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Abstract 

Geosynthetic Clay Liners (GCLs) are commonly paired with a geomembrane and used as part of 

a composite liner system for landfill barriers.  Under some circumstances, leaving a composite 

geomembrane/geosynthetic clay liner exposed to solar radiation in the field has been shown to 

cause shrinkage of the underlying GCL.  Recent field studies have shown that leaving a 

composite liner exposed can also lead to down-slope erosion of bentonite from the GCL due to 

the down-slope movement of moisture.   

 

To investigate the factors that can affect the onset of bentonite erosion in a GCL an experimental 

technique was developed to reproduce similar erosion in the laboratory.  The test method 

simulates the features that occur with the erosion of bentonite caused by down-slope migration of 

evaporative water in the field.  One needle-punched GCL was tested to examine the factors that 

can affect the onset of erosion of bentonite particles with the flow of water.  The factors examined 

include the effect of the initial wet/dry cycle, water source chemistry, flow rate, slope, prior 

cation exchange, and the effect of no drying phase in the test cycle.   

 

Ten different manufactured GCL products were tested to examine the effect of material properties 

on the erosion of bentonite from a GCL.  The material properties of the products tested differed in 

terms of the type of carrier and cover geotextiles, bentonite (powdered, fine and coarse grained, 

and some with a polymer enhancement additive) and the presence of a polypropylene coating 

over the geotextile. 

 

It was found that the most critical factor to trigger the onset of bentonite erosion was the water 

source chemistry, with the tests that simulated the evaporation and condensation of water 

(deionized water) below an exposed composite liner leading to the formation of major erosion 
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features.  The results of the laboratory testing program also show that erosion features are more 

visible in products with white coloured geotextiles.  The products containing a polypropylene 

coated geotextile and polymer enhanced bentonite slowed or, in some cases, prevented erosion 

features from developing.  
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Chapter 1  

Introduction 

1.1 Composite Liner Systems 

A geosynthetic clay liner (GCL) is a manufactured product designed to function as a clay barrier 

and is commonly paired with a high density polyethylene (HDPE) geomembrane (GMB) to form 

a composite liner.  The composite liner system is often used in barrier applications such as 

municipal solid waste landfills, heap leach pads and mine tailings disposals.  The primary purpose 

of the clay barrier in a composite liner system is to reduce the leakage of contaminants through 

holes in the overlying geomembrane liner (Rowe, 2005, 2012).  Another example of a clay barrier 

is a compacted clay liner (CCL).  GCLs have several advantages over compacted clay liners 

including ease of installation and, when used in conjunction with a geomembrane in a composite 

liner, often much better performance in terms of reducing leakage (Rowe, 2012).   

 

Geosynthetic clay liners are most commonly manufactured by needle punching a layer of high 

swelling, low hydraulic conductivity clay (typically sodium bentonite) between two geotextiles.  

There are a wide range of GCL products with varying material properties that are designed for 

different GCL applications.  For example, the bentonite can be powdered, fine granular or coarse 

granular, and it may contain natural or activated sodium bentonite and may have a polymer added 

to improve performance in the presence of cations.  For needle-punched GCLs, the cover 

geotextile is a needle-punched nonwoven geotextile and the carrier geotextile can be woven, 

nonwoven or scrim reinforced and may be thermally treated to fuse the needle-punched fibres to 

the carrier geotextile.  The carrier geotextile can also be polymer coated to further decrease the 

permeability and the hydraulic conductivity.  
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GCL panels are typically 4.4 m to 4.7 m wide and installed with about 150 mm to 300 mm of 

overlap with the adjacent panels.  Manufacturers’ installation guidelines recommend that the 

liners be covered by at least 0.3 m, and 0.5 m in some cases, of soil soon after installation (e.g., a 

drainage layer in a landfill), however for operational reasons the composite liner may be left 

exposed for periods ranging from months to years (Thiel et al., 2006). 

 

A composite liner that is left without soil cover will be exposed to cycles of solar radiation, 

subjecting the underlying GCL to cyclic wetting (due to hydration from the subsoil when cool)   

and drying.  When a composite liner involving a black geomembrane is not covered, solar 

radiation can heat the geomembrane to 70
o
C in south-eastern Ontario, Canada (Rowe et al., 2012) 

and in excess of 80
o
C in a Texas, USA (Peggs, 2008).  This causes the underlying GCL (or CCL) 

to lose moisture to the subgrade and into the airspace between the clay liner and geomembrane.  

As the geomembrane cools the evaporated water condenses on the underside of the GMB and 

drops onto the clay liner and runs down-slope.  This wetting and drying can occur whenever the 

GMB temperature rises significantly during the day (e.g., on sunny days) and drops at night.  This 

process has been seen to cause desiccation in compacted clay liners (Rowe, 2012) and shrinkage 

of GCL panels (Thiel et al., 2006; Bostwick et al., 2010).  Research has shown that GCLs used in 

composite liners exposed to solar radiation may experience shrinkage and, in irrecoverable cases, 

panel separation leaving areas of the subgrade exposed (Koerner & Koerner, 2005a, 2005b; Thiel 

& Richardson, 2005; Thiel et al., 2006; Bostwick et al., 2010; Thiel & Rowe, 2010; Rowe et al, 

2011;).  More recently, Take et al. (2014) reported these wetting and drying cycles can lead to the 

formation of erosion channels in the GCL which, in some cases, leave little to no bentonite 

between the cover and the carrier geotextile.  
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1.2 Bentonite Erosion in the Field 

The Queen’s University Environmental Liner Test Site (QUELTS) was constructed in 

southeastern Ontario (Brachman et al., 2007) to monitor the performance of an exposed 

GMB/GCL composite liner.  The objectives of that study were to examine GMB wrinkles and the 

stability of GCL panel overlaps for four different GCL products installed under as identical 

conditions as possible when subjected to daily and seasonal thermal cycles.  Unexpectedly, the 

site also provided the first well documented cases of significant down-slope bentonite erosion for 

a composite liner with a black geomembrane that had been left exposed for almost five years 

(Take et al., 2014; Rowe et al., 2014).  The field observations indicated that bentonite could be 

totally eroded from some local spots on the GCL within a year.  The erosion resulted in the 

formation of zones (referred to as erosion features) where there was little to no remaining 

bentonite between the cover and carrier geotextiles for all four GCL products examined. The 

bentonite had been suspended, transported and deposited predominantly at the base of the side 

slope and on the bottom liner.  The areas where bentonite had been eroded began at local (very 

minor) high points in the subgrade where the GCL comes in contact with the overlying GMB 

(i.e., touchdown points for the water to hit the GCL) or at other geometric irregularities (e.g., 

welded seams and wrinkle locations).  The formation and development of these erosion channels 

was attributed to moisture migration as a result of the same thermal cycles that can cause GCL 

shrinkage.  The GCL would take up moisture from the subgrade during cool periods and on sunny 

days, when the black geomembrane became hot, moisture evaporated from the GCL and 

accumulated within the airspace between the GMB and GCL.  As the GCL cooled, the moisture 

condensed on the underside of the overlying GMB, dropped onto the GCL and ran through the 

carrier geotextile dislodging bentonite clay particles and transporting them with the flow of water.   
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1.3 Laboratory Testing Program 

A laboratory testing program was initiated to investigate the potential for the erosion of bentonite 

for a GCL on a side slope.  An experimental technique was developed to reproduce similar 

erosion in the laboratory.  The test method simulates the features that occur with the erosion of 

bentonite caused by the down-slope migration of water in the field. 

