The largest diameter of 
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the probe was 28 mm and narrowed to a point where it touched the geomembrane 

subtending an angle of 150. The diameter of the test specimen was selected to be 60 

mm, as this was found to be the mean centre-to-centre spacing between gravel contacts 

for nominal 50 mm coarse gravel in contact with the geomembrane (Brachman and 

Gudina, 2008). For the test cell, zero radial and vertical boundaries were produced by 

mechanically clamping the geomembrane between grooved steel flanges around the 

perimeter of the test specimen. The zero radial displacement boundary simulates the 

situation of multiple equally spaced contact points if they all applied the same contact 

force. Zero vertical displacement boundary produces greater vertical restraint than would 

be expected in the field, which likely results in slightly greater tensile strains in the 

geomembrane in the laboratory idealization. It was shown in Chapter 3 that this 

machined steel probe was able to reproduce average geomembrane strains from real 50 

mm gravel.  

Each experiment consisted of a 1.5 mm thick smooth high-density polyethylene 

geomembrane on top of a 50 mm thick layer of compacted clay. Relevant index 

properties of the geomembrane are given in Table 2. All geomembrane specimens 

tested were obtained from the same geomembrane roll. Tests each consisting of 5 

replicates (2 sets apiece in machine and cross-machine direction) for determining single-

point stress crack resistance (SP-SCR) of the geomembrane, as per ASTM D5397, were 

carried out. The average SP-SCR for the geomembrane used in the study was 1464 ± 

136 h. This average value of SP-SCR was used in choosing the maximum allowable 

strain limit for the geomembrane such that a comparison can be made for the 

geomembrane strains calculated in the present study and the limits given in literature. 
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Using the results from the tests, the maximum allowable strain was chosen as 6%, as 

per Peggs et al. (2005). 

The compacted clay layer was made from silty-clay till. This soil was first dried 

and particles larger than 10 mm were removed. Index properties of the resulting clay are 

given in Table 3. In all tests, the clay was placed at a water content of 16% and 

compacted to a dry density of 1.9 g/cm3. This corresponds to the upper limit of water 

content for field placement of this material as a compacted clay liner (e.g., see Benson 

et al. 1999; Rowe et al. 2004). In terms of the influence of water content on the 

effectiveness of the protection layer, this choice will provide an upper bound results of 

geomembrane strain as study presented in Chapter 3 showed a decrease in 

geomembrane strain as the water content decreased (owing to a lower clay 

compressibility). 

Four different geotextiles, denoted as GT1-GT4, were used in this study and are 

detailed in Table 4. All were comprised of polypropylene monofilaments. Index force 

versus displacement results (from a modified version of test ASTM D6241) are given in 

Fig. 5. Secant values of modulus from 0 to 5 mm (J0-5) and 0 to 10 mm (J0-10) of 

displacement are given in Table 4 as an indication of how much force would be 

mobilized for the level of displacements expected when used as a protection layer in this 

study. Both a thick and a thin nonwoven needle-punched geotextile (GT1 and GT2) were 

evaluated for the core of the geocomposite. As noted by Dickinson and Brachman 

(2008), little tensile force was mobilized even up to displacements of 10 mm – and 

hence they would not be expected to reduce geomembrane strains by carrying 

membrane tensions, but rather just by cushioning. A woven slit-film geotextile (GT3) and 

a nonwoven heat-bonded geotextile (GT4) were evaluated for use as the upper and 
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lower layers of the geocomposite. GT3 was selected to evaluate a typical woven 

geotextile with equal properties in the machine and cross-machine direction. At 5 mm of 

displacement, the force mobilized in woven GT3 is not significantly different to GT1 and 

GT2, while it carries greater force at 10 mm of displacement and larger. Heat-bonded 

GT4 was selected as it has very little slack and is therefore able to mobilise membrane 

tensions at small displacements. For example, at 5 mm of displacement it mobilizes a 

force 3.6 times larger than GT3. Since they are so thin, no cushioning effect is expected 

from GT3 and GT4. The three geocomposites made up from these geotextiles are 

shown in Fig. 6. The geotextiles were simply layered without any interlayer adhesion, 

with the idea that if they proved to be an effective protection layer then they could just 

simply be rolled out and assembled in the field. 

All tests were conducted with a 30 mm head of synthetic leachate on top of the 

geomembrane. The leachate was prepared using distilled water with surfactant 

IGEPAL® CA-720 and a trace metal solution. The initial pH of the leachate solution was 

6.6 whereas the reduction potential was approximately -120 mV. The details of the 

constituents in the synthetic leachate have been reported by Rowe et al. (2008). The 

leachate was drained and replaced every 2 weeks. 

After the materials were placed in the test apparatus, a constant vertical force 

was applied to the gravel probe by hanging weights using a modified consolidation 

frame. The vertical displacement of the probe was measured using a dial gauge. The 

force was increased in 140-N increments that were applied every 12 h, as this time was 

sufficient to allow the clay in the cell to reach greater than 90% consolidation. Twelve 

hours after the final load increment was applied, the force was then held constant for an 

additional 10, 100 or 1 000 hours. The duration of each specific test is detailed in Table 
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5. In three tests (test series 17 in Table 5), the final force was held for 10 000 hours 

(1.14 years). For the remainder of the paper, the test duration will refer to the time after 

the last 12 h load increment ( i.e., the period of time that the final applied force was held 

constant).  

The final constant applied force was 700 N for test series 1-22 listed in Table 5. 

Since the cell diameter was selected based on the mean contact spacing for nominal 50 

mm coarse gravel, the final force when divided by the plan area of the geomembrane is 

approximately equal to an average stress of 250 kPa acting on the geomembrane from a 

drainage layer comprised of 50 mm coarse gravel (Brachman and Gudina, 2008). If the 

contact spacing were reduced to say 30 mm, e.g., by having finer gravel, the contact 

force of 700 N would correspond to a much larger burial stress closer to 1000 kPa on 

average. For reference, a vertical stress of 250 kPa could result from burial beneath 15 

to 20 m of municipal solid waste, assuming a unit weight between 12.5 to 16.7 kN/m3. 

Two tests (23 and 24 listed in Table 5) were conducted with applied forces of 280 and 

420 N (resulting in average stresses of 100 and 150 kPa) to quantify the geomembrane 

strains at lower burial depths.  

Tests were conducted at constant geomembrane temperatures of 22, 35, 45, 55, 

70, 85, and 100ºC. The temperature was obtained using a heating tape wrapped around 

the outside perimeter of the test apparatus in conjunction with an insulation jacket. The 

temperature of the geomembrane was maintained within ±0.5ºC of the desired test 

temperature during all the tests. The set point for the geomembrane temperature in this 

study was on the bottom of the geomembrane, 20 mm from the center. No thermal 

gradient across the thickness of the geomembrane was recorded during the study. Force 

was applied once the desired test temperature was reached. 
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After completion of each test, the geomembrane was carefully removed and 

inspected. The geomembrane was not punctured in any of the tests reported in this 

paper. The deformations in the geomembrane beneath the probe were preserved on a 

thin lead sheet that was placed between the geomembrane and clay. The lead sheet 

was 0.4 mm thick, and 55 mm in diameter. The deformed shape of the indentation was 

then measured with a laser scanner to an accuracy of ±0.04 mm. Geomembrane strains 

were calculated from the measured deformed shape using the method developed by 

Tognon et al. (2000). 

4.3 Results 

4.3.1 Displacement 

Fig. 7 shows the vertical displacement of the machined probe during the loading 

stage of the tests at 22°C (Fig. 7a) and 55°C (Fig. 7b). Comparison of final deformed 

shapes between tests conducted with no protection and different protections (GT1, GC1, 

GC2 and GC3), are shown in Fig. 8. The maximum deformation for the system with 

geocomposite protection is relatively lower than the deformation for the system with GT1 

protection only. On average, the deformations for GC1, GC2 and GC3 were respectively 

0.76, 0.67 and 0.66 times the deformation for the system with GT1 as protection when 

tested at 22°C (Fig. 7a). Similar trends can be seen for the tests conducted at 55°C (Fig. 

7b). The smaller deformations for geocomposite protections can be attributed to higher 

stiffness of the material as compared to when only single geotextile (GT1) is used. The 

maximum deformation for tests conducted for 10 h at test temperature of 22°C, with GC2 

and GC3 protections are similar. As the test time increases (from 10 h to 100 h) along 
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with the test temperature (from 22°C to 55°C), the maximum deformation in GC2 

becomes more than GC3. This can be attributed to the type of the geotextile (woven slit 

film, GT3) used, which is showing higher time and temperature dependency than GT4. 

The main difference between GC1 and GC2 is only in the core geotextile used 

(thin GT1 in GC1 vs. thick GT2 in GC2). It is evident from Figs 7 and 8 that a thicker 

core geotextile is able to cushion the deformations and thereby reduce the imparted 

geomembrane indentations. The only difference between GC2 and GC3 was top and 

bottom geotextile used in the geocomposite (woven slit film GT3 in GC2 vs. heat-bonded 

GT4 in GC3). The difference between the two geotextiles (GT3 and GT4) is that the 

slack exhibited by GT3 is almost twice that of GT4 when tested at 22°C. The higher 

slack also suggest that GT3 will not mobilize much force at small displacements as the 

initial slack must be overcome to mobilize force. 

Fig. 9 shows the deformed shape of GC3 after tests conducted at 55C for test 

times of 100, 1 000 and 10 000 h. It is evident from the figure that the thickness of GC3 

reduces with the increase in test time, reducing to as little as 6 mm for a test time of 10 

000 h. As the load is applied, the top geotextile (GT4), with low slack, is able to mobilize 

tensile force. The core geotextile (GT2) has been placed to provide the cushioning 

effect. The reduction in thickness of the core geotextile can be attributed to constant 

application of vertical load. With time, the bottom geotextile, GT4, mobilizes tensile force 

and transfers the load to the geomembrane at the bottom over a larger area, producing a 

smaller indentation.  
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4.3.2 Geomembrane strains 

The geomembrane strain was calculated from the measured deformed shape. 

This is illustrated in Fig. 10 where the deformed shape of the indentation for Test 17a is 

plotted. For reference v is the vertical indentation depth measured from the initial top 

surface of the geomembrane. The computed strains for the top and bottom surface of 

the geomembrane are given in Fig. 10b. Tensile strain is taken as positive. In Fig. 10a 

the largest overall tensile strain (7%) occurs on the bottom surface located roughly 

halfway up the indentation (12 mm – away from the deepest point) as a result of 

membrane strain combined with some bending effects. As the indentation due to the 

applied force starts developing, the side of the indentation elongates resulting in tensile 

strain. When the indentation is deeper, the elongation is larger, resulting in higher tensile 

strains in the geomembrane. The maximum strains in the geomembrane in all the tests 

carried out in this study occurred along the side slope of the indentation. The maximum 

tensile geomembrane strains for all tests for the study are given in Table 5. 

It can be seen from Table 5 that the calculated tensions were very repeatable in 

replicate tests with a maximum coefficient of variation less than 2%. For example, 

duplicate results from test series 17 (10 000 h at 55°C) differed only by 0.1% strain, 

while for triplicate tests run at 22°C (tests series 11) and 85°C (test series 21) for 1 000 h 

the difference again was only 0.1%. This high level of reproducibility is beneficial to 

quantify the time and temperature effects on geomembrane strain.  

Fig. 11 shows the comparison between the geomembrane strains calculated for 

three geocomposites tested in this study and GT1 as reported in Chapter 3. The 

calculated strains for GC1 were 5.2% at 22C and 10 h, which increased to 7.3% for 
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55C and 10 h. For tests conducted at low temperature (22C) and time (10 h), the 

geomembrane strains were less than the maximum proposed allowable strain limit of 6% 

from Peggs et al. (2005). When the tests were run for a longer time (100 h) at 55C the 

geomembrane strains increased to 8% therefore, further tests were not carried out with 

GC1 protection. 

Geocomposite GC2, with a thick core, was able to reduce the geomembrane 

strains below 6% for test time of 10 h and test temperature of 22C. For the tests run at 

higher temperatures (55C), even for 10 h test time the geomembrane strains increased 

to approximately 6%. This implies that at still higher temperatures the geomembrane 

stains would be higher even for small test times and that GT3 used on top of the 

geocomposite is not mobilizing sufficient tensile force to reduce the long-term 

geomembrane strain. Subsequently when the test was run for 100 h at 55C, the 

geomembrane strains were calculated to be 7% on average. For longer test times, 

where system creep is also an issue, it is expected that even for low temperatures 

(22C) at longer test times, the geomembrane strains will exceed the maximum allowed 

geomembrane strain limits therefore no further tests were run with GC2 as protection. 

Fig. 12 shows the results for the tests run with GC3 as protection for the 

geomembrane. These tests were run at 22, 40, 55, 70, 85 and 100C, for test times 

ranging from 10 h to 1 000 h and at an applied force of 700 N. It is evident from Fig. 12 

that geomembrane strains increase with increases in test temperature as well as with 

increases in test time. The smallest strain in the geomembrane was 2.6% for the 10 h 

test at 22C which increased to 4.4% at 1 000 h. Similarly for the tests run at 55C, the 

geomembrane strain increased from 4.7% at 10 h to 6.6% at 1 000 h.  



 

105 

All previous tests were carried out at a maximum applied force of 700 N therefore 

it is of interest to study the effect of the variation in the maximum applied load on the 

geomembrane strains. The results from the test series with smaller maximum applied 

loads are presented in the Fig. 13. The initial water content of the clay was kept constant 

at 16% while GC3 was used as protection and the tests were run for 10 h and at 22C. It 

was observed that low applied force leads to smaller indentations in the geomembrane 

and hence lower tensile strain. Increasing the applied force increases the indentation 

depth resulting in higher strains in the geomembrane. The tensile strain in the 

geomembrane increases from approximately 1% at 280 N (100 kPa cell pressure) to 

about 2.6% at 700 N (250 kPa cell pressure).  