1.3.1 The approach 

The laboratory testing method follows a method representing an extension of the work of 

Bostwick et al. (2010).  Specifically, 350 mm x 550 mm specimens were placed on Perspex trays 

and inclined at typical side or base slope angles (3 horizontal to 1 vertical and 33 horizontal to 1 

vertical, respectively).  A water source was placed at the top of the specimen and water was 

allowed to drip onto and run over the specimen, simulating water dripping from a point source on 

the underside of an overlying GMB.  For a brief period during inspection of the specimens, a light 

source was placed behind the Perspex tray to visually track areas of bentonite thinning and 

erosion. 

1.3.2 Investigating the problem 

Chapter 2 of this thesis investigates the simulation of features that occur with the erosion of 

bentonite caused by down-slope migration of evaporative water in the field using the 

experimental technique described above. 

  

Chapter 3 of this thesis examines the possible factors that affect the transport of bentonite 

particles from a GCL on a typical side slope.  One needle-punched GCL was tested to examine 

the factors that can affect the onset of erosion of bentonite particles with the flow of water.  The 

factors examined included the effect of the initial wet/dry cycle, water source chemistry, flow 

rate, slope, prior cation exchange, and the effect of no drying phase in the test cycle.   
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1.3.3 Investigating possible solutions 

The best way to avoid the problem of GCL panel separation as a result of exposure to solar 

radiation is to ensure that a soil cover is placed over the composite liner as soon as possible 

(Koerner & Koerner, 2005a,b; Bostwick, 2010).  The same can be said for down-slope bentonite 

erosion from a GCL due to exposure to solar radiation (Rentz, 2014; Rowe et al., 2014).  

However, sometimes this cannot be achieved for operational reasons.   

 

Chapter 4 examines ten different manufactured GCL products.  The test method developed in 

Chapter 2 was used to examine the effect of material properties on the erosion of bentonite from a 

GCL caused by the movement of evaporative water down-slope.  The material properties of the 

products tested differed in terms of the type of carrier and cover geotextiles, bentonite (powdered, 

fine and coarse grained, and some with a polymer enhancement additive) and the presence of a 

polypropylene coating over the geotextile.  A greater understanding of how the material 

properties of a GCL affect bentonite erosion could lead to the development of better products and 

more appropriate product selection for use in applications where a composite liner may be left 

uncovered.   

1.4 Format and Scope of Dissertation 

This thesis has been prepared in Manuscript Form, as prescribed by the Queen’s University 

School of Graduate Studies.  In addition to this introduction, three original manuscripts have been 

included (as described above), as well as a summary and conclusion of the research completed. 

 

This thesis expands on the work of Take et al. (2014) and Rowe et al. (2014) which documented 

field erosion in a GCL as part of an exposed composite liner.  The testing provides results from 

several tests investigating the ‘trigger mechanism’ for bentonite erosion as well as the results 

from erosion testing on several different GCL products with varying material properties. 
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Chapter 2 

Laboratory Simulation of Bentonite Erosion by Down-Slope Flow on a 

GCL 

2.1 Introduction 

Geosynthetic clay liners (GCLs) are used, together with a high density polyethylene 

geomembrane (GMB), in composite liners for a wide variety of applications including municipal 

solid waste landfills and heap leach pads.   The GCLs are delivered to site on a roll (typically 4.4 

m to 4.7 m wide) and have the advantage of being easy to unroll and layout as panels (Koerner, 

2002; Rowe et al., 2004).  The manufacturer’s installation guidelines commonly recommend that 

GCL panels be installed with a minimum 150 mm to 300 mm overlap with the adjacent GCL 

panels.  The guidelines also typically recommend that the composite liner be covered by at least 

0.3 m, and sometimes 0.5 m, of soil (e.g., a drainage layer in a landfill) shortly after installation 

of the liner.  However for operational reasons the geomembrane may be left exposed for a period 

of time that could range from months to years (Thiel et al., 2006).   

 

A GMB/GCL composite liner that is left uncovered will be exposed to solar radiation which 

subjects the underlying GCL to cyclic wetting (by hydration from the subsoil) and drying (due to 

evaporation).  Research has shown that GCLs used in composite liners exposed to solar radiation 

may experience shrinkage and, in extreme cases, panel separation leaving areas of the subgrade 

exposed (Koerner & Koerner, 2005a, 2005b; Thiel & Richardson, 2005; Thiel et al., 2006; 

Bostwick et al,. 2010; Thiel & Rowe, 2010; Rowe et al,. 2011).  Periods of higher temperature 

can cause the overlying black geomembrane to heat to temperatures up to 60-70
o
C in Canada 

(Rowe et al., 2012).  This leads to the formation of wrinkles in the geomembrane which creates a 

gap between the geomembrane and the underlying GCL.  The increased temperature also induces 
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moisture loss from the GCL into the underlying soil (due to the thermal gradient) and evaporation 

into the airspace between the GCL and geomembrane (predominantly into the airspace beneath a 

geomembrane wrinkle).  As the temperature decreases, the moisture in the airspace condenses on 

the underside of the overlying geomembrane and drops onto the GCL, running down-slope.  The 

frequency of this wetting and drying cycle will depend on the climatic conditions while the liner 

is exposed, but could be as frequent as daily if the geomembrane temperature rises significantly 

during the day and then drops at night.   