4.3.3 Time-temperature superposition 

Decisions regarding landfill liners need to be made on their long-term 

performance in realistic time frames that preclude actual long-term data. There is a need 

for a method where data from short-duration studies (e.g., 10 to 1 000 h) conducted at 

different temperatures (e.g., 22 to 85C) can be extrapolated to longer time frames that 

may extend to several decades, at a desired temperature. A method for such an 

extrapolation of short-term test data to longer time frames is called time-temperature 

superposition (tTS).  

Previous studies (Tobolsky 1956; Ferry 1980) have shown that the data at 

different temperatures can be superposed on data taken at a specified reference 

temperature (Tref) by shifting individual curves one at a time along the time axis, 

logarithm time (log t), about the reference temperature. Using tTS, a single continuous 

curve of the property under consideration extending over many decades of time at the 



 

106 

reference temperature can then be obtained (Tobolsky, 1956; Ferry, 1980; Lomellini, 

1992; Deng et al. 1998; Jeong et al. 2004; Tajvidi et al. 2005; Chapter 3). This 

constructed curve is called the master curve at the reference temperature.  

Chapter 3 examined the use of tTS principles for a multi-component system 

involving compacted clay, geomembrane and a geotextile protection layer and found that 

the short-term elevated temperature experimental results can be used to predict long-

term geomembrane strains at lower temperatures using tTS principle. It was shown that 

for 10 000 h the difference between the experimental and predicted geomembrane strain 

value was less than 3%. 

The master curves are generated at a reference temperature (Tref) which in the 

present study is taken as 55C. The curves at other test temperatures are shifted one at 

a time until they superpose with the reference temperature curve. Curves at temperature 

greater than Tref are shifted to the right and those below Tref are shifted towards the left 

of the reference temperature curve. The shift factor aT is obtained from the experimental 

data curve by measuring the horizontal shift along the log time axis to match the curve 

for the reference temperature.  

 The constructed tTS master curve for GC3 protection and is shown in Fig. 14. All 

the geomembrane strain data with test time less than or equal to 1 000 h for all the test 

temperatures (22, 40, 55, 70, 85 and 100C) is plotted on the logarithmic scale in Fig. 

14a. The geomembrane strains increased with the increase in temperature (from 22C to 

100C) as well as the test time (10 h to 1 000 h). Fig. 14b shows the shifted data for the 

final tTS curve against t′, where t′ is transformed time. At the reference temperature of 

55°C, geomembrane strain for temperatures less than reference temperature will be 
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reached earlier while the geomembrane strains at higher temperatures will require more 

time. Fig. 14c shows the relationship between the shift factor (log aT) and temperature. 

Similar to previous studies (Nakayasu et al. 1961; Mark and Findley, 1978; Lomellini, 

1992; Dutta and Edward, 1997; Aryama et al. 1997; Tajvadi et al. 2005; Chapter 3) the 

shift factor exhibited an Arrhenius like relationship with temperature implying that the tTS 

is applicable to the system under consideration. After plotting the master curves, 

regression analysis was carried out. The analysis showed that the coefficient of 

determination, r2, for the master curves at 55°C is 0.97. This high value of r2 shows that 

there is good approximation between the test data and master curve approximates the 

real data points well, if the test data for 10 h at 22°C is neglected. If data for 10 h tests at 

22°C was considered in the regression analysis, r2 reduces to 0.93, which shows that 

neglecting these particular tests helps in better prediction of the geomembrane strains at 

longer times. Also, as the prediction is based upon the high temperature tests therefore 

the low temperature data was skewing the results unreasonably towards higher 

predicted geomembrane strains at longer times. 

It is imperative that geomembrane strains predicted from the tTS must be 

compared with the results for medium term tests to validate the study. For this purpose, 

3 medium term tests with GC3 protection were run: one for 5 000 h and two for 10 000 h 

at 55C and 700 N. The results from these medium term tests are plotted in Fig. 14b. 

Using the tTS superposition, the geomembrane strains were predicted to be 7.7% and 

8.1% for 5 000 and 10 000 h respectively. The maximum geomembrane strains from the 

tests were 7.2% for 5 000 h and 7.5% for 10 000 h. The predicted values from the tTS 

master curve and the calculated geomembrane strain values from the tests show that for 

the system under consideration, tTS principle can be applied to predict long-term strains 
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in the geomembrane although the predicted geomembrane strains maybe slightly 

overestimated. 

Fig. 15 shows the comparison between the tTS master curve at 55C for no 

protection and GT1 protection from Chapter 3 and the GC3 master curve from this study. 

For geocomposite (GC3) there are five materials that show time dependent behaviour: 

three layers of geotextile, geomembrane and clay. The rate at which each material will 

creep would be different as the creep is a material dependent behaviour. The total creep 

in the system would be the addition of the creep shown by individual layer. Therefore, 

the total creep in the system with GC3 protection is higher than the when no protection is 

provided or when GT1 protection is present. 

4.4 Discussion 

4.4.1 Practical application of time-temperature superposition 

The data presented in the paper and the master curves constructed are from 

tests where the temperature was kept constant for the test duration; but the temperature 

in the landfill liner may not remain constant. For landfills, the reality may be that loading 

occurs at lower temperatures whereas the operating temperature may be higher. The 

increase in the liner temperature may be expected to be dependent upon the factors like 

the type of waste, waste moisture content, biomass content, rate of waste filling, 

thickness of waste, and the climatic condition of the region (Collins 1993; Lanini et al. 

2001; Hanson et al. 2005; Rowe et al. 2004; Rowe 2005). 

Rowe and Islam (2009) considered the available data on base liner landfill 

temperatures and idealized the temperature profile as: 
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1. an initial (ambient) temperature which is governed by local climate at which the 

waste is placed;  

2. an increase in the temperature which is governed by an increase in the biological 

activity in the waste where the magnitude and rate of increase depends on 

various factors (e.g., type of waste, method of operation – dry tomb or bioreactor, 

etc.); and, 

3. a decrease in the liner temperature once biological activity is greatly reduced and 

the temperature may approach ambient conditions.  

The idealized temperature profiles given by Rowe and Islam (2009) combined 

with the results from the present study can be used to predict the geomembrane strains 

for more complex temperature conditions of landfill liners. Fig. 16 shows different 

idealized temperature profiles considered. For reference, one case was considered 

where the temperature remains constant at 55C. With these idealized temperature 

profiles, two different protection types, GT1 and GC3, were considered. 

The geomembrane strains obtained from the tests may be considered to consist 

of two parts, loading strains and creep strains. For long-term geomembrane strains, 

creep strains can be calculated by subtracting the loading strains from the final strain, 

and a tTS master curve for the creep strain of the system can be constructed in the 

same fashion as for total strains. In the present study, for convenience, the 10 h test 

results are considered as the loading strains at any particular temperature. Using this 

assumption, a tTS master curve constructed for creep strains is shown in Fig 17.  

To predict the geomembrane strains using the idealized temperature profiles, it is 

necessary to develop tTS master curves at different temperatures. The required master 
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curves, at different temperatures, can be constructed by using the tTS master curve at 

55°C (Fig 14). For the master curve at any temperature (T), the master curve for 55C 

can be moved to the right (if T < 55C), or left (for T > 55C) by a shift factor, log aT, 

given in Fig. 14c. 

After constructing the tTS master curves for different temperatures, using 

idealized temperature profiles from Rowe and Islam (2009) the geomembrane strains in 

the liner can be predicted. For the data presented in Table 6, it is assumed that the 

loading strains are only imparted on the landfill liner when solid waste is placed on top, 

at the initial temperature. Once the loading strains are imparted at the initial temperature, 

the increase in the geomembrane strains will only be due to the creep exhibited by the 

system (i.e. high-density polyethylene geomembrane, compacted clay liner and/or a 

protection), with time. For a steady increase in liner temperature, average temperature 

between the extremes is used and creep strain is considered at that average 

temperature for the duration of the temperature increase. It would be helpful in future to 

have these stated assumptions to be verified by an actual test. 

Table 6 provides the geomembrane strains for both protection types. It was 

observed, from Table 6 that within the first year of service, the loading and creep results 

in approximately 80% of the total geomembrane strain. It can be seen from Table 6 that 

the geomembrane strain in case of GC3 protection meets the proposed allowable strain 

limit of 6% by Peggs et al. (2005) even after 100 years where the liner temperatures is 

70C for extended time (Case 3). If it is assumed that the liner temperature remains 

constant at 55C from start then a strain of 6% is reached within 1 year. This further 

emphasizes that the constant temperature of 55°C is overly conservative.  
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If in the present study, the maximum allowable strains limits as proposed by 

Seeger and Müller (2003) of 3% were adopted then the only viable option of limiting 

strains would have been to use 150 mm sand cushion as proposed by Dickinson and 

Brachman (2008) and Brachman and Gudina (2008) 

4.4.2 Service life issues 

The primary role of the provision of the geocomposite is to reduce strains in the 

geomembrane, but there may also be some other benefits related to the geomembrane 

service life. For example, Rimal and Rowe (2008) have shown that the rate at which the 

antioxidants depletes, quantified using oxidation induction time (OIT), decreases if a 

protection is provided on top to the geomembrane. 

During the present study, after the termination of the tests, samples were taken 

to measure OIT for the geomembrane (ASTM D3895). Table 7 gives the measured 

geomembrane OIT for three configurations tested: without protection, with GT1 

protection and with GC3 protection. It was observed that for the tests run for 10 000 h, 

the OIT was reduced by approximately by 33% when no protection was used and by 

only 25% for the case when a geocomposite protection. Slower OIT depletion of the 

geomembrane, when using GC3 as protection, is an added benefit of providing the 

geocomposite rather than a single layer of geotextile.  

The geotextiles used in the study are made of polypropylene, a geosynthetic 

material that will also exhibit depletion in antioxidants when exposed to chemicals and 

elevated temperatures. Therefore, high-pressure OIT tests as per ASTM D5885 were 

run for the geotextiles making up GC3, and are presented in Table 8. After 10 000 h 

exposure to leachate at 55°C, it is encouraging that approximately 66% of the initial OIT 
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value remains in the core geotextile (GT2). The difference between OIT with and without 

a GT was statistically insignificant at a 95% confidence level (using a t-test). It was also 

found that the difference in the depletion rate in both the top and bottom GT4 was 

statistically insignificant. The available data does not permit predictions of how long the 

geotextile will last so a detailed study is required to estimate the service life of the 

geocomposite itself. 

4.5 Conclusions 

Long-term protection capabilities of combinations of commercially available 

geotextiles to be used in landfill liners were assessed. It was shown that long-term 

strains in the geomembrane are dependent upon the magnitude of applied force, 

temperature, time, and protection provided to the geomembrane liner.  

It was found that geocomposite GC3, consisting of a thicker core between two 

thinner and stiffer outer geotextile layers, was more successful at reducing the 

geomembrane strain. The thick core layer provided cushioning, which proved effective in 

reducing the long-term geomembrane strains. Geocomposite protection, GC3, was 

successful at reducing geomembrane strain to 2.6% for a constant temperature of 22C 

and 10 h, which increased to 7.5% for a constant geomembrane temperature of 55C 

and 10 000 h. In comparison, the geomembrane strains for 55C at 10 000 h when no 

protection is provided is approximately 18% (Chapter 3). 

Since results from short-term tests should not be directly used for the design 

purpose of landfill liner protection against long-term liner response. Time-temperature 

superposition master curves were constructed to predict long-term low temperature 

geomembrane strain using data from tests conducted for short-term at high temperature. 
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Medium term experiments were run to compare the predicted results from this master 

curve and the difference was found to be statistically insignificant. The master curve for 

GC3 was compared with the master curves for no protection and GT1 protection from 

Chapter 3. The system creep for tests, run with GC3 as protection, was found to be 

higher because of presence of more time dependent materials as compared to no 

protection or GT1 protection cases.  

It was shown that the assumption of constant liner temperatures over its service 

life over-predicts long-term geomembrane strains. The geomembrane strains were 

predicted for various cases, using idealized temperature profiles. If the assumptions that 

the loading strains are imparted only at the initial temperature and the subsequent 

increase in geomembrane strains is only due to the creep exhibited by the system (i.e. 

high-density polyethylene geomembrane, compacted clay liner and/or a protection) then 

when GC3 is used as protection, the tensile strains in the geomembrane do not exceed 

the allowable limit (6% by Peggs et al. 2005) in approximately 100 years if the working 

temperatures are low, e.g., case 1 and 2 (Fig. 17). If the working temperature is high, 

e.g., case 3 (Fig. 17), the geomembrane strains exceeded the allowable limit (6% by 

Peggs et al. 2005) in approximately 50 years. If it is assumed that the liner temperature 

remains constant at 55°C then the geomembrane strains exceed the allowable limit of 

6% (Peggs et al. 2005) even before a year have passed.  

The results and conclusions presented in this paper are applicable to the specific 

materials, conditions tested; therefore, they should not be directly used for design 

purposes for different conditions without rigorous experimental verification. 
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Table 1: Tensile strains in a 1.5 mm thick HDPE geomembrane reported by Dickinson 

and Brachman (2008)*  
Protection layer Geomembrane 

strain (%) 

150 mm thick layer of sand < 1 

Multi-layered, glued geotextile geocomposite 
upper GT: Nonwoven heat-bonded  
core GT: Nonwoven needle-punched (2240 g/m2) 
lower GT: Nonwoven heat-bonded  

2.6 

Nonwoven needle-punched geotextile (2240 g/m2) 5 

Nonwoven needle-punched geotextile (1230 g/m2) 8 

Nonwoven needle-punched geotextile (570 g/m2) 11 

None 19 

 
* Test details: 50 mm coarse gravel above geomembrane; hydrated geosynthetic clay liner and firm sand beneath 
geomembrane; applied vertical stress = 250 kPa; duration of loading = 10 hrs; and temperature = 22°C.  
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Table 2: Index properties of the geomembrane 

Test Direction Property Units Mean 
Std 
dev. 

ASTM D6693 

Machine 

Yield strength kN/m 27 1 
Break yield strength kN/m 46 5 
Yield elongation strain % 24 2 
Break elongation strain % 830 80 

Cross-machine 

Yield strength kN/m 29 1 
Break yield strength kN/m 44 6 
Yield elongation strain % 19 1 
Break elongation strain % 830 95 

ASTM D5397 
Machine Single-point stress-crack 

resistance 
h 1460 140 

Cross-machine h 1411 110 

 
ASTM D4833 

Axisymmetric 
Puncture force N 1370 8 
Displacement at 
puncture 

mm 24 0.3 

ASTM E794 - Crystallinity % 44 4 
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Table 3: Soil properties 

Property Units Value 

Percent finer than 0.002 mm % 42 
Liquid limit % 26 
Plastic limit % 16 
Std Proctor optimum water content % 12 
Std Proctor maximum dry density g/cm3 2.1 
Dry density as placed in the cell g/cm3 1.9 
Specific gravity of soil solids  2.75 
Compression index*  0.35 
Recompression index*  0.04 
Preconsolidation pressure* kPa 200 
Undrained shear strength* kPa 40 

 
* for a clay specimen compacted at w=16% to a dry density of 1.9 g/cm3 
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Table 4: Designation of different Geotextiles used in the study 

Designation Description 
Mass Thickness

Secant modulus 

0–5 mm 0–10 mm

g/m2 mm N/mm N/mm 

GT1 
Nonwoven needle-

punched 
540 4.1 2.5 5.8 

GT2 
Nonwoven needle-

punched 
2240 16.4 8.0 13.1 

GT3 Woven slit film 220 0.4 9.1 30.7 

GT4 
Nonwoven heat 

bonded 
270 0.6 32.2 92.1 
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Table 5: Maximum tensile strain in the geomembrane 

Geocomposite Test 
series 

Temp Time Maximum tensile strain (%) 

°C h a b c Avg. 

1 

1 
22 

10 5.1 5.2 5.2 5.2 
2 100 5.8 5.9 5.9 5.9 

3 
55 

10 7.4 7.3 7.3 7.3 
4 100 7.7 7.8 7.8 7.8 

2 

5 
22 

10 3.7 3.7 3.8 3.7 
6 100 4.5 4.6 4.6 4.6 

7 
55 

10 5.5 5.6 5.5 5.5 
8 100 7.2 7.4 7.4 7.3 

3 

9 
22 

10 2.7 2.3 2.8 2.6 
10 100 4.3 4.3 4.4 4.3 
11 1 000 4.5 4.4 4.5 4.4 

12 40 100 4.5   4.5 

13 

55 

10 4.8 4.7 4.7 4.7 
14 100 5.5 5.4 5.5 5.5 
15 1 000 6.5 6.5 6.7 6.6 

16 5 000 7.2   7.2 

17 
10 

000 
7.4 7.5  7.5 

18 70 100 6.6   6.6 

19 
85 

100 6.9 7.0 7.0 6.9 
20 300 7.9   7.9 
21 1 000 9.0 9.0 9.1 9.0 

22 100 300 9.8   9.8 

23 
22 

10 1.0   1.0 

24 10 1.7   1.7 

 
a, b and c refer to replicate tests for each test series 
Test 1 – 22 were carried out at cell pressure of 700 N where Test 23 and 24 were 
carried out at 280 N and 420 N respectively 
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Table 6: Predicted geomembrane strains based on idealized temperature profiles for 
different cases with a) GT1 and b) GC3 protection 

Time 
Protection 

type 

Geomembrane strain (%) 

years Case 1 Case 2 Case 3 
Constant

55°C 
0 

GT1 

8.2 8.4 8.2 10.1 
1 8.8 9.4 9.5 15.5 
5 9.0 9.6 9.9 17.1 

10 9.1 9.8 10.0 17.9 
50 9.4 10.0 10.4 19.8 

100 9.5 10.1 10.5 20.6 
200 9.7 10.3 10.7 21.5 

0 

GC3 

3.2 3.4 3.5 3.6 
1 4.6 4.8 4.9 7.5 
5 5.0 5.2 5.4 8.9 

10 5.1 5.4 5.6 9.6 
50 5.6 5.8 6.0 11.4 

100 5.8 6.0 6.3 12.3 
200 6.0 6.2 6.5 13.2 
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Table 7: Standard pressure OIT in min (mean and std dev) for the geomembrane 
measured as per ASTM D3895 

Configuration 
Time (h) 

0 1 000 10 000 

Leachate – GC3 – GM – CCL 137 (13) 130 (12) 110 (14) 
Leachate – GT1 – GM – CCL 137 (13) 126 (11) - 

Leachate – GM – CCL 137 (13) 124 (10) 89 (11) 

Leachate immersion 137 (13) 8.3 (7) 1.8 (1) 



 

126 

Table 8: High pressure OIT in min (mean and std dev) for the components of GC3 
measured as per ASTM D5885 

Geotextile 
Time (h) 

0 1 000 10 000 

GT4 – top 118 (12) 98 (10) 78 (8) 
GT2 – core 99 (13) 83 (16) 66 (10) 

GT4 – bottom 118 (12) 108 (12) 86 (14) 
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Fig. 1. Gravel contacts leading to local indentations in a geomembrane 
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Fig. 2. Illustration of cushioning and membrane tension components of geotextile 
protection layer 
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Fig. 3. Concept of multilayered-geotextile geocomposite protection layer 
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Fig. 4. Cross section of the test cell. Dimensions in mm 
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Fig. 6. Geocomposite configurations and thickness 
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Fig. 7. Force-displacement curves for various protections 
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Fig. 8. Comparison of indentation depths 
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Fig. 9. GC3 thickness after test completion
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Fig. 10. Indentation and strain profile for Test 17a at 55C and 10 000h 
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Fig. 11. Effect of temperature on geomembrane strains for a) GT1 b) GC1 c) GC2 and d) 
GC3 for test at 10 and 100h respectively 
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Fig. 12. Effect of time and temperature on geomembrane strains with GC3 
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Fig. 13. Effect of maximum applied load on the geomembrane strain with GC3 protection 
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Fig. 14. Time-temperature superposition for GC3 
  



 

141 

t/ (h)

10-2 10-1 100 101 102 103 104 105 106

 (
%

)

1

10

100

22
35
45
55
70
85
100
Medium term test

No Protection

GC3 Protection

GT Protection

Tref = 55oC

1       10     100

Years

T (oC)

 
Fig. 15. Comparison between the tTS for No protection, Geotextile protection and GC3 
protection 
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Fig. 16. Idealized temperature profiles 
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Fig. 17. Time-temperature superposition with and without loading strains for GC3 
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Chapter 5 

Rupture of notched geomembranes beneath a gravel particle 

subject to constant vertical force 

5.1 Introduction 

Geomembranes are commonly used with a low permeable layer (e.g., 

compacted clay or a geosynthetic clay liner) to act as a composite liner in modern 

engineered landfills. These composite liners provide an excellent hydraulic barrier 

provided there are no holes present in the geomembrane. Holes in the geomembrane 

can arise from damage during installation, loading of the liner and possibly from rupture 

under long-term tensions induced by overlying gravel drainage materials (e.g., Rowe et 

al. 2004). These holes can lead to fluid movement through the composite liner (e.g., 

Rowe et al. 2004; Rowe, 2005; Barroso et al. 2006; Rowe et al. 2007; Bouazza et al. 

2008; Saidi et al. 2008). To safeguard the geomembrane against puncture and to limit 

the long-term geomembrane strains, protection layers consisting either of sand or a 

geotextile, and/or geocomposite materials are required. 

Narejo et al. (1996) conducted short-term tests and based on whether the 

geomembrane punctured or not, proposed an equation to select the thickness of a 

nonwoven needle-punched geotextile as a protection layer for the geomembrane. Narejo 

et al. (1996) proposed that modification factors be used to increase the thickness of the 

protection obtained from the short-term tests, to account for the long-term loading, creep 

and chemical/biological degradation. Recently, Koerner et al. (2010) have shown that 

the geomembrane can puncture in long-term under sustained loading. They conducted 
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tests with various ASTM standard cone heights for 10 years and found that the 

geomembrane yielded and at one location in one of the tests the geomembrane 

punctured. The puncture occurred in a test that was run at low pressure (34 kPa) and 

small cone height (12 mm) implying that the puncture in the geomembrane may have 

been due to creep. For the test that produced puncture, it was not specified whether the 

puncture was brittle or ductile in nature.  

Other than the study by Koerner et al. (2010), usually short-term tests have been 

conducted to quantify the tensile strains and then a limit has been placed on how much 

tensile strain is allowed in the geomembrane. In Germany, the BAM (1995) guidelines 

required the geomembrane strain to be limited to 0.25%, hence requiring extremely 

heavy and thick nonwoven needle-punched geotextile protection to the liner. Although, 

Seeger and Müller (2003) points out that stringent requirements specified by BAM 

(1995) suffer from inflexibility and design redundancy but these stringent requirements 

are thought to reduce the risk of landfill liner failure. Seeger and Müller (2003) 

reinterpreted the original BAM recommendations and suggested that the maximum 

allowable geomembrane strain can be 3%. Similarly, Peggs et al. (2005) proposed a 

range of maximum allowable strain of 6-8% based on the stress crack resistance (SCR) 

of the high density polyethylene geomembrane when measured according to ASTM 

D5397 (Appendix). They proposed a limit of 6% for smooth geomembranes with an SCR 

less than 1 500 h and 8% for geomembrane with an SCR larger than 1 500 h. Peggs et 

al. (2005) did not conduct any tests to support their conclusions, but based their 

conclusions on previous studies. 

In previous studies (Tognon et al. 2000; Gudina and Brachman, 2006; Dickinson 

and Brachman, 2008; Brachman and Gudina, 2008), tests were carried out with nominal 
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50 mm coarse gravel (GP50), a nonwoven needle-punched geomembrane protection 

designed against puncture as per Narejo et al. (1996) overlying a 1.5 mm thick high-

density polyethylene geomembrane on top of a compacted clay liner or geosynthetic 

clay liner. These tests were carried out at room temperature (22C). For test times 

varying between 10 and 100 h at 250 kPa of applied stress it was reported that no 

puncture was observed, but the short-term strain in the geomembrane exceeded the 

allowable limits as proposed in the literature. Furthermore, when taking into account the 

time and temperature effects on the geomembrane strains, study presented in Chapter 3 

predicted that the long-term tensile strains could exceed 16% at 55C with nonwoven 

needle-punched geotextile as protection, designed as per Narejo et al. (1996), with an 

overburden pressure of 250 kPa within one year when using 50 mm gravel on top of the 

geomembrane. The potential implication of these large sustained tensile strains on the 

long-term performance of the geomembrane when beneath a gravel contact is not 

known and is the subject of this chapter.  

If a notched geomembrane specimen (Fig. 1a-i) is subjected to pure creep, such 

as a constant tensile load test, then the rate of change in deformation is not zero (i.e.,

0t
  ) such that the deformation and hence the strain in the geomembrane increase 

with time. This is similar to notched-constant tensile load test, ASTM D5397, where the 

notch in the geomembrane propagates through the sample thickness and ruptures under 

creep. For the present study to obtain the virgin geomembrane response at various 

stress levels, between 30% and 70% of the virgin yield stress, notched constant tensile 

load (NCTL) tests were conducted as per the Appendix of ASTM D5397 and the data is 

presented in Fig. 2. Similar tests were run for aged samples (GM-A aged to 19 500 h 
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and GM-B aged to 13 000 h) at 30% of the short-term aged yield stress and the data for 

the aged sample is also plotted in the same figure (Fig. 2). The samples were aged as 

described in Islam (2009) 

It was observed that at high applied stress, the time to failure was small whereas 

when the applied stress was reduced, the time to failure increased. Similar studies 

(Koch, 1988; Hsuan et al. 1993; Hsuan and Koerner, 1995; Hsuan, 2000) have argued 

that high stresses result in ductile failure whereas low applied stresses result in brittle 

failure. From Fig. 2 it can be argued that a geomembrane with a larger ductile to brittle 

transition time will exhibit a better stress crack resistance than one with a shorter 

transition time. The transition point can be defined as the beginning of the brittle region 

of the curve at a given temperature. 

On the other hand, if the geomembrane specimen is subjected to pure stress-

relaxation, such as in a constant strain test (Fig. 1b-i), then the geomembrane has a 

constant value of strain i.e., rate of change in deformation is zero ( 0t
  ), and stress 

decreases with increasing time. Various studies (e.g., Soong et al. 1992; Lord et al. 

1995; Soong and Koerner, 1997) have shown that the high-density polyethylene 

geomembrane exhibits stress-relaxation. In this scenario it may be argued that if tensile 

stresses relax then the possibility of long-term rupture from stress-cracking is minimal.  