 

The Queen’s University Environmental Liner Test Site (QUELTS) was constructed in 

southeastern Ontario (Brachman et al., 2007) to monitor the performance of an exposed 

geomembrane/GCL composite liner.  The objectives of that study were to examine geomembrane 

wrinkles and the potential for shrinkage of GCL panels to substantially reduce overlaps for four 

different GCL products (Table 2-1) installed under as identical conditions as possible when 

subjected to daily and seasonal thermal cycles.  Chappel et al. (2012) reported that the average 

wrinkle height at QUELTS was about 60 mm (with a maximum of 180 mm) and the average 

wrinkle width was about 220 mm (with a maximum of 360 mm).  At times of peak solar radiation 

these wrinkles can provide an interconnected wrinkle network covering up to 32% of the area of 

the slope.  Wrinkles of this magnitude and frequency could lead to an airspace volume of greater 

than 80 cubic metres/ha between the GCL and GMB considering only the most significant 

wrinkles (i.e. ≥ 3 cm in height). 

 

While inspecting the GCLs for panel shrinkage, Take et al. (2014) reported that moisture 

migration down the GCL (forming rivulets) was observed.  This had resulted in the formation of 

zones (referred to as erosion features) where there was little to no bentonite remaining between 

the cover and carrier geotextiles for all four GCL products examined. The bentonite had been 
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transported and deposited at the base of the side slope and on the bottom liner.  The areas where 

bentonite had been eroded began at local (very minor) high points in the subgrade where the GCL 

came in contact with the overlying geomembrane (i.e., touchdown points for the water to hit the 

GCL) or at other geometric irregularities (e.g., welded seams and wrinkle locations).  The 

formation and development of these erosion channels was attributed to moisture migration as a 

result of the same thermal cycles that cause GCL shrinkage. The GCL would take up moisture 

from the subgrade during cool periods and on sunny days, when the black geomembrane became 

hot, moisture evaporated from the GCL and accumulated within the airspace between the 

geomembrane and GCL.  As they cooled, the moisture condensed on the underside of the 

overlying geomembrane, dropped onto the GCL and ran over/through the upper geotextile 

dislodging bentonite clay particles and transporting them with the water. While most of the 

erosion observed by Take et al. (2014) was after 4.7 years of solar exposure, they also reported 

that significant erosion could occur within a year although the number of thermal cycles and 

hence time to initiate erosion was not established from this study.  

 

Take et al. (2014) reported that the most significant erosion feature detected on the slope at 

QUELTS was typically 90 millimetres wide (with a maximum width of 330 millimetres).  Take et 

al. (2014) also reported that tactile inspection indicated that the areas with intact bentonite were 

hard to the touch whereas the zones with no bentonite remaining felt soft, as if there was no 

bentonite remaining between the geotextiles. 

While Take et al. (2014) was the first paper to explicitly document bentonite erosion due to this 

mechanism, it may not be the first time it has been observed. Stark et al. (2004) reported a case 

involving a municipal solid waste (MSW) landfill with a side slope liner consisting of a needle-

punched GCL sandwiched between two geomembranes overlying a natural subgrade intended as 

a barrier for a MSW landfill.  After installation, only a portion of the cell base was covered with a 
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drainage layer and put into service.  The portion that was not covered with a drainage layer was 

covered with a ‘sacrificial’ geomembrane and left exposed for two years.  Prior to putting the cell 

into use, it was emptied of rainwater that had accumulated over the years and, upon removal of 

the sacrificial GMB, a layer of bentonite was observed on top of the basal GMB.  It was noted 

that the GCL on the side slopes was hydrated to just above the level of the accumulated ponded 

water with the source of hydration likely being a result of defects in the GMB and seam failures.  

Stark et al. (2004) attributed the migration to one of the following possible causes: gravity flow of 

bentonite down the 24
o
 slope, lateral pressure from the accumulated ponded water forcing the 

bentonite down-slope, washing of bentonite by leakage through liner defects, and/or variability of 

needle punching in GCL.  The authors suggest another possible explanation: namely, erosion of 

bentonite with the down-slope movement of condensation water when the geomembrane is left 

exposed and subject to wet/dry cycles, as was observed at QUELTS and noted above.   

 

The objective of this chapter is to investigate whether the erosion of bentonite could be simulated 

for a GCL on a slope in the laboratory and, if so, to discuss the erosion features and quantify the 

erosion.  The erosion examined by Take et al. (2014) and in this paper occurs parallel to the plane 

of the GCL and hence is separate, and quite distinct, from, internal erosion normal to the 

thickness of the GCL due to a high gradient passing through the GCL (Rowe & Orsini, 2003) or 

at local GCL indentations (Dickinson and Brachman, 2010).   

2.2 Materials 

While internal erosion was observed for all four GCLs used at QUELTS (Table 2-1;Take et al. 

2014), the erosion pathways were most easily recognized visually for one particular GCL 

(referred to by Take et al. as GCL2) because of the color of the uppermost geotextile.  This is an 

advantage for this product since any problems were easily detected. Thus to most readily allow a 

visual appreciation of the process, this chapter will focus on that GCL (GCL2).   
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The GCL tested was needle punched and has fine granular bentonite (50-55% montmorillonite 

content, swell index SI = 23 mL/2g, and grain size distribution defined by: D10 = 0.08mm, D15 = 

0.1mm, D60 = 0.34mm, D90 = 0.5mm, average bentonite mass per unit area of 3634 g/m
2
) 

sandwiched between a nonwoven cover geotextile and a composite woven/nonwoven geotextile 

(Table 2-2). Both the cover and carrier geotextiles were made from white polypropylene.   
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Table 2-1 - Needle-punched GCLs examined at Queen’s Environmental Liner Test Site 

(QUELTS) 

Product Cover 

Geotextile* 

Carrier 

Geotextile* 

Bentonite 

Granularity 

Thermally 

Treated 

GCL 1 NW W Fine Yes 

GCL2 NW SRNW Fine Yes 

GCL 3 NW W Coarse No 

GCL 4 NW NW Coarse No 

*NW = nonwoven, W = woven, NWSR = composite woven/nonwoven 

 

 

Table 2-2 - Mass per unit area of specimens of GCL2 examined in this study 

Average dry mass 

(g/m
2
) 

Range in dry mass 

(g/m
2
) 

Cover geotextile 

mass (g/m
2
) 

Carrier geotextile 

mass (g/m
2
) 

4190 3553-4831 246 280 

 

 

2.3 Experimental Program 

2.3.1  Apparatus and procedure 

The erosion tests were designed to simulate water that had evaporated (hence containing no salts), 

and subsequently condensed on the underside of a geomembrane, dripping from one point on the 

underside of an overlying geomembrane onto a GCL and running down a 3 horizontal to 1 

vertical (18
o
) slope, as was the case at QUELTS (Figure 2-1a_. Thus, deionized water was used in 

these experiments.  A schematic of the laboratory test set up is shown in Figure 2-1b. 

 

Specimens (350 mm in the cross-roll direction and 550 mm in the roll direction) were cut from 

the roll and placed on individual aluminum baking sheets.  Moisture barrier tape (Tuck Tape) was 
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wrapped around the top and sides of the specimen to prevent bentonite loss.  For most of the 

specimens, the bottom edge of the cut specimen was sealed by melting the cover and carrier 

geotextiles together using a soldering iron.  A number of specimens tested early in the schedule 

were taped around all sides, however this did not affect the results.  A 25 mm border was drawn 

on all sides of each specimen and grid lines were drawn in the transverse and longitudinal 

direction (Figure 2-2).  

 

To take into account the effect of a wet/dry cycle that a GCL in an exposed composite liner will 

experience in the field, the specimens were taken through an initial wet/dry cycle prior to 

commencing the erosion test using a procedure similar to that adopted in laboratory shrinkage 

tests (Thiel et al,. 2006; Bostwick et al., 2010; Rowe et al., 2010, 2011).  The specimens were 

wetted with a pre-determined amount of water applied uniformly using an 8 litre commercial 

garden sprayer.  The volume of water was selected to bring the specimen to a target gravimetric 

water content of 100% of each specimen’s dry mass.  After wetting, the specimens were left to 

hydrate with no confining load for a period of approximately 24 hours to allow the moisture 

content to equilibrate.  During this hydration phase the specimens were covered with moisture 

barrier plastic (Polytarp Supersix) to prevent loss of moisture to the atmosphere.  The hydration 

occurred in a temperature controlled room at 20
o
C.  Following hydration, the specimens were 

placed in an oven where they were dried at 60
o
C for approximately 15 hours.  At the completion 

of the drying cycle the average gravimetric water content of each specimen was slightly less than 

1%.  

 

The wet/dry cycle caused the bentonite to hydrate and swell when it was wetted and subsequently 

shrink and form a ‘cracked’ structure as moisture was lost during drying.  The initial wet/dry 

cycle caused desiccation cracks to form in the bentonite of the GCL as shown in Figure 2-3 where 
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the light areas are cracks allowing the backlight to be visible through the specimen.  These cracks 

heal upon rewetting when the bentonite swells (provided there is no significant loss of clay 

particles). Figure 2-4 shows a GCL with the cover geotextile peeled back to reveal the cracked 

structure. 

 

Following an initial wet/dry cycle, the specimens were placed on clear Perspex trays (655 mm by 

400 mm) and restrained along the top edge using a 25 mm wide clamp which was bolted to the 

tray (Figure 2-2).  The trays were inclined at an angle of 3H:1V (18.4
o
).  Figure 2-5 shows an 

example laboratory setup.  Deionized water was held in the storage tanks (denoted A) and flowed 

to the 7.2 L capacity constant head reservoir (denoted B). The flow of deionized water from the 

constant head reservoir to the GCL (denoted C) was controlled to a rate of 3 L/hour using needle 

valves.   

 

After the specimens were bolted to the tray, the water outlet tube (50 mm inner diameter) from 

the constant head reservoir was placed along the center longitudinal grid line just below the 

restraint.  The water outlet tube was used to simulate the point on the geomembrane where water 

drops in the field.  A geomembrane overlying the GCL was not used in the laboratory tests.   A 

valve from the constant head reservoir could be opened or closed to control the flow to the 

specimen. When the flow valve was open, deionized water was able to flow down the GCL and 

was collected along the bottom edge of the Perspex tray and funneled into a collection bucket.    

 

The erosion test consisted of a wetting phase and a drying phase.  The valve was opened during 

the wetting phase allowing water to flow over the GCL for approximately 8 hours.  The valve was 

then closed and the flow stopped for 16 hours while the GCL was allowed to air dry and lose 

moisture to the atmosphere (the drying phase).  The flow was restarted after the 16 hour air 
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drying period, resulting in a total cycle time of 24 hours.  This cycle was repeated until erosion 

features were visible in the specimen.   

 

A spotlight (250 watt halogen worklight) was placed below the Perspex tray and turned on while 

photographs were taken at the end of the hydration phase of the cycle.  The backlight was used to 

track areas of ongoing bentonite migration and thinning while the specimen was in a hydrated 

state.  Light that became visible through the GCL was indicative of the loss of clay particles.  The 

amount of bentonite lost from the GCL per wetting cycle was quantified by monitoring the 

amount of bentonite in the outflow with time.  The runoff from the specimen was collected and 

dried in an oven. The bentonite remaining after the water had evaporated was weighed.   

 

Seven tests (Table 2-3) were conducted to identify whether the erosion features observed in the 

field could be reproduced in the laboratory and, if so, to observe the development and progression 

of the erosion features.  The tests were run for up to 10 cycles and two geotextile orientations 

were tested: nonwoven geotextile up (NW up) and composite woven/nonwoven geotextile up 

(SRNW up).   
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Figure 2-1 Schematic of experimental program 

showing (a) cyclic wetting and drying experienced by composite liners in the field as a result 

of solar radiation , and (b) laboratory experimental setup to reproduce cycling wetting and 

drying 
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Table 2-3 - Erosion tests conducted on GCL2 

Test 

Number 

Product 

orientation
a
 

MA 

(g/m
2
) 

Number of cycles 

to first formation 

of erosion 

feature
b
 

Minimum 

erosion feature 

width
c
 (mm) 

Maximum 

erosion feature 

width
c
 (mm) 

Total 

Test 

Cycles 

1 NW
 
up 4405 5 30 56 7 

2 NW up 4696 5 18 90 10 

3 NW up 4312 6 73 106 11 

4 NW up 3553 5 34 83 9 

5 NW up 4945 5 8 12 7 

6 SRNW up 4177 3 30 82 10 

7 SRNW up 4415 8 3 70 10 

a
 NW = nonwoven cover geotextile;  b SRNW = composite woven/nonwoven carrier 

geotextile  

b
 Time to erosion defined as number of test cycles to first hole (i.e. first appearance of early 

erosion feature “e” or erosion feature “E”; see Table 2-4). 

c
 At end of test 
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Figure 2-2 - Test specimen configuration 

 

 

Figure 2-3 - Backlit grid of a GCL showing cracked bentonite structure  

after the initial wet/dry cycle (75 mm x 125 mm grid) 
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Figure 2-4 - Cracked bentonite structure with cover geotextile removed  

(100 mm x 100 mm specimen) 

 

 

 

Figure 2-5 - Laboratory apparatus 

 

2.4 Definition of Erosion 

In the context of this chapter, erosion is the movement of bentonite particles from their original 

location in the GCL due to the action of dripping or running water on the GCL and the transport 

of the particles to other locations. In terms of the nomenclature developed to define the stages of 
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erosion discussed in this chapter (Table 2-4), the laboratory erosion tests were run until a level of 

erosion categorized as early erosion (e) through to irrecoverable erosion (EE) was reached.  