For the NCTL test, ASTM D5397, the sample is hanging free and in-plane stress 

is applied whereas in a landfill, the geomembrane is placed on a base (compacted clay 

liner and/or geosynthetic clay liner) and load is applied normal to the surface of the 

geomembrane from a gravel particle in the drainage layer on top. This out-of-plane 

applied force results in in-plane tensile stresses and strains in the geomembrane. 
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Consider a geomembrane beneath a steel probe as shown in Fig. 1c-i with a sustained 

vertical force being applied. On the application of load the system undergoes a 

deformation, , as shown in Fig 1c-ii. When the force is kept constant (Fig. 1c-iii), the 

geomembrane will exhibit creep (Fig. 1c-iv) i.e., deformation will increase over time, 

thereby the geomembrane strains will increase over time. In previous chapters (Chapter 

3 and 4) it has been shown that sustained vertical force results in geomembrane strains 

increasing with time due to the system creep (system consisting of high-density 

polyethylene geomembrane, nonwoven needle-punched geotextile and compacted clay 

liner). Various studies (Soong et al. 1992; Koerner et al. 1992; Soong and Koerner, 

1997) have shown that the geomembrane exhibits stress-relaxation, therefore it is 

hypothesized that a geomembrane underneath a gravel particle may also exhibit stress-

relaxation, as depicted in Fig. 1c-v. Therefore, it is reasonable to expect that, in the 

present study, the in-plane tensile stresses that develop in the geomembrane may relax 

over time. Therefore the geomembrane beneath a gravel particle will neither exhibit pure 

creep nor pure stress-relaxation, rather the geomembrane will be subjected to a 

combination of both. Arguments can be made that as stress relaxation will reduce the 

tensile stresses, therefore there will be no rupture by environmental stress cracking. 

However, despite relaxation of tensile stresses, tensile strains will remain and with small 

long-term creep displacements of materials (high-density polyethylene geomembrane, 

compacted clay liner), there may be propagation of a crack/notch such that it can rupture 

even though it was subjected to constant applied force. 

The objectives of this chapter are to report: 
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1. whether the geomembrane ruptures under sustained vertical load, 

temperature and chemical action in long-term; 

2. the effect of force and initial SCR on the time to rupture; and 

3. the morphology of geomembrane rupture surface, if the geomembrane 

ruptures under sustained loading. 

5.2 Rupture of high density polyethylene 

Lu et al. (1993) states that polyethylene exhibits three distinct types of time-

dependent failure namely: ductile; brittle; and combination of these two failure modes. 

It has been reported in various studies (Bandyopadhyay and Brown 1978; 

Bassett 1981; Brown et al. 1992; Barry and Delatycki 1992; Ayyer et al. 2008) that the 

ductile failure occurs under high stresses. In a tensile test when high-density 

polyethylene fails in ductile manner, it exhibits necking. The difference in time for ductile 

failure among different types of polyethylene materials primarily depends on differences 

in their yield points as well as the stress and temperature at which the test is being run. 

Brittle failure is a long-time mechanism of failure, by a process of slow crack 

growth, which consist of three steps, namely crack initiation; propagation; and rupture 

through thickness. Brown and Lu (1991) argue that the slow crack growth processes 

start at a point of stress concentration such as a void or notch, and grows under low 

stresses that occur during service life. Differences in the time for brittle failure among 

different polyethylenes (high-density, medium-density, low-density etc.) depend on 

complex molecular architecture details as well as the amorphous and crystalline 

morphology (Lu et al. 1993). It has also been reported by Brown and Lu (1991), that the 
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time for brittle failure in polyethylene depends upon the stress, temperature, and the type 

of stress concentration, notably its depth and sharpness applied to the sample. 

Slow crack growth develops as a stepwise process under both cyclic and/or 

sustained loads. Development of a crack in polyethylene is preceded by a process zone 

of a network of fine surface cracks, called crazed material (Chudnovsky et al. 2003). The 

system of strongly interacting crack and process zone are referred to as crack layer. The 

process zone material (fibrils and membranes) experience creep and damage under 

tensile stresses acting along the process zone boundary. After a certain period, the 

process zone breaks which means penetration of the crack into the process zone. This 

enlarged crack gives rise to a new process zone. Such a step-wise process ends by 

instability of slow crack layer growth. The time required for the crack to propagate 

through the thickness of the geomembrane can be expressed as the sum of all process 

zone lifetimes in this step-wise process. 

Stress cracking of semi-crystalline polymers, according to ASTM D883, is 

defined as “an external or internal crack in a plastic caused by tensile stresses less than 

its short-time mechanical strength. The development of such cracks is frequently 

accelerated by the environment to which the plastic is exposed. The stresses which 

cause cracking may be present internally or externally or may be combinations of these 

stresses”. It has been shown by Michler (2008) that stress cracking is an intrinsic 

polymer property. Polyethylene, especially high-density polyethylene, exhibits time-

dependent fracture at low stresses, which is exacerbated in presence of chemical agents 

which is called “environmental stress cracking” of the geomembrane (Koerner et al. 

1992). Factors governing environmental stress cracking resistance are exposure time to 

the stress cracking agent, exposure temperature, concentration of the stress cracking 
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agent, and level of strain in the geomembrane (Michler, 2008). Lustiger and Markham 

(2003) suggest that as the slow crack growth is a rate dependent inter-lamellar failure, 

therefore in the presence of Igepal®, a lubricating agent, the tie molecule will be 

lubricated thereby accelerating the rate of entanglement of the tie molecules which will 

accelerate the failure. 

5.3 Method 

5.3.1 Apparatus 

The geomembranes were tested in the apparatus shown in Fig. 3. The apparatus 

had an inside diameter of 60 mm and height of 85 mm.  

Force was applied to the geomembrane using a steel probe that was machined 

to simulate a coarse gravel particle. The largest diameter of the probe was 28 mm and 

narrows to a point where it touched the geomembrane, as dimensioned in Fig. 3. This 

geometry was selected to mimic the shape of a point contact from nominal 50 mm 

coarse gravel as defined by Brachman and Gudina (2008). They showed that point 

contacts were more likely to produce the largest tensile strains in the geomembrane 

relative to the four other contact types identified. Use of a single machined steel probe 

rather than real gravel is advantageous for testing under controlled experimental 

conditions, as discussed in Chapter 3 and 4.  

The diameter of the test specimen was selected to be 60 mm as this was found 

to be the mean centre-to-centre spacing between gravel contacts for nominal 50 mm 

coarse gravel in contact with the geomembrane (Brachman and Gudina, 2008). The 

geomembrane was mechanically clamped between grooved steel flanges to get a zero 
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radial and zero vertical displacement boundary around the perimeter of the test 

specimen. The zero radial displacement boundary simulates the situation of multiple 

equally spaced contact points with the same contact force. The zero vertical 

displacement boundary produces greater vertical restraint than would be expected in the 

field, which may result in slightly greater tensile strains in the geomembrane in the 

laboratory idealization. 

5.3.2 Leakage detection system 

Since the tests were run until the geomembrane ruptured, a leak detection 

system was required that can indicate when leakage occurred without the need to 

visually inspect the geomembrane by physically terminating the test. The leak detection 

techniques for detecting holes in geomembranes have been well documented (Peggs 

1990; Darilek et al. 1989; Laine et al. 1993; Rollin et al. 2002) and several standards 

haves also been developed (ASTM D6747-04; ASTM D7002-03; ASTM D7007). All of 

these techniques rely on the high electrical resistance of the geomembrane. The intact 

geomembrane inhibits electrical current between a source electrode above the liner and 

a receptor electrode beneath the liner. When the geomembrane ruptures, a conduit 

between the electrodes is established this completes the circuit and can be recorded 

using a data logging system. 

The side walls of the cell used in the present study are made of steel that has a 

very low resistance to electricity therefore even with an intact geomembrane the 

electrical current could short-circuit around the geomembrane via the mechanical grip, 

thus giving a false indication of leakage. Therefore, the geomembrane had to be 

electrically insulated to prevent the electricity from contacting the cell wall. At the same 
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time, to preserve the indentations in the geomembrane, due to applied load, a lead sheet 

was placed underneath the geomembrane, which also exhibit low electric resistivity. The 

lead sheet was 0.4 mm thick and 55 mm in diameter. The diameter of the lead sheet 

was slightly smaller than the internal diameter of the cell (60 mm) so that the lead sheet 

did not come in contact with the side walls. To further insulate the geomembrane and 

lead sheet, a thin plastic sheet 55 mm in diameter, was placed underneath the lead 

sheet such that there was no direct contact between the compacted clay and the lead 

sheet. The plastic sheet did not touch the cell walls therefore did not impact the gripping 

of the geomembrane in the mechanical grip of the cell.  

Synthetic leachate was placed on top of the geomembrane with a depth of 30 

mm and an electrode was placed in the leachate which exited the cell via a port on the 

top (Fig. 3a). The lead sheet that was installed beneath the geomembrane was 

connected to an electrode, which exited the cell through a side port (Fig. 3a). A 5 volt 

power supply was connected to the circuit and the resulting voltage was measured with 

a data acquisition software. The circuit was set up so that when no current was able to 

pass between the electrodes the voltage reading was maximum i.e., 5 volts. When the 

geomembrane was ruptured and the current was able to pass between the electrodes 

the voltage reading drops and the test was terminated. Initially, in the first set of result 

(Test 1 – 3), no leakage system was present while for tests 7 – 10, a 25 mm diameter, 

nonwoven needle-punched geotextile, with a mass of 140 g/m2, was added between the 

probe and the geomembrane so as to increase the interface transmissivity thus limiting 

the blocking of the geomembrane rupture by machined steel probe. 
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5.3.3 Materials 

Each experiment consisted of a 1.5 mm thick smooth high-density polyethylene 

geomembrane on top of a 50 mm thick layer of compacted clay. Two different 

geomembranes were tested and are denoted as GM-A and GM-B. The virgin index 

properties of GM-A and GM-B are given in Table 1.  

The compacted clay layer was made from silty-clay till that was obtained from a 

landfill site in Milton, Ontario. This soil was first dried and particles larger than 10 mm 

were removed. Index properties of the resulting clay are given in Table 2. In all tests, the 

clay was placed at a water content of 16% and compacted to a dry density of 1.9 g/cm3. 

A water content of 16% lies towards the upper limit of water content for field placement 

of this clay as a compacted clay liner (e.g., see Benson et al. 1999; Rowe et al. 2004). If 

the initial water content is low, near the optimum water content for the clay, it produces 

clay with low compressibility resulting in smaller indentations in the geomembrane hence 

smaller geomembrane tension, therefore longer rupture time for the geomembrane. 

However at high initial water content compacted clay will exhibit high compressibility 

resulting in larger indentations and thereby shorter rupture times for the geomembrane.  

All tests carried out in this study were conducted with a 30 mm head of synthetic 

leachate on top of the geomembrane. The specimens were immersed in a solution 

containing 10% Igepal® CO-630 and 90% water. The synthetic leachate used in the test 

is same as the one used in the SP-NCTL test (ASTM D5397). Previous studies (Hittmair 

and Ullman, 1962; Parsons et al. 1999; Ayyer et al. 2008) have shown that increase in 

Igepal® concentration reduces the time to rupture of the samples. 
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5.3.4 Notching of the geomembrane sample 

A notch of defined geometry was machined into each geomembrane specimen, 

which produces a location of stress concentration, which can be the location where the 

rupture initiates. It has been argued by Hsuan (2000) that using a notch in the laboratory 

testing, skips the crack initiation stage and thereby reduces the time to rupture and 

produces more consistent results since it would not rely on a material defect to initiate 

the crack. 

The length of the notch is not an issue in standard test, ASTM D5397, as the 

sample is notched over its entire width whereas in the present study the maximum notch 

length (Fig. 3b) was the length of the cutting blade, which was 34 mm. The standard 

notch depth (Fig. 3c) in ASTM D 5397 is 20% of the thickness and the same notch depth 

has been used in the present study. Brown (2007) and Ogazi-Onyemaechi et al. (2009) 

have shown that if the notch depth is higher than the standard 20% (as per ASTM 

D5397), then the geomembrane rupture would be faster (i.e., deeper notch would result 

in faster rupture). This is because when the notch depth is higher, the thickness 

available for the rupture to propagate is smaller; therefore, the sample would rupture 

quickly. Also, for constant applied force, the stress across the remaining intact material 

(Fig. 3c) would be higher thus giving smaller rupture time for the sample. 

For notching, the thickness of the geomembrane was measured and the sample 

was clamped on a wooden platen and placed on the steel base in the notching 

apparatus. The top piston was lowered and the notch was made in the sample. For all 

the samples used in this study, the notch was made in machine-direction. This notch in 

machine-direction concentrates tension, at the base of the notch, in the cross-machine 
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direction of the sample. The notch was located (Fig. 3b) where geomembrane strains 

were found to be highest as determined from tests carried out in Chapter 3. 

5.3.5 Test procedure 

After the materials were placed in the test apparatus, a constant vertical force 

was applied to the gravel probe by hanging weights using a modified consolidation 

frame. The vertical displacement of the probe was measured using a dial gauge to ± 

0.01 mm. The force was increased in 140 N increments that were applied every 12 h, as 

this time was sufficient to allow the clay in the cell to reach greater than 90% 

consolidation. Twelve hours after the final load increment was applied, the force was 

then held constant till the sample ruptured. For the remainder of the chapter, the test 

duration will refer to the time after the last 12 h load increment. 

The final constant applied force for all tests are listed in Table 3. Since the cell 

diameter was selected based on the mean contact spacing for nominal 50 mm coarse 

gravel, the force of 700 N when divided by the entire area of the geomembrane, is equal 

to an average stress of 250 kPa acting on the geomembrane from a drainage layer 

comprised of 50 mm coarse gravel. For reference, a vertical stress of 250 kPa could 

result from a burial beneath of 15 to 20 m of municipal solid waste, assuming a unit 

weight between 12.5 to 16.7 kN/m3. Tests were also carried out at 1 400 N (500 kPa) 

and 2 800 N (1 000 kPa) to quantify the rupture time of the geomembrane at higher 

applied forces.  