 

Early erosion has been defined as widened desiccation cracks and bentonite thinning coincident 

with a surface streak or flow path.  There will be evidence of bentonite loss with the erosion 

feature measuring less than 15 mm wide.  The early erosion stage was detected in the laboratory 

when the backlight was visible through the GCL in a hydrated state.  The ability to detect light 

through the GCL (when it was not visible prior to the test) is evidence of bentonite loss and 

widened desiccation cracks.  A halogen backlight was used to track the erosion features with 

normal ambient lighting for the majority of the tests.  A select number of specimens were tested 

using an LED backlight in a dark room.  Figure 2-6 shows a specimen outlining two erosion 

features compared using a halogen spotlight and a light-emitting diode (LED) as backlight.  

Feature A is defined as an irrecoverable erosion feature (EE, width > 25 mm) and is visible with 

both the halogen and the LED backlight.  Feature B appears as a hydrated feature, h, with the 

halogen backlight; however, with the LED backlight it is apparent there has been desiccation and 

potentially an ‘onset erosion’ feature that has developed.  This comparison highlights the 

challenge of being able to identify erosion in the field.  Though some erosion features may be 

visible in the laboratory or field, the extent and severity of the erosion may not be obvious unless 

examined in detail with appropriable lighting. At the end of a test, erosion areas defined as E and 

EE with total loss of bentonite were also evident from a tactile inspection, where the difference in 

compressibility between eroded and non-eroded zones could be detected with light finger 

pressure.  

 

The time to the formation of the first hole in the GCL is defined as the number of cycles required 

to reach the early erosion, e, or erosion, E, stage identified as backlight becoming visible through 
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the GCL when in a hydrated state.  The first erosion hole can occur at any location along the flow 

path, and does not necessarily originate at the top of the slope and progress down-slope.  Figure 

2-7 shows the GCL with the nonwoven cover geotextile up at the first occurrence of an erosion 

feature during the early erosion, erosion  and irrecoverable stages in four different tests.  The 

holes occurred at various locations along the flow path. Holes can originate at the top of slope 

near the water source, mid slope or towards the bottom of the slope along the flow path. The 

holes shown in Figure 2-7 range from 4 mm to 12 mm wide and represent what is defined as early 

erosion (e) except for the upper feature in Test 3 which was an irrecoverable erosion feature (EE), 

measuring 33 mm wide.  Figure 2-8 shows GCL specimens tested with the composite 

woven/nonwoven carrier geotextile upward, at the time of the first erosion hole (early erosion, e) 

was observed.  As was the case with the nonwoven geotextile up, the holes can occur at any 

location along the flow path.    
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Table 2-4 - Erosion nomenclature and definitions 

Nomenclature, symbol Definition 

Hydrated, h Hydrated GCL coincident with a surface streak 

(or flow path when hydrated). 

Onset erosion, o GCL thinning coincident with surface streak, 

some evidence of bentonite loss. Likely will 

self-heal. 

Early erosion, e Widened desiccation cracks with GCL 

thinning, often starting as a near circular hole 

at one location. Clear evidence of bentonite 

loss (width < 15 mm). May self-heal. 

Erosion, E Thinning coincident with surface streak. Clear 

evidence of bentonite loss on light table with 

halogen lamp backlight (15 mm ≤ width < 25 

mm).  Self-heal uncertain; may be dependent 

on cation exchange and applied stress 

Irrecoverable erosion, EE Thinning coincident with surface streak. 

Evidence of significant bentonite loss (w ≥ 25 

mm). Likely will not self-heal sufficently. 

 

 

 

Figure 2-6 - Comparison of erosion features with halogen spotlight and LED backlight  

(grid size: 75 mm x 125 mm). Both photographs show the same portion of the GCL and are 

at the same scale. 
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Figure 2-7 - GCL specimens showing first erosion holes (NW up)  

Tests 1, 2, 3 (lower) and Test 4 show early erosion (e). Test 3 (upper) shows irrecoverable 

erosion (EE). 

 

 

Figure 2-8 – GCL Specimens showing first erosion hole (SRNW up) 

Both specimens show early erosion (e). 

 

2.5 Results  

2.5.1 Observations 

For tests conducted with the GCL specimens having the nonwoven geotextile facing up, initially 

the water ran over the specimen before being absorbed into the nonwoven geotextile within 1 to 2 

cycles.  At the commencement of each wetting cycle when the water source was opened, the 
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water generally followed the same flow path as in the previous cycle but occasionally it broke off 

and formed a new path or branch.  These flow paths became wider as water was absorbed by 

bentonite in the GCL as it hydrated near the area of water flow.  When a test was in the air dry 

phase of the cycle, water was lost to the atmosphere and the GCL could experience an average 

(over the entire specimen) water content reduction of up to 10-15%.  The specimens did not dry 

out completely over one drying cycle and typically the cracking pattern did not re-emerge after 

the first drying cycle.  Onset erosion typically occurred after 4 or 5 cycles. This was characterized 

by the formation of a small rut or depression in the GCL along the flow path where bentonite had 

been lost, indicating that thinning of the bentonite layer in this location had occurred.  Typically, 

the first early erosion holes appeared at these locations after 5 or 6 cycles (

 

Figure 2-1 Schematic of experimental program 

showing (a) cyclic wetting and drying experienced by composite liners in the field as a result 

of solar radiation , and (b) laboratory experimental setup to reproduce cycling wetting and 

drying 
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Table 2-3).  Once an early erosion hole had formed, it became larger with each subsequent 

wetting cycle.  The erosion feature would both widen and extend along the length of the flow 

path.  The minimum and maximum with of the main erosion feature at the end of each test is 

given in  

Figure 2-1 Schematic of experimental program 

showing (a) cyclic wetting and drying experienced by composite liners in the field as a result 

of solar radiation , and (b) laboratory experimental setup to reproduce cycling wetting and 

drying 
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Table 2-3. 

 

Tests on specimens with the composite woven/nonwoven geotextile facing up gave similar results 

to those with the nonwoven geotextile up, however the time to first early erosion hole was more 

variable, with the first hole being observed at Cycle 3 and Cycle 8.  The flow paths were narrower 

and more concentrated with the composite woven/nonwoven geotextile up than with the 

nonwoven geotextile up. 

 

Backlight photographs of the tests at the end of each wetting cycle were taken to track the 

progression of bentonite erosion from the early erosion stage through to erosion, or irrecoverable 

erosion in some cases.  Figure 2-9 shows photographs at four times during a test with the 

nonwoven geotextile facing up, showing the progression of an erosion feature.  Figure 2-9a shows 

the test after the hydration portion of Cycle 1.  The water coming from a point source drip had 

penetrated through the cover nonwoven GCL and was absorbed by the bentonite and spread 

laterally, hydrating most of the specimen.  Figure 2-9b shows the specimen after the hydration 

portion of Cycle 4 where the flow path has become more concentrated and there was one 

dominant path down the right side of the specimen with an additional smaller flow path branching 

out down the left side.  A hole can be seen forming at the top of the specimen below the water 

outlet tube.  This feature was about 8 mm in diameter, which classifies it as an early erosion 

feature (e).  Figure 2-9c shows the hole beneath the outlet expanding to become an irrecoverable 

erosion feature (EE) and an additional hole forming along the flow path below.  Figure 2-9d 

shows an irrecoverable erosion (EE) feature with widths (measured across the specimen) ranging 

from 34 mm to 83 mm.  It is probable that a hole of this width would likely not self-heal if this 

liner was now covered (e.g., with drainage layer and waste).  Tactile inspection using light finger 
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pressure upon test completion, indicated that the areas showing irrecoverable erosion were soft to 

touch and felt as if there was no bentonite remaining between the cover and carrier geotextile, as 

reported by Take et al. (2014) 

 

Figure 2-10 shows results of Test 6 with the composite woven/nonwoven geotextile facing up.  At 

the end of the hydration portion of Cycle 1, the flow path was concentrated down the center of the 

specimen and the hydration did not spread laterally (Figure 2-10a); this appears to be because of 

the presence of the slit-film woven in the composite woven/nonwoven.  Figure 2-10b shows the 

approximately 7 mm in diameter early erosion hole forming at the end of Cycle 3 approximately a 

third of the way down the specimen.  By Cycle 6 (Figure 2-10c) four different holes had appeared 

along the flow path (some e, E and EE).  At the end of Cycle 9, these individual holes then 

coalesced into one irrecoverable erosion feature extending from top to bottom of specimen 

(Figure 2-10d) with widths ranging from 30 to 82 mm. 

 

A test was conducted using the LED backlight to target the initial stages of erosion.  The cracked 

bentonite structure after the initial wet/dry cycle, but before any flow down the specimen (i.e., 

before any erosion) is shown in Figure 2-11a.  When the flow of water began, the water initially 

ran over the specimen but soon began to penetrate the cover geotextile and hydrate the bentonite 

layer in some areas.  Thus, the dark area running longitudinally in the center of the specimen in 

Figure 2-11b is a hydrated area where light would not penetrate because the bentonite had 

hydrated and swelled to eliminate the desiccation cracks.  By Cycle 4, two distinct flow paths 

were evident, however the onset erosion feature where a physical depression has formed along 

the flow path in the highlighted box in the Figure 2-11c cannot be seen in this photograph.  In a 

dry state at the end of Cycle 4, Figure 2-11d shows more light passing through the cracks along 

the two dominant flow paths than was evident when hydrated (Figure 2-11c).  This indicates that 
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erosion has occurred and is an example of desiccation along the flow paths and onset erosion.  An 

early erosion hole approximately 12 mm in diameter (e) is evident in Figure 2-11e at the location 

of the onset erosion in Figure 2-11c.    

 

A completed erosion test specimen was dissected along a transverse grid line and several cross-

section photographs were taken to observe the distribution of bentonite surrounding an erosion 

feature. Figure 2-12a shows the specimen at the end of the test and the location of the cross-

section examined.  Figure 2-12b to Figure 2-12d shows the cross-section of the specimen moving 

from left to right and looking upslope.  For the left most section of the specimen, the far edge 

under the red moisture barrier-tape shows bentonite in the off the roll granular form (Figure 

2-12b).  The water did not penetrate the moisture barrier at the edge of the specimen and the GCL 

below the moisture barrier did not experience an initial wet/dry cycle.  Figure 2-12c shows a 

section of the specimen transitioning from an area (left) that has gone through the initial wet/dry 

cycle but has not experienced bentonite loss to an area (right) that shows evidence of some 

bentonite loss and widening cracks.  Micro-cracks within the clay structure are apparent.  These 

cracks became larger and more frequent moving from left to right in the photograph (moving 

towards the area of the flow path).  Figure 2-12d shows a section of the specimen that transitions 

from an area of desiccation and bentonite loss (left) to an area of the GCL containing no 

remaining bentonite between the geotextiles (right).   
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Figure 2-9 – Time lapse photographs of a specimen (Test 4, NW up)  

after (a) Cycle 1 (b) first erosion hole, e, after Cycle 4 (c) Irrecoverable erosion, E, after 

Cycle 6 and (d) after Cycle 9 

 

 

 

Figure 2-10 – Time lapse photographs of a specimen (Test 6, SRNW up)  

after (a) Cycle 1 (b) first erosion hole, e, after Cycle 3 (c) some erosion, e, and irrecoverable 

erosion, EE, after Cycle 6 and (d) after Cycle 9 

 

Figure 2-11 – Time lapse photographs with LED backlight (Test 5; NW up) 
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(a) showing relatively uniform distribution of desiccation in bentonite after the initial 

wet/dry cycle but before erosion Cycle 1, (b) after the hydrated portion of Cycle 1 (dark 

area is hydrated bentonite with dry desiccated bentonite zones on either side), (c) after the 

hydrated portion of Cycle 4 showing onset erosion (square shows location where there was 

onset erosion, o, and where a hole will develop in Cycle 6),  (d) after the dry portion of Cycle 

4 (just before start of Cycle 5) (e) early erosion feature,e, after Cycle 6 

 

Figure 2-12 - Cross-section showing zones of eroded bentonite 

 

2.5.2 Bentonite in effluent 

The amount of bentonite lost from the GCL per wetting cycle was monitored in the outflow with 

time.  The runoff over the specimen was collected and dried in an oven. The bentonite remaining 
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after the water had evaporated was weighed.  A typical plot for the amount of daily bentonite 

collected (Test 3, Figure 2-13a) showed that less than 3 g of bentonite was collected in the 

outflow, per cycle, during the first 5 cycles of the test.  The first early erosion hole appears at 

Cycle 6 which corresponds to an increase in bentonite collection.  This represented a tipping-

point and the amount of bentonite eroded increased quickly between Cycle 6 and Cycle 8 as the 

erosion feature quickly developed. In this test, the total amount of bentonite collected was 105 g 

over the life of the test (10 wetting cycles; Figure 2-13b).    