The temperature of the geomembrane was kept at 55ºC (±1°C). This was 

obtained using a heating tape wrapped around the outside perimeter of the test 

apparatus in conjunction with an insulation jacket. No thermal gradient across the 
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thickness of the geomembrane was measured during the study. In all the tests carried 

out in the study, force was applied once the desired test temperature of 55C was 

reached. 

After completion of each test, the geomembrane was carefully removed and the 

deformed shape of the lead sheet was scanned with a laser scanner to ±0.04 mm. The 

geomembrane strains were calculated from the measured deformed shape using the 

method developed by Tognon et al. (2000). Photographs were taken of the ruptured 

geomembrane and the rupture surfaces of the geomembranes were then studied using a 

stereographic microscope. 

5.4 Results 

The vertical displacement of the steel probe was recorded and typical time-

displacement curves from three tests are shown in Figs 4a-c. Fig. 4 illustrates the 

loading and creep effects seen in the tests. The results for the loading part (with time 

plotted on an arithmetic scale) show that for each load increment, there was a rapid 

increase in displacement followed by a small increase with time. The displacements 

were measured until the loading stage was finished. The results for times greater than 

the loading time (with time plotted on a logarithmic scale) show the increase in 

displacement due to creep when the applied force was held constant. A consistent 

increase in displacement with time was measured in all tests. For example, for a test 

conducted with virgin geomembrane (GM-A) at a maximum applied force of 700 N and 

test temperature of 55°C, Fig. 4a shows the loading deformation of 8 mm over the 

loading period of 60 h, and the creep deflection of approximately 2 mm over the 10 000 

h duration of Test 2. This shows that there is a time-related increase in the depth of the 
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indentation due to system creep (i.e., geomembrane and compacted clay) but maximum 

indentation in the geomembrane was imparted during the loading step of the test. 

In all tests conducted in this study, the geomembrane was ruptured through its 

thickness. As the geomembrane ruptured, therefore it is of interest to examine the 

factors influencing the time to rupture and the final rupture surface. The time to rupture 

for various tests conditions is given in Table 3. After opening the tests and looking at the 

sample with a naked eye, there was no discernable evidence of material elongation at or 

near the rupture surface. The lack of elongation at the rupture surface implies that the 

rupture is brittle in nature. A more detailed analysis of the rupture surface using 

microscopy is presented later in the chapter.  

The influence of applied force on the time to rupture for the geomembrane is 

examined in Fig. 5. Fig. 5a plots force and time to rupture on arithmetic scales while in 

Fig. 5b logarithmic scales are used following the conventional log stress vs. log time to 

failure plots from the single point (SP) NCTL test (ASTM D5397 Appendix; Husan, 

2000). Regardless, it can be seen that at a given SP-NCTL SCR, with an increase in the 

maximum applied force the time to rupture decreases. For example for SP-NCTL of 370 

h, with a fourfold increase in maximum applied force (from 700 N to 2 800 N) the time to 

rupture decreased by a factor of 2.5 (from 7 000 h at 700 N to 2 800 h at 2 800 N). 

Similarly for GM-B at SP-NCTL of 150 h, a fourfold increase in maximum applied force 

(from 700 N to 2 800 N) decreased the time to rupture by a factor of 2.2 (from 7 000 h at 

700 N to 2 800 h at 2 800 N). 

The indentations in the geomembrane, captured on a thin lead sheet, were used 

to calculate geomembrane strains using the method developed by Tognon et al. (2000). 

The method developed by Tognon et al. (2000) was for the case when no physical 
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irregularities (e.g., scratch, notch etc.) are present on the sample surface. In this study a 

notch is present, therefore after opening the test the lead sheet was scanned in two 

directions (parallel to the notch and perpendicular to the notch through the center of the 

sample) for each sample and geomembrane strains were calculated using Tognon et al. 

(2000) method to study the effect of the notch on the geomembrane strains. An unpaired 

t-test was carried out to compare geomembrane strains from both directions which 

showed that the difference was not statistically significant at 95% confidence interval. 

This proved that, in the present study, the presence of a notch had no effect on the 

geomembrane strain calculations using the method developed by Tognon et al. (2000). 

Therefore this method was used to calculate the geomembrane strains in the present 

study. The deformed shape of the indentation for Test 2 is plotted in Fig. 6. The 

computed strains for the top and bottom surface of the geomembrane are given in Fig. 

6b. Here the tensile strain is taken as positive. In Fig. 6a the largest tensile strain (18%) 

occurs in an area roughly half-way up the indentation as a result of membrane strain 

combined with some bending. As the indentations due to the applied force develop, the 

side of the slope elongates which results in tensile strain on the side of the indentation. 

When the indentation is deeper, the elongation is larger, resulting in higher tensile 

strains in the geomembrane. The maximum strains in the geomembrane in all the tests 

carried out in this study occurred at the side slope of the indentation. The maximum 

tensile strains for all tests are given in Table 4.  

The geomembrane tensile strains for all tests conducted in this study are shown 

in Fig. 7. The general trend of increasing geomembrane strain with increase in the 

maximum applied force was observed. With an increase in the applied force, the 

indentation depth increases thus resulting in higher geomembrane strains. It was 
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observed that for tests conducted with GM-A, the geomembrane strain at maximum 

applied force of 700 N for both virgin and aged (SP-NCTL SCR of 370 h) geomembrane 

was approximately 18%. For the tests carried out at a maximum applied force of 700 N, 

the geomembrane strain values are within 95% confidence interval, showing that the 

geomembrane strains are similar. When the maximum applied force was increased 

fourfold (from 700 N to 2 800 N) the geomembrane strain increased from 18% to 35% 

i.e., approximately two times. A similar increase in geomembrane strain was observed 

when using GM-B, at SP-NCTL SCR of 150 h. The geomembrane strains given in Table 

4, for geomembrane at different stages in the aging process, show that the induced 

tensile strains in the geomembrane are independent of the aging of the geomembrane 

and are dependent upon the maximum applied force.  

Fig. 8 plots the tensile strain in the geomembrane versus time to rupture. It can 

be seen from the figure that the time to rupture increases with decrease in the 

geomembrane strain. More data is required at lower geomembrane strains but it is 

logical to assume that if there is no tension present in the geomembrane then there 

would be zero tensile strain and hence no long-term geomembrane rupture. If the 

available data is extrapolated, then the rupture time for maximum allowable 

geomembrane strain limits (say 6-8% as proposed by Peggs et al. 2005 or 3% as 

proposed by Seeger and Müller, 2003) is less than 20 000 h (approximately 2.3 years). 

The time to rupture for tests conducted at different SP-NCTL SCR values is 

presented in Fig. 9. The SP-NCTL SCR values are dependent upon the aging of the 

geomembrane with virgin geomembrane exhibiting higher SP-NCTL SCR values as 

compared with the aged geomembrane. The factors affecting the geomembrane aging 

are time, temperature and the medium in which geomembrane was immersed (Sangam 
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and Rowe, 2002; Rowe et al. 2004; Rowe et al. 2008; Rimal and Rowe, 2009; etc.). It 

can be seen from Fig. 9 that a virgin geomembrane requires a longer time to rupture as 

compared with an aged geomembrane at the same applied force. Various studies (e.g., 

Rowe et al. 2008; Rimal and Rowe, 2009; etc.) have shown that aging of the 

geomembrane results in reduction of SP-NCTL SCR. The reduction in SP-NCTL SCR 

means that the sample becomes more brittle, thereby the time to rupture of an aged 

sample in comparison with an unaged sample reduces. 

5.5 Rupture morphology 

It was shown in this study that a notched geomembrane ruptured under 

sustained vertical applied load and that the time to rupture was dependent upon the 

applied force, and hence tensile strain, and its SP-NCTL SCR. The next step is to study 

the morphology of the rupture surface. This section will discuss the observations from 

microscope photographs of the samples. In the following section, a “rupture” is defined 

as a through thickness puncture of the geomembrane through which fluid could leak 

under a hydraulic gradient can occur, and a “crack” is defined as a partial rupture that 

has not propagated entirely through the geomembrane. It should be stressed here that 

use of the term crack does not pre-judge the nature of the rupture ( i.e., whether it is 

brittle or ductile). 

After the tests finished, the cell was opened and the samples were carefully 

removed and photographs of the samples were taken. The smaller holes on the surface 

of the sample, only present in Sample 2 – Fig. 13a, represent the locations where 

specimens were taken to test for standard OIT after opening the test. Afterwards the 

samples were cut through the notch (along section AA/), shown in Fig. 10b and 
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stereoscopic microscope was used to take photographs at 2 different magnifications, 1X 

and 4X, across the rupture surface (here 1X and 4X refer to the magnification of the 

objective of the microscope, the eye-piece magnification was kept constant at 10X). The 

areas where incision were made are marked should be disregarded as the appearance 

of these regions merely reflects cutting of the geomembrane with a scalpel. 

In the following section, three distinct types of observed rupture surfaces for tests 

are shown and discussed. Table 5 shows the different types of rupture surfaces 

observed in the series. These rupture surfaces will highlight the effect of different 

maximum applied forces and initial SP-NCTL SCR of the geomembrane have on the 

type of rupture in the geomembrane. 

5.5.1 Rupture type 1 

Rupture type 1 was a multi-layered rupture surface as observed in Tests 2, 3, 4, 

6, 7 and 9. For a typical example of rupture type 1, Sample 4 is chosen and the rupture 

surface for this sample will be discussed in detail. Fig. 10a shows Sample 4 (SP-NCTL 

SCR of 370 h with a maximum applied force of 700 N) after rupture while Fig. 10b shows 

the sketch of the same sample. For reference, the notch (34 mm long) and rupture (11 

mm in length) are aligned horizontally in Fig. 10b. Rupture surface at 1X magnification, 

for Sample 4, is shown in Fig. 11 with four locations marked for images at 4X 

magnification using a stereoscopic microscope.  

Fig. 12 shows the 4X magnified photographs of the locations marked on Fig. 11. 

Here the incision marks on the left of Fig. 12a and on the right of Fig. 12d are 

disregarded as the appearance of these regions merely reflects cutting of the 

geomembrane and not the rupture propagation. Five zones of micro-striations through 
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the ruptured surface have been identified. The smooth Zone I is the intentional notch 

that was cut in the geomembrane. Zone II is a result of the movement of the rupture 

through the geomembrane. Zone III is the dark black area, which is a rupture moving 

parallel to the top surface of the geomembrane approximately at the mid-height of the 

sample. Zone IV is a smooth surface where striations are visible and the orientation of 

the fibres in this zone appears to align with the crack propagation direction. Zone V is a 

smooth zone at the bottom of the sample. The layering on the surface implies that the 

geomembrane rupture propagated in stages. In this particular sample in addition to 

these five zones, other interesting features are also visible in the photographs. For 

example, in Fig. 12b, there are macro-voids visible at the top right hand corner of the 

sample (one that is approximately 70 μm in diameter and a second approximately 40 μm 

in diameter), which could be gas bubbles left in the geomembrane during the 

manufacturing process. Similarly, there is a void present in the Fig. 12c, approximately 

at the middle of the sample, which is also believed to be a remnant from geomembrane 

manufacturing. 

Similar observations were made for the nature of rupture surface for Sample 2 

(Fig. 13) shown in Figs 14 and 15, Sample 6 (Fig. 16) shown in Figs 21 and 22 and 

Sample 7 (Fig. 27) shown in Figs 28 and 29 respectively. 

In Sample 6 rupture also extended beyond the notch and propagated along the 

perimeter of the machined probe. The rupture portion where no notch was present, 

along the perimeter of the probe, is approximately 36 mm in total length. It was also 

observed that at one location, where initially a surface scratch was present, the 

geomembrane ruptured. This rupture was away from the perimeter of the steel probe. 

The length of this rupture was approximately 8 mm. Fig. 16b shows these ruptures along 
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with their lengths. Figs 17-20 show the rupture of the geomembrane from various angles 

highlighting the opening of the rupture at the notch (Fig. 19) and various other ruptures 

(Fig. 20) under high applied force of 2 800 N.  

For the ruptured surface underneath the notch, for Sample 6 (Fig. 22b), it was 

observed that a macro-void is present, approximately at the middle of the sample. It is 

thought that these are air bubbles left in the geomembrane during the manufacture of 

the geomembrane. Fig. 23 shows the rupture surface that extended beyond the notch 

along the perimeter of the probe, shown at 1X magnification with three locations at 4X 

magnification shown in Fig. 24. For the rupture along the perimeter of the probe, no 

elongation was observed and the rupture was smooth to touch although some locations 

along the rupture had to be cut for the sample to be viewed under a microscope 

especially those present in Fig. 24b. The rupture surface for the location where a scratch 

was present before the sample was placed for testing is shown in Fig. 25. It was 

observed, under microscope, that reddish-brown material, possibly the surfactant 

combined with the rusting of the steel probe, was observed to have penetrated through 

the thickness (Figs 25 and 26). The rupture surface was smooth and no indication of 

elongation of the sample is present. 