 

 

Figure 2-13 - Bentonite collected from a typical erosion test (Test 3)  

(a) per cycle (b) cumulative 
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2.5.3 Erosion feature dimension at the end of a test 

Upon test completion, measurements of erosion features were taken every 32 mm along the 

longitudinal length of the specimen and at the points of maximum and minimum widths.  

Measurements were only taken for areas with no remaining bentonite between the geotextiles; no 

measurements were taken in areas of thinned bentonite.  The erosion feature shown in Figure 

2-14 (Test 4) ranged between 34 mm and 83 mm in width and was classified as irrecoverable 

erosion, EE along its entire length (Table 2-5). 

 

In areas where erosion had occurred at the end of a test, only the mass per unit area of the 

geotextiles remained with much higher mass per unit area being observed as one moved away 

from the highly eroded zone (e.g., Figure 2-15; Test 1). 
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Table 2-5 - Erosion feature measurements (Test 4) 

Station Distance 

from top 

(mm) 

Width 

(mm) 

Erosion 

feature 

classification 

A 30 80 EE 

Maximum 35 83 EE 

B 62 81 EE 

C 94 70 EE 

D 126 64 EE 

E 158 56 EE 

F 190 45 EE 

G 222 47 EE 

H 254 40 EE 

I 286 39 EE 

J 318 45 EE 

K 350 40 EE 

L 382 36 EE 

M 414 43 EE 

Minimum 435 34 EE 

N 446 35 EE 

O 478 40 EE 

P 510 40 EE 
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Figure 2-14 - Mapping of an erosion feature (Test 4) 

 

 

Figure 2-15 - Distribution mass per unit area (g/m
2
) for Test 1.  

In the areas where erosion has occurred essentially only the mass per unit area of the 

geotextiles (variable but average of 556 g/m
2
) remains. 
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2.6 Conclusions  

A testing program was initiated to evaluate whether the erosion of bentonite from geosynthetic 

clay liners with deionized water (i.e., simulated condensation of water that had evaporated on hot 

days when the GCL was only covered with a black geomembrane, as observed at the Queen’s 

University Environmental Liner Test Site) could be reproduced in the laboratory for one 

particular GCL.  The needle-punched GCL examined had both a white cover and carrier 

geotextile.  This GCL was selected because the erosion features were most easily observed 

visually in the field for this GCL, although erosion features were detected for all GCLs examined 

at this test site. In the laboratory experiments, the GCL was first subjected to a wet-dry cycle and 

then a small stream of deionized water was dripped onto the surface of the GCL specimen 

inclined at 3H:1V.  For the GCL and test conditions examined, the following conclusions were 

reached.   

 

1. The laboratory experiments were able to reproduce the erosion features observed in the field.  

A halogen backlight allowed observation of the early erosion, erosion and irrecoverable 

erosion stages.  A LED backlight was used in a dark room to observe the less advanced stages 

of the erosion process including hydration, desiccation and onset erosion.   

 

2. The comparison of the two backlight sources showed that while an ‘onset erosion’ feature 

may be present it may not be visible without correct lighting.  A LED backlight in a dark 

room showed erosion that was not visible using a halogen backlight or to the naked eye.   

 

3. The GCL specimens were taken through an initial wet/dry cycle in the laboratory to simulate 

the GCL taking up moisture from the subsoil after installation and drying out as a result of 

exposure to solar radiation.  The bentonite swells when hydrated and shrinks and cracks when 



 

37 

 

dried.  These cracks self-heal once re-hydrated provided no bentonite has been lost. However, 

with down-slope migration of bentonite particles, the cracks became wider until there was 

complete loss of bentonite in narrow zones in the GCL coincident with the down-slope 

surface flow. 

 

4. Tests run with the nonwoven geotextile facing up showed an early erosion hole after 5 to 6 

cycles.  Tests run with the composite woven/nonwoven geotextile facing up showed more 

variability in the time to first hole which ranged between 3 and 8 cycles.  

 

The test method appears suitable for simulating the characteristics of the features that occur with 

erosion of bentonite due to the down-slope migration of evaporative water in the field when a 

composite liner is left exposed.  The method has potential for use in examining the factors that 

may affect this type of erosion such as flow rate, slope angle, presence of an initial wet/dry cycle, 

water chemistry, and the properties of the GCL.  This test method has the potential to be 

developed into an index test for susceptibility to erosion applications where composite liners may 

be left exposed after installation. The erosion problem being examined herein has only been 

observed where the composite liner has been left exposed. If contractors were to cover the liner 

with a 0.3 to 0.5 m soil cover in a timely manner, as recommended by manufacturers, it is likely 

that the thermal cycles giving rise to the water that causes the erosion features simulated in this 

chapter would not occur and hence the erosion features would not develop.   
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Chapter 3 

Factors Affecting the Down-Slope Erosion of Bentonite in a GCL 

3.1 Introduction 

Geosynthetic clay liners (GCLs) are most commonly manufactured by needle punching a layer of 

low hydraulic conductivity clay (typically sodium bentonite) between two geotextiles.  GCLs 

have several advantages over compacted clay liners including ease of installation and often much 

better performance in terms of reducing leakage when used in conjunction with a geomembrane 

in a composite liner (Rowe, 2012).  Manufacturers’ installation guidelines typically recommend 

that following installation of the GCL, either alone or as part of a composite liner where it is 

overlain by a geomembrane, the liner be covered by at least 0.3 m (and sometimes 0.5 m) of 

drainage layer, soil cover, or ballast layer shortly after installation (Koerner, 2002; Rowe et al., 

2004). However this recommendation is often more honoured in the breach than the observance, 

with delays between the geomembrane placement and the covering that may range from months 

to many years (Thiel et al., 2006).  