A distinct feature of the rupture surface of Sample 7 was a pin-hole rupture 

running through the sample thickness is visible on the left-hand side in Fig. 29a. It can 

be observed that the Zone III does not go past this pin-hole rupture, to the right, so it 

maybe a location which retarded the progression of Zone III. In Fig. 29b, pin-hole cracks, 

are penetrating Zone III from Zone IV, are present, especially at the bottom middle of the 

sample where the progression of Zone III is retarded. Also in Fig. 29a, a crack is visible 

at the bottom-right hand corner of the sample in Zone IV. In Fig. 29b, the feature marked 
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by “X” is part of the geomembrane sample that came off after taking the test apart, but 

before inspecting the sample under a microscope. In Fig. 29c, vertical breaks are 

present in the Zone II, which are wider at bottom and narrow at top. This can be 

interpreted as if the cracks are travelling upwards from Zone II towards Zone I. 

The observations from samples 2, 3, 4, 6, 7 and 9, show that the geomembrane 

ruptures in a brittle manner under the tested conditions as elongation of the fibres was 

not observed and typical features of a brittle rupture (e.g., breakage of sample, presence 

of smooth rupture surface) are present on rupture surfaces of all samples. Similar 

rupture surfaces have been reported for high-density polyethylene pipe by Phua et al. 

(1998), Reynolds and Lawrence (1993), Lu et al. (1991), Runt and Jacq (1989), and 

White and Teh (1989). It can be stated that the aging did not impact the type of rupture 

but affected the time to failure, as with increase in the aging of the sample, the time to 

rupture decreased because with the increase in aging the brittleness of the sample 

increased. 

It has been argued by Lu et al. (1991) that under a constant force, initially a craze 

forms at the notch tip (Zone I). Over time of the test, the voids in the craze under the 

notch form a larger void, which eventually initiate a crack that propagates slowly (Zone 

II). At the crack base near the notch, a horizontal rupture (Zone III) through the length of 

the sample, also designated as “a fibrous looking membrane” by Phua et al. (1998), was 

formed which was able to withstand the fracture load while the crack within the craze 

(Zone II) propagated. This “fibrous membrane” has also been reported by Lu et al (1991) 

and Strebel and Moet (1991). Lu et al. (1991) suggested that this membrane only forms 

under plane stress conditions because it was not fragmented by the localized stress 

acting within the craze. However, as the crack propagation continued, the fibrous 
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membrane was eventually fragmented and rupture propagated. The micro-striations 

below the “fibrous membrane” (Zone IV and Zone V) are also observed. The presence of 

such micro-striations has been attributed to the stress relaxation of the crack-arrest sites 

(White and Teh, 1979; Lu et al. 1991; Strebel and Moet, 1991, Reynolds, 1992; 

Reynolds and Lawrence, 1993). The presence of these micro-striations suggests the 

samples showed no localized plastic yielding of the material and hence the rupture was 

brittle in nature. 

Macroscopically, the fracture surface of a brittle failure appears smooth whereas 

a ductile failure is characterized by hills and valleys with deformed strands coming out of 

the surface, as well as holes in the surface left by breaking strands The absence of 

strands also lends credence to the result that the ruptures were brittle in nature. This 

also suggests that the propagation of rupture was a result of inter-lamellar failure, as 

fibre deformation and resulting high elongations at the crack tip associated with ductile 

failure are absent. Similar inter-lamellar failure has also been reported by Lustiger and 

Markham (1983) and Krishnaswamy (2005).  

5.5.2 Rupture type 2 

Rupture type 2, exhibiting micro-voids on the rupture surface was only observed 

for Sample 5, GM-A aged to SP-NCTL SCR of 370 h that was tested at a maximum 

applied force of 1 400 N. Fig. 30a shows the Sample 5 after rupture while the sample 

sketch is presented in Fig. 30b . It was observed that the rupture extended beyond the 

notch and propagated along the perimeter of the machined probe. The rupture portion 

where no notch was present, along the perimeter of the probe, is approximately 8 mm in 

length. Fig 31 shows the rupture surface, through section AA/, at 1X magnification with 
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four locations marked for 4X magnification. The new ruptured location is shown in Fig. 

33 at 1X and in Fig. 34 at 4X magnification.  

Fig. 32 shows the 4X magnified photographs of the four locations marked in Fig. 

32. In Fig. 32 a, b, c and d, only two distinct zones on the fractured surface were visible. 

Zone I, which appear to be smooth, is the notch while Zone VI exhibit micro-voids. In 

Fig. 32a, pin-hole cracks are visible at the left-hand bottom of Zone VI, which are wider 

at the base and narrower at the top indicating that probably these cracks maybe moving 

towards the top of the sample. A pin-hole rupture is moving through the thickness, has 

also been marked on the Fig. 32a. Similarly, in Fig. 32b, two through thickness pin-hole 

ruptures are marked. Many cracks can be seen at the bottom of Figs 32c and 32d. 

Importantly, the presence of surfactant used in the test, especially in Fig. 32c, can be 

observed. The presence of surfactant near the location where a new rupture along the 

perimeter of the probe occurred shows that as the indentation depth increased, the 

notch in the geomembrane became wider, the surfactant moved in thus accelerating the 

process of further rupturing of the geomembrane in areas where no notch was present. 

Surfactant was also observed on the rupture surface along the perimeter of the steel 

probe. Even for the rupture along the perimeter of the probe, no fibre elongation was 

observed. In the top-right corner of Fig. 34, presence of surfactant (whiteness of the 

material) can be observed.  

The observations from sample 5 show that the sample failed without any 

indication of sample ductility ( i.e., elongation at the location of rupture) therefore it is 

concluded that rupture in sample 5 is brittle in nature as a typical feature of brittle rupture 

i.e., presence of pin-hole cracks and through thickness pin-hole ruptures were present. 

Macroscopically the absence of strands lends credence to the result that the ruptures 
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were brittle in nature. Similar rupture surfaces have been reported by Moyses (2000) 

and Borisova and Kressler (2003) for polyethylene. They postulated that due to the 

stress concentration, higher stress is generated inside the particles which give rise to 

cracking and formation of micro-voids. This formation of micro-voids will result in a high 

local stress concentration between the polyethylene particles which effects the crack 

propagation and hence no layering is observed.  

5.5.3 Rupture type 3 

Fig. 35a shows a plan-view photograph of Sample 10 (SP-NCTL SCR of 150 h 

tested at a maximum applied force of 2 800 N) that exhibited Rupture type 3. Fig. 35b is 

a sketch of the same sample showing the location of the notch (34 mm long) and rupture 

zone (15 mm long) while Fig. 36 shows the effect of the probe contact with the 

geomembrane. After cutting the sample through AA/, Fig. 37 shows the rupture surface 

at 1X magnification on which three locations are marked where 4X magnified images 

were taken. While Fig. 38 shows the 4X magnified photographs of the locations marked 

on Fig. 37. 

It was observed that for Sample 10 there was no indication of rupture 

propagation as no zones were present. The absence of fibre elongation and presence of 

typical features of a brittle rupture led to conclusion that the rupture was predominantly 

brittle in nature. For the sample 10, the test force was high (2 800N) and the sample was 

brittle in nature as the SP-NCTL SCR value was low (150 h). It is assumed that at high 

force as soon as the rupture propagated from the base of the notch, the sample ruptured 

suddenly without going through the step-wise rupture propagation. Similar rupture 

surfaces have been shown by Bullivant and Ames (1966) and Sawyer and Grubb (1996) 
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for a flash-frozen high-density polyethylene sample. They stated that the rupture surface 

was purely brittle in nature with absence of any indication of rupture propagation. 

5.6 Discussion 

In the present study, a notch, equal to 20% of the sample thickness (Fig. 3c), 

was placed on sample. It has been reported by Hsuan (2000) that using a notch in the 

laboratory testing, skips the crack initiation stage and thereby reduces the time to 

rupture and produces more consistent results since it would not rely on material defect to 

initiate crack. Therefore it is logical to assume that in the absence of notch, the time to 

rupture will be larger than the times reported in the present chapter although more 

testing is required to test this assumption. 

Another factor that can play an important role in increasing the time to rupture is 

using a protection to the geomembrane. In the present study all the tests were carried 

out without using a geomembrane protection. If a nonwoven needle-punched geotextile 

protection, designed for short-term puncture as per procedure outlined by Narejo et al. 

(1996), is used then it will result in lower geomembrane tensile strains as has been 

shown in Chapter 3. It has been previously shown in Chapter 3 that the difference in 

tensile strains, for no protection and a geotextile protection, at an applied force of 700 N, 

is only 3% at a temperature of 55C, for one year. This small reduction in geomembrane 

strains by using a nonwoven needle-punched geotextile is expected to increase the time 

to rupture rather than avoiding the rupture at all. 

It has been previously shown (Chapter 3 and 4) that the temperature adversely 

effects the geomembrane strains i.e., at higher temperatures, geomembranes strains are 

higher. The data presented in the chapter are from tests where the temperature was 
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kept constant at 55C for the test duration; but the temperature in the landfill liner may 

not remain constant or are lower than the tested temperature (Rowe and Islam, 2009). 

The geomembrane strains obtained from tests carried out at higher temperature of 55°C, 

as shown in Chapter 4, are overly conservative. Although tests are required at lower 

temperatures but it is hypothesized that at lower test temperatures, the time to rupture 

would be larger than what has been reported in the present study. 

The focus of the work presented in the chapter was to test whether a 

geomembrane would rupture under sustained constant vertical force. To propose a new 

maximum allowable strain limit, the data presented in this chapter is insufficient. As 

discussed earlier in the chapter, at zero applied force, the geomembrane should not 

rupture. It can be observed from Fig. 7, that lower applied force will impart lower tensile 

strains in the geomembrane. From Fig. 8 it is seen that time to rupture increases as the 

tensile strain in the geomembrane decreases. Therefore, from Fig. 7 and 8, it can be 

said that low tensile strains in the geomembrane will result in a longer time for the 

geomembrane to rupture, but the time to rupture at lower applied forces cannot be 

deduced from the presented data and require more tests to be carried out. 

From a practical perspective, despite stress relaxation, the notched 

geomembrane ruptured under sustained vertical force. To ensure adequate long-term 

performance, the tensile strains in the geomembrane should be kept low which can be 

achieved by providing adequate protection, in the form of a geocomposite (Chapter 4), 

or 150 mm sand layer (Brachman and Gudina, 2008). If the tensile strains are kept low, 

it will ensure that the time to rupture is large so that the landfill liner can fulfill its design 

purpose. 
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5.7 Conclusions 

Laboratory experiments were conducted to evaluate the whether notched 

geomembrane specimens would rupture under sustained vertical load, temperature and 

chemical action in long-term. 

The following conclusions are drawn from the study presented in this chapter. 

1. It was observed that a notched geomembrane ruptured under sustained 

vertical force in all tests performed in this study irrespective of the maximum 

applied. 

2. It was shown that fibre elongation was not present and typical features of a 

brittle rupture were present in rupture surfaces of all samples. These 

observations led to the conclusion that the geomembrane ruptures were 

brittle in nature. 

3. Of the factors examined, the applied force had the greatest effect on the time 

to rupture, when the force was quadrupled (from 700 N to 2 800N) the time to 

rupture decreased by a factor of 2.5. It was also observed that doubling the 

force (from 700 to 1 400 N) also increased the geomembrane strains by a 

factor of 1.4; whereas when the maximum applied force was quadrupled, to 2 

800 N, the geomembrane strains almost doubled. It was concluded that with 

an increase in applied force the geomembrane tensile strains increased while 

the time to rupture of the sample reduced. 

4. It was also shown that the aging of the geomembrane did not affect the 

nature of rupture rather it effected the time to rupture of the geomembrane 

i.e., unaged sample ruptured later and samples aged to SP-NCTL SCR of 
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150 h ruptured quicker at the same applied force. The time to rupture at 

maximum applied force of 700 N reduced by approximately 1.4 times when 

the SP-NCTL SCR of the geomembrane reduced from virgin to 370 h for GM-

A.  

5. Two types of geomembranes (GM-A and GM-B) were tested with similar 

virgin index properties except the SP-NCTL SCR. No discernable difference 

between the mode and type of failure regarding the time to rupture and 

rupture morphology were observed.  

The results presented in this chapter show that the geomembrane ruptured in all 

tests, irrespective of the maximum applied force. The applied force imparted 

indentations in the geomembranes that resulted in large tensile strains in the 

geomembranes. Therefore, to ensure adequate long-term performance, the tensile 

strains in the geomembrane should be kept low which can be achieved by providing 

adequate protection to the geomembrane, in shape of a geocomposite (Chapter 4), or 

150 mm sand layer (Brachman and Gudina, 2008). 

It is suggested that it is not sufficient to conduct short-term tests to assess 

whether or not there is short-term puncture of the geomembrane and some 

consideration should be given to limiting tensions in the geomembrane when designing a 

protection layer from materials above and below the geomembrane. 

The results and conclusions are applicable to the specific materials, conditions 

and loading rate tested; therefore, they should not be directly used for design purposes 

for different conditions without experimental verification. 
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Table 1: Index properties of virgin geomembranes (GM-A and GM-B) 

Test 
ASTM 

Force 
Direction 

Property Units 
GM-A GM-B 

Mean 
Std 
dev. 

Mean 
Std 
dev. 

D6693 

Machine 

Yield strength kN/m 27 1 30 1 
Break yield strength kN/m 46 5 52 2 
Yield elongation 
strain 

% 24 2 22 1 

Break elongation 
strain 

% 830 80 858 15 

Cross-
machine 

Yield strength kN/m 29 1 32 1 
Break yield strength kN/m 44 6 48 5 
Yield elongation 
strain 

% 19 1 18 1 

Break elongation 
strain 

% 850 95 839 70 

D5397 
Appendix 

Machine Single-point notched 
constant tensile load 
(SP-NCTL) test 

h 1460 140 502 47 
Cross-

machine 
h 1410 110 - - 

D4833 
Normal to 

sample 

Puncture force N 1370 8 - - 
Displacement at 
puncture 

mm 24 0.3 - - 

 

 



 

181 

Table 2: Soil properties 

Property Units Value 

Percent finer than 0.002 mm % 42
Liquid limit % 26
Plastic limit % 16
Std Proctor optimum water content % 12
Std Proctor maximum dry density g/cm3 2.1
Dry density as placed in the cell g/cm3 1.9
Specific gravity of soil solids  2.75
Compression index*  0.35
Recompression index*  0.04
Preconsolidation pressure* kPa 200
Undrained shear strength* kPa 40

 

* for a clay specimen compacted at w=16% to a dry density of 1.9 g/cm3 
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Table 3: Rupture time for various tests 

Test No. 
Applied force GM type SCR 

Time to 
failure 

Leak Detection 
Type 

N  h h 

1 700 
A Virgin 

<10 000 
None present 2 700 <10 000 

3 700 <10 000 
4 700 

A 370 
7 000 Without 

geotextile under 
the tip 

5 1 400 4 900 
6 2 800 2 800 
7 700 

B 150 

5 200 

With geotextile 
under the tip 

8 700 5 800 

9 1 400 4 300 

10 2 800 2 500 
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Table 4: Geomembrane strain for various tests 

Test No. 
Applied force GM type SCR 

GM 
strain 

Leak 
Detection 

Type N  h % 

1 700 
A Virgin 

18 
None 

present 
2 700 18 

3 700 18 

4 700 
A 370 

18 Without a 
geotextile 

under the tip 
5 1 400 25 

6 2 800 36 

7 700 

B 150 

- 
With a 

geotextile 
under the tip 

8 700 18 

9 1 400 25 

10 2 800 35 
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Table 5: Different rupture surfaces 

Zones 
Sample 

2 3 4 5 6 7 9 10 

Notch Y Y Y Y Y Y Y Y 
Rupture movement Y Y Y - Y Y Y - 
Fibrous membrane Y Y Y - Y Y Y - 

Smooth surface with striation Y Y Y - Y Y Y - 
Smooth surface at bottom Y Y Y - Y Y Y - 

Micro-voids - - - Y - - - - 

Pure brittle - - - - - - - Y 
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Fig. 2. Stress-rupture plot of virgin geomembrane – GM-A (ASTM D5397 on 1.5 mm 
thick high density polyethylene geomembrane) 
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Fig. 7. Effect of applied force on maximum geomembrane strain 
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Fig. 8. Effect of time on geomembrane strain 
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Fig. 9. Effect of SP-NCTL SCR on geomembrane time to rupture 
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Chapter 6 

General discussion 

This thesis examined two sources of tension in geomembranes (from gravel 

particles in clay below the geomembrane in Ch. 2 and from gravel particles of the 

drainage layer above the geomembrane in Chs 3 and 4) and the potential implications of 

sustained long-term strains on the geomembrane (Ch. 5). Detailed discussions of the 

experimental results were given in Chapters 2-5. A general discussion of the implications 

of this work is presented here. 

6.1 Geomembrane indentations from the foundation 

In Chapter 2, the possibility of puncture of high-density polyethylene 

geomembranes was assessed and, if not punctured, the tensile strains in the 

geomembrane from intentionally placed gravel particles in an underlying compacted clay 

liner when subjected to applied vertical stresses were reported. Except in one test 

conducted at a pressure of 2000 kPa, the geomembrane was not punctured in the short-

term tests conducted; however, it was subjected to local indentations and tensile strains 

from the underlying gravel particles that exceeded proposed allowable long-term strain 

limits. The influences of applied pressure, clay water content, stone size, stone burial 

depth and protection layer on the geomembrane tensile strains were examined. It was 

observed that the tensile strains increased with increases in initial clay water content and 

increases in applied pressure when the stones were buried flush with the clay surface. 

Decreasing the initial clay water content or increasing the burial depth of the particle 

decreased the geomembrane tensile strains. It was found that for vertical pressures up 
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to 1000 kPa, tensile strains from buried stones can be reduced to less than 3% by 

removing gravel particles larger than 35 mm from the uppermost lift of the clay liner and 

compacting this final lift at the lower limit of acceptable water content. Placing the clay at 

the lower limit of acceptable water content makes it more susceptible to stone particles 

sitting on top of the clay surface and careful site inspection is required to remove all 

visible stones that sit on top of the clay surface. However, the overall conclusion is that 

gravel particles in the underlying clay can be another source of tension in a 

geomembrane that should be considered for deep landfills to ensure the long-term 

performance of the geomembrane. 

6.2 Effect of time, temperature and protection on geomembrane strain from 

a sustained vertical force 

Laboratory experiments were conducted to evaluate the influence of 

temperature, time, a geotextile protection, clay water content and applied force on the 

geomembrane tensile strains. It was found in Chapter 3 that the clay water content had 

the greatest impact on the geomembrane strains, followed by the applied force, time and 

temperature. It was observed that when a nonwoven needle-punched geotextile, 

designed as per method developed by Narejo et al. (1996), was used as protection for 

the geomembrane from the machined steel probe, the induced geomembrane strains 

decreased by approximately 0.8 times the average geomembrane strain when tested 

without protection. The ineffectiveness of the geotextile was shown to be from slack in its 

force-displacement response at small displacements. For the tests conducted for short-

term (10 h) low temperature (22C) tests, the geomembrane strains, even in the 

presence of the protection exceeded the maximum geomembrane strain limit (6%) 
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proposed by Peggs at al. (2005). Therefore, the tested geotextile is not recommended 

as a protection to the geomembrane for the service life of the liner. 

As the particular geotextile protection layer tested did not reduce the imparted 

geomembrane strains to below the maximum allowable geomembrane limits, 

combinations of commercially available geotextiles were used, in a form of 

geocomposite to see whether the imparted geomembrane strains can be reduced. It was 

found in Chapter 4 that a geocomposite, consisting of a thicker core between two thinner 

and stiffer outer geotextile layers, was successful at reducing the geomembrane strain 

relative to the more conventional single nonwoven needle-punched geotextile. The thick 

core layer provided cushioning, which proved effective in reducing the geomembrane 

strains, while displacements of the thick core allowed slack to be overcome in the upper 

geotextile such that it appears that the upper geotextile is mobilizing significant 

membrane tensions that reduce the strain induced to the geomembrane.  

To predict the long-term geomembrane strains, the principle of time-temperature 

superposition (tTS) was applied in Chapter 3 and 4 for the multi-component system 

consisting of geomembrane overlying clay with or without a geotextile as protection on 

top. The idea was to use short-term high temperature data to predict the long-term low 

temperature geomembrane strains. The geomembrane strains obtained from the tests 

were used to construct master curves at reference temperature of 55°C. The tTS master 

curve for no protection was validated using results from medium term tests, run for 10 

000 h, while for the geocomposite it was validated using test results at 5 000 h and 10 

000 h. It was shown that for the system under consideration, master curves generated 

using the tTS principle may deviate from the actual values of geomembrane strains at 

long-term.  
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The tests were conducted at constant temperatures, but the temperature in the 

landfill liner is seldom constant as has been shown in previous studies. Different 

idealized temperature profiles from Rowe and Islam (2009) were used to predict the 

geomembrane strains under different temperature conditions. It was shown that when a 

geocomposite was used as protection, the tensile strains in the geomembrane do not 

exceed the allowable limit (6% by Peggs et al. 2005) in approximately 100 years if the 

working temperatures are low. Therefore the assumption that the liner temperature 

remains constant at 55°C may over predicts the geomembrane strains in the liner.  

6.3 Rupture of notched geomembrane under sustained vertical force 

Experiments were conducted in Chapter 5 to evaluate whether notched 

geomembrane specimens would rupture under sustained vertical load, temperature and 

chemical action in long-term. It was observed that a notched geomembrane ruptured 

under sustained vertical force in all tests performed in this study at average vertical 

stress levels ranging from 250 to 1000 kPa. The samples, under all tested conditions, 

ruptured in brittle manner; no ductile fibre elongation was observed but typical features 

of a brittle rupture were present on the rupture surfaces. It was found that out of the 

factors examined, the applied force had the greatest effect on the time to rupture as 

when the force was quadrupled, the time to rupture decreased by a factor of 2.5 while 

the geomembrane strains almost doubled. This showed that with an increase in applied 

force the geomembrane tensile strains increased while the time to rupture of the sample 

reduced. The aging of the geomembrane did not affect the nature of rupture rather it 

effected the time to rupture of the geomembrane i.e. with an increase in sample aging, 

the sample brittleness increased, thus reducing the time to rupture of the sample.  
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It was shown that the geomembrane ruptured in all tests, irrespective of the 

maximum applied force. The applied force imparted indentations in the geomembranes 

resulting in large tensile strains in the geomembranes. Therefore, to ensure adequate 

long-term performance, the tensile strains in the geomembrane should be kept low, 

which can be achieved by providing adequate protection, in the shape of a 

geocomposite or 150 mm sand layer (Brachman and Gudina, 2008). 
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Chapter 7 

Conclusions and recommendations 

7.1 Conclusions 

Geomembranes are commonly used with a low permeable layer (e.g., 

compacted clay or a geosynthetic clay liner) to act as a composite liner in modern 

engineered landfills. A protection layer is required for landfill liners to limit physical 

damage to the geomembrane from point loading from overlying gravel particles when 

subjected to the weight of the material on top of the geomembrane. To limit the long-

term geomembrane strains and to safeguard the geomembrane against puncture, 

protection layers consisting either of sand or a geotextile, and/or geocomposite materials 

are required.  

High-density polyethylene geomembrane is a time and temperature dependent 

material therefore long-term effects of sustained constant vertical loading on the 

geomembrane are required. In previous studies by Tognon et al. (2000); Gudina and 

Brachman, (2006); Dickinson and Brachman, (2008); and Brachman and Gudina, (2008) 

the long-term effect of time and temperature on geomembrane strains were not 

quantified as those studies were conducted at room temperature (22C) and for 

relatively short time frames (10 – 100 h) while a recent long-term study by Koerner et al. 

(2010) does not present the data for long-term geomembrane strains for the test 

conducted at room temperature.  

In the present work, a laboratory study of the physical response of a high-density 

polyethylene geomembrane was reported. Local indentation strains were quantified and 
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the effects of high sustained geomembrane strain were examined. Detailed conclusions 

are provided in each chapter; here the principal findings of the study are summarized. 

In Chapter 3, reasonably long-term laboratory tests were conducted for up to      

1 000 h with a geomembrane underlain by compacted clay with a constant vertical force 

on top by a steel probe machined to replicate a gravel particle. The geomembrane 

tensile strain, imparted due to constant sustained vertical force, was calculated and it 

was shown that the geomembrane strain consists of two components namely loading 

and long-term creep strains. It was observed that for test times up to 1 000 h the creep 

strains were no more than 20% of the total strains. To provide an assessment of 

potential long-term geomembrane strains, a method of time-temperature superposition 

(tTS) was developed. In the tTS method, short-term high temperature data was used to 

predict long-term lower temperature geomembrane strains. The test data was used to 

construct tTS master curve at 55C and was validated using three 10 000 h tests. The 

master curve at 55C showed that at 100 years, for no protection case, the creep strains 

would increase to approximately 40% of the total geomembrane strain.  

In the field, a nonwoven needle-punched geotextile, designed as per the method 

developed by Narejo et al. (1996), is used as protection on top of the geomembrane. It 

was observed that the geomembrane strains, even when using a nonwoven needle-

punched geotextile protection, exceeded the maximum allowable strains even for tests 

conducted for 10 h, at room temperature (22C). Therefore there is a need to provide a 

better protection to the geomembrane such that the geomembrane strains are low at 

loading and are kept below the maximum allowable limit in the long-term. 



 

228 

As a single geotextile was not able to limit the geomembrane strains therefore a 

geocomposite, consisting of thick core between two thinner and stiffer outer geotextile 

layers, was used and it was found that a geocomposite was more successful at limiting 

the geomembrane strains (Chapter 4). From the tTS master curve constructed for the 

geocomposite protection, at 55C and validated with data from one test run for 5 000 h 

and two tests run for 10 000h, it was found the creep became a dominant source of 

geomembrane strain, exceeding the loading strains, in approximately 10 years and the 

tensile strains in the geomembrane exceeded the maximum allowable strain limit of 6% 

(Peggs et al. 2005) for 250 kPa overburden pressure, at a temperature of 55C and with 

nominal 50 mm gravel particle used in the drainage layer on top. 

For landfills, the reality is that the loading may occur at lower temperatures 

whereas the operating temperature may be higher for some period of time before 

returning to lower ambient temperatures. Therefore, the idealized temperature profiles 

given by Rowe and Islam (2009) were used, as the thermal input into the developed tTS 

procedure, to predict the long-term geomembrane strains for more complex temperature 

conditions of landfill liners. It was found that the assumption of constant liner 

temperatures of 55C, over the service life over-predicts long-term geomembrane 

strains. It was also concluded that if the working temperatures at the base of the landfill 

liner are low (say not exceeding 30C for an extended time period; such as Case 2 

discussed in Chapter 4), then a geocomposite may be able to limit long-term tensions to 

less than the maximum allowable limits of 6% as prescribed by Peggs et al. (2005). 

Even when the geomembrane strains are limited to within the maximum 

allowable limits, the tension is still present in the geomembrane which maybe be 
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detrimental to the service life of the landfill liner. In Chapter 5 it was shown that a 

notched geomembrane under sustained constant force ruptured in a brittle manner, 

despite stress relaxation. The geomembrane was notched so as to skip the crack 

initiation stage thereby reducing the time to rupture and producing more consistent 

results. The time required by the notched geomembrane to rupture was found to be 

dependent upon the magnitude of the maximum applied force, with the notched 

geomembrane rupturing at applied force as low as 700 N within one year at 55C. The 

geomembrane strains, at sustained vertical force of 700 N and a constant temperature of 

55C, were high approximately three times the maximum allowable strains limits (6% by 

Peggs et al. 2005). It was also observed that the aging of the geomembrane reduced the 

time to rupture of the geomembrane and had no effect on the nature of the rupture. In 

the absence of an agreed set of geomembrane strain limits, to ensure adequate long-

term performance, the tensile strains in the geomembrane should be kept as low as 

possible which can be achieved by providing adequate protection to the geomembrane, 

in shape of a geocomposite, or 150 mm sand layer (Brachman and Gudina, 2008) in 

combination with maintaining low liner temperatures. 

Brachman and Gudina (2008) have shown that a 150 mm poorly graded sand 

acts as an excellent protection to the geomembrane from the indentations due to the 

nominal 50 mm gravel particles in the drainage layer, when tested at an overburden 

pressure of 250 kPa at room temperature. It was observed in Chapter 2, that even when 

150 mm poorly graded sand is used as geomembrane protection, there may be a need 

to consider the impact of small gravel particles in the underlying compacted clay liner 

which can lead to local tensile strains in the geomembrane. These local geomembrane 
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strains from the gravel particles in the CCL became significantly large, exceeding the 

maximum allowable geomembrane strains, when the gravel particles are present on the 

surface or the initial clay water content is high or for deep landfills (> 60 m – 1000 kPa 

overburden pressure).Tests need to be run for site specific materials and conditions to 

assess the geomembrane strains imparted by these gravel particles. These 

geomembrane strains can be mitigated by compacting the top most layer of the clay liner 

at lower initial clay water content and/or by careful site inspection where gravel particles 

greater than 35 mm are removed manually. 

7.2 Recommendations for future work 

The results reported in this thesis examined the physical response of the 

geomembrane when tested under short and medium-term physical loading and apply 

only to the specific conditions tested. Caution should be exercised when using these 

results to predict behaviour under different conditions. An effort was made to encompass 

the time dependent behaviour of the materials involved but further work is still required 

to fully understand the predicted long-term response of high-density polyethylene 

geomembranes used in landfill liners. Future study should focus on the rupture initiation 

without the presence of a notch in the geomembrane, time-dependent response of the 

protection, effect of wrinkles on the long-term response of the liner and effect of lower 

applied forces that result in lower tensile strains in the geomembrane. 



 

231 

7.3 References 

Brachman, R.W.I., and Gudina, S. 2008. Gravel contacts and geomembrane strains for 

a GM/CCL composite liner. Geotextiles and Geomembranes 26 (6), pp448–459. 

Dickinson, S., and Brachman, R.W.I. 2008. Assessment of alternative protection layers 

for a geomembrane/geosynthetic clay liner (GM/GCL) composite liner. Canadian 

Geotechnical Journal 45 (11), pp1594–1610. 

Gudina, S., and Brachman, R.W.I. 2006. Physical response of geomembrane wrinkles 

overlying compacted clay. ASCE Journal of Geotechnical and Geoenvironmental 

Engineering 132 (10), pp1346–1353. 

Koerner, R.M., Hsuan, Y.G., Koerner, G.R., and Gryger, D. 2010. Ten year creep 

puncture study of HDPE geomembranes protected by needle-punched nonwoven 

geotextiles. Geotextiles and Geomembranes 28 pp503–513 

Narejo, D., Koerner, R.M., and Wilson-Fahmy, R.F. 1996. Puncture protection of 

geomembranes,part II: experimental. Geosynthetics International 3 (5), 629–653. 

Peggs, I.D., Schmucker, B., and Carey, P. 2005. Assessment of maximum 

allowablestrains in polyethylene and polypropylene geomembranes. In: Geo-

Frontiers2005 (CD-ROM). American Society of Civil Engineers, Reston, VA. 

Rowe, R.K., and Islam, Z.I. 2009. Impact of landfill iner time-temperature history on the 

service life of HDPE geomembranes. Waste Management, 29, pp2689–2699  

Tognon, A.R., Rowe, R.K., and Moore, I.D. 2000. Geomembrane strain observed in 

largescale testing of protection layers. ASCE Journal of Geotechnical and 

Geoenvironmental Engineering 126 (12), pp1194–1208. 

  



 

232 

Appendix A 

Temperature prototyping 

Introduction 

The geomembrane liner temperature plays an important role in determining the 

service life, depends on factors like the type of waste, waste moisture content, biomass 

content, rate of waste filling, thickness of waste, and the climatic condition of the region 

(Collins 1993; Lanini et al. 2001; Hanson et al. 2005; Rowe et al. 2004; Rowe 2005). 

Rowe and Islam (2009) emphasize that the incorporation of liner temperature history for 

the calculation of the service life of the liner is necessary. As the actual liner temperature 

is dependent on various factors and cannot be predicted accurately therefore the 

idealized temperature profiles from various landfills liners as proposed by Rowe and 

Islam (2009) are used to study the practical application of the work.  

For the laboratory, the long-term simulation of the landfill liner requires a proper 

temperature management therefore temperature prototyping of the cell was carried out 

and is explained here. 

Test details 

The geomembrane samples were tested in the apparatus shown in Fig. A.1.  The 

apparatus had an inside diameter of 60 mm and a height of 85 mm and force was 

applied to the geomembrane using a steel probe that was machined to simulate a 

coarse gravel particle. Details of the cell are provided in Chapter 3. 

The long-term simulation of the landfill liner requires a proper temperature 

management of the test cell. For this purpose the prototype test was run with 15 thermo-

couple installed at different positions in and around the cell. The locations of the 
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thermocouples are shown in Fig. A.2. Most important of these were the thermocouple 3 

to 10 which were on the geomembrane (4 on top and 4 on bottom).  

Results 

The prototype test was run for approximately 3 000 h (~ 4 months). Table A.1 

shows the maximum and minimum temperature measured in the test run after initial 12 h 

testing. The initial 12 h were set aside for the time so that the temperature becomes 

constant. The maximum difference of temperature between the top and bottom of the 

geomembrane was not more than 0.5°C at any time which shows that the heating 

equipment and the insulation material work satisfactorily. 

Figs A.3 to A.6 show the temperature profile measured at different location 

during the test run. Generally it can be said that the temperatures remain constant over 

an extended period of time (> 3 000 h) therefore the heating equipment can be used for 

long-term testing. 

Conclusions and Recommendations 

The temperature prototyping test cell was successfully carried out. The 

effectiveness of the prototyping was proved while carrying out the tests for Chapter 3-5. 

If required similar prototyping can be carried out for higher temperatures. Similar type of 

prototyping can be carried out for tests that require temperature lower than the room 

temperatures. The potential effects of exposure to high and/or low pH leachate (when 

required) on the performance of the sensor need to be assessed. 
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Table A.1: Location of thermo-couples and temperatures after 3 100 h 
 

Thermocouple Location 
Temp after 3100h 

Max Min 

1 Bottom of the cell (outside) 85.7 83.5 
2 Bottom of the cell (inside) 85.9 84.3 

3 Top of the geomembrane – 3 85.5 84.7 
4 Top of the geomembrane – 4 85.2 84.2 
5 Top of the geomembrane – 5 85.4 84.2 
6 Top of the geomembrane – 6 85.3 84.4 
7 Bottom of the geomembrane – 7 85.7 84.5 
8 Bottom of the geomembrane – 8 85.3 84.2 
9 Bottom of the geomembrane – 9 85.4 84.5 

10 Bottom of the geomembrane – 10 85.3 84.3 

11 Top of the cell 85.6 84.6 

12 Load frame – top 30.1 25.6 
13 Load frame – bottom 23.8 21.1 
14 Load frame – behind the cell 23.5 21.7 

15 Table top 22.4 20.9 
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Fig.A.1: Test cell with location of installed thermocouples 
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Fig. A.2: Installed thermocouples at the top of the geomembrane 
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Fig. A.3: Temperature profile for the thermocouples on the cell 
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Fig. A.6: Temperature profile for thermocouples installed on the load frame 
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Appendix B 

tTS master curves at various test temperatures 

Given that engineering decisions need to be made on the potential long-term 

performance of a protection layer in realistic time frames that preclude actual long-term 

data, there is a need for a method where data from short-time studies (e.g., 10 to 1 000 

h) conducted at different temperatures (e.g., 22 to 85C) can be extrapolated to longer 

time frames, that may extend to several decades, at a desired temperature.  

The generation of a master curve was accomplished by following steps (as 

explained in Chapter 3): 

1. The curve (trend of experimental data) at some temperature (Tref) is chosen as 

reference. 

2. The curves at other temperatures are shifted one at a time until they superpose 

with the reference temperature curve. Curves at temperature above Tref are 

shifted to the right and those below Tref are shifted towards the left of the 

reference temperature curve. 

3. If the curves do not cover a large enough range to permit an overlap on the 

reference temperature, then they are superposed to the nearest neighbour based 

on extrapolations. The tests in this study were planned in such a way that an 

overlap was achieved between the data sets. 

The tTS for no protection at 22, 35, 55, 70 and 85C are shown in Figs B.1. to 

B.5 while for tests with geotextile protection for the same temperatures is shown in Figs 

B.6 to B.10. Figs B.11 to B.16 show the tTS for GC3 protection 
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Fig. B.1. tTS master curve for no protection at Tref = 22°C 
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Fig. B.2. tTS master curve for no protection at Tref = 35°C 
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Fig. B.3. tTS master curve for no protection at Tref = 55°C 
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Fig. B.4. tTS master curve for no protection at Tref = 70°C 
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Fig. B.5. tTS master curve for no protection at Tref = 85°C 
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Fig. B.6. tTS master curve for geotextile protection at Tref = 22°C 
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Fig. B.7. tTS master curve for geotextile protection at Tref = 35°C 
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Fig. B.8. tTS master curve for geotextile protection at Tref = 55°C 
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Fig. B.9. tTS master curve for geotextile protection at Tref = 70°C 
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Fig. B.10. tTS master curve for geotextile protection at Tref = 85°C 
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Fig. B.11. tTS master curve for GC3 protection at Tref = 22°C 
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Fig. B.12. tTS master curve for GC3 protection at Tref = 35°C   
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Fig. B.13. tTS master curve for GC3 protection at Tref = 40°C 
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Fig. B.14. tTS master curve for GC3 protection at Tref = 55°C 
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Fig. B.15. tTS master curve for GC3 protection at Tref = 70°C 
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Fig. B.16. tTS master curve for GC3 protection at Tref = 85°C 
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Fig. B.17. tTS master curve for GC3 protection at Tref = 100°C 
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Appendix C 

1-D consolidation test 

1-D consolidation test as per ASTM D2435-04 was run for initial clay water 

content of 12.5, 14 and 16%. Basic material quantification is given in this Appendix. The 

load-time steps for the tests carried out are given in Fig. C.1.  

The preconsolidation pressure at 16% initial clay water content as calculated as 

per Casagrande method is 200kPa. The coefficient of consolidation (Cv) was also 

calculated using Casagrande method and is plotted for all the tests that were carried out 

in the study. The results indicate that coefficient of consolidation and coefficient of 

compressibility decreases with the increase in effective stress.  

Using Casagrande method, the pre-consolidation pressure was determined as 

200kPa for the tested clay. The permeability of the testing clay decreases in accordance 

with the decrease of the void ratio.  

Using the calculated coefficient of consolidation the time for 90% consolidation 

time for one-way drainage in a single-point indentation apparatus varied between 4.2 h 

and 4.6 h as the water content of the clay was increased from 12% to 16% while the 

90% consolidation time for one-way drainage in the 600-mm diameter cell used for study 

in Chapter 2 varied between 9.6 h and 10.8 h as the water content of the clay was 

increased from 12% to 16%. 

It should be remembered that there are several major limitation exist to the 

oedometer consolidation test, such as no means is available for monitoring the pore-

water pressure, and the small sample used in the study cannot fully represent the whole 

of the clay. 
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Fig. C.1. Load-time step used for the tests  
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Fig. C.2. Effective stress versus a) void ratio; b) coefficient of compressibility mV; c) 
coefficient of consolidation Cv; and d) hydraulic conductivity (k) for clay tested at initial 
water content of 12.5% 
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Fig. C.3. Effective stress versus a) void ratio; b) coefficient of compressibility mV; c) 
coefficient of consolidation Cv; and d) hydraulic conductivity (k) for clay tested at initial 
water content of 14% 
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Fig. C.4. Effective stress versus a) void ratio; b) coefficient of compressibility mV; c) 
coefficient of consolidation Cv; and d) hydraulic conductivity (k) for clay tested at initial 
water content of 16% 
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Appendix D 

Tensile tests for HDPE geomembrane 

Tensile tests for the studied geomembrane were carried out as per standard 

ASTM D638 – 08. The stress strain curves for the geomembrane are plotted here. Data 

deduced from these tests has already been reported in Table 1 in Chapter 2, Table 1 

Chapter 3, Table 2 in Chapter 4 and Table 1 in Chapter 5. 

  



 

266 

Strain (mm)

0 100 200 300 400 500

S
tr

es
s 

(k
N

/m
)

0

10

20

30

40

50

60
Machine direction

 
Fig. D.1. Stress-strain curve for the HDPE geomembrane used in the study (Machine 
direction) 
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Fig. D.2. Stress-strain curve for the HDPE geomembrane used in the study (Cross-
Machine direction) 
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Fig. D.3. Puncture test as per D-4433 
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Fig. D.4. Crystallinity of the virgin sample, test run as per ASTM E794 