 

When a composite liner involving a black geomembrane is not covered, solar radiation can heat 

the geomembrane to 70
o
C in south-eastern Ontario, Canada (Rowe et al., 2012; Take et al., 

2014a, b) and in excess of 80
o
C in Texas, USA (Peggs, 2008). This causes the underlying GCL or 

compacted clay liner to lose moisture to the subgrade and into the airspace between the clay liner 

and geomembrane.  As the geomembrane cools the evaporated water condenses on the underside 

of the geomembrane and when the droplets reach a critical size they drop onto the liner and run 

down-slope.  This wetting and drying can occur whenever the geomembrane temperature rises 

significantly during the day (e.g., on sunny days) and drops at night.  This process has been seen 

to cause desiccation in compacted clay liners (Basnett and Brungard, 1993; Hewitt and Philip, 
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1999; Rowe, 2012) and shrinkage of GCL panels (Koerner and Koerner, 2005; Thiel and 

Richardson, 2005; Thiel et al., 2006; Bostwick et al., 2010).  More recently, Take et al. (2014) 

reported that when a GCL is covered only by a black geomembrane, these wetting and drying 

cycles can lead to the formation of erosion features where, in some cases, there was little to no 

bentonite remaining between the cover and the carrier geotextile. 

 

The bentonite in a GCL consists primarily of thin smectite particles which are negatively charged.  

The negative charge is balanced by cations in a thin layer of bound water surrounding the clay 

particle (Rowe et al., 2004, Mitchell and Soga, 2005).  Examining the transport of clay particles 

with deionized water through fissures in bedrock, Moreno et al. (2011) found that a clay structure 

is stable when the attractive and repulsive forces between the particles balance each other.  Under 

these conditions only a few particles can be released into the water.  However, in solutions with 

low ionic strengths (e.g., evaporated water from a GCL which condenses below a geomembrane 

at night or deionized water) the repulsive forces between clay particles dominate and they can 

more easily become dislodged and picked up and carried away with the flow of water.   

 

When a GCL rests on a soil with significant cations in its pore water or comes into contact with 

municipal solid waste leachate, sodium bentonite may experience an exchange of the sodium ions 

in the bound water around the clay particles with other cations (typically calcium and 

magnesium) in the pore water or leachate. This cation exchange leads to both an increase in free 

water pore space (at a constant effective stress), with a consequent increase in hydraulic 

conductivity, and reduction in swelling capacity (Rowe et al., 2004). Since most soils contain 

some cations in their pore water, some cation exchange can usually be expected from the 

subgrade. In a landfill application with a composite liner, the GCL will come into contact with 

leachate when there is a hole in the geomembrane and the leachate drips (or flows) through the 
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hole and runs along or down through the GCL (depending on the location of the hole).  The GCL 

may be on a side slope (commonly 3 horizontal to 1 vertical) or a base (typically few percent). 

 

The potential for internal erosion of bentonite due to a high gradient passing through an intact or 

deformed GCL is well recognised (Rowe and Orsini, 2003; Dickinson and Brachman, 2010).  

This chapter deals with a different aspect of bentonite erosion. The objective of this chapter is to 

examine the factors that may affect the transport of bentonite particles, with flowing water, from 

a GCL on a slope, i.e., down-slope bentonite erosion from a GCL covered only by a black 

geomembrane. The factors to be considered are water chemistry, flow rate, the initial wet/dry 

cycle, slope angle, and cation exchange. 

3.2 Materials 

The Queen’s University Environmental Liner Test Site (QUELTS) was constructed in 2006 in 

southeastern Ontario (Brachman et al., 2007) to examine the effects of geomembrane/GCL 

composite liner exposure to solar radiation.  Four different GCL products were tested at the 

QUELTS (Table 3-1).  All of the GCLs experienced bentonite erosion leading to the formation of 

holes and erosion channels with little to no bentonite remaining between the carrier and the cover 

geotextile (Take et al., 2014).  Because of the colour of the upper geotextile, these erosion 

features were most easily observed, visually, for GCL2 and hence it was selected as the GCL to 

examine in this study.  

 

GCL2 was needle-punched with fine granular Wyoming bentonite (50-55% montmorillonite 

content, swell index, SI = 23 mL/2g, and a grain size distribution defined by: D10 = 0.08 mm, D15 

= 0.1 mm, D60 = 0.34 mm, D90 = 0.5 mm) sandwiched between a nonwoven needle-punched 

(mass per unit area, MA = 246 g/m
2
) cover geotextile and a composite woven/nonwoven (MA = 
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310 g/m
2
) carrier geotextile.  The needle-punched fibres were thermally fused to the carrier 

geotextile.  Both the cover and carrier geotextiles were white. 

 

Table 3-1 - Needle-punched GCLs examined at Queen’s Environmental Liner Test Site 

(QUELTS) 

Product Cover 

Geotextile* 

Carrier 

Geotextile* 

Bentonite 

Granularity 

Thermally 

Treated 

GCL 1 NW W fine yes 

GCL2 NW SRNW fine yes 

GCL 3 NW W coarse no 

GCL 4 NW NW coarse no 

* NW=nonwoven, W=woven, SRNW= composite woven/nonwoven 

3.3 Experimental Program 

3.3.1 Apparatus and Procedure 

The erosion tests were designed to simulate water dripping from one point on the underside of an 

overlying geomembrane onto a GCL and running down a slope (3H:1V on a side slope or 

33H:1V on the base), as was the case at QUELTS.  A schematic of the experiment is shown in 

Figure 3-1.  

 

The basic experimental technique has been described in Chapter 2 (Ashe et al., 2014).  Briefly, 

the specimens were cut from a GCL roll using a utility knife and sealed along the top and both 

side edges using moisture-barrier tape to eliminate bentonite loss through the edges.  The bottom 

edge of the specimen was sealed by melting the cover and carrier geotextiles together.  Each 

specimen had a testing area of 500 mm by 300 mm.   
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Unless otherwise noted, the specimens were placed on a baking sheet and put through an initial 

wet/dry cycle prior to the test to account for the effect of a wet/dry cycle that a GCL may be 

expected to experience as part of an exposed composite liner in the field.  Water was added 

uniformly to bring the specimen to a target moisture content of 100% of the initial dry mass.  The 

specimen was covered with moisture barrier plastic and allowed to equilibrate in a temperature 

controlled room at 20
o
C for 24 hours.  Following hydration the specimens were dried in an oven 

(VWR 1392FM forced air) at 60
o
C for approximately 15 hours.  

 

The specimens were restrained along the top edge and bolted to an inclined Perspex tray. The 

water outlet tube from the constant head reservoir was placed along the centerline of the 

specimen just below the restraint.  A valve from the constant head reservoir was opened or closed 

to control the flow to the specimen.  When the flow valve was open water would drip onto the 

GCL from a height of about 50 mm above the GCL and then flow down the GCL specimen to be 

collected along the bottom edge of the Perspex tray and funneled into a collection bucket.  

 

Each test had a hydrating and a drying phase.  The valve was opened during the hydrating phase 

allowing water to flow over the GCL for approximately 8 hours in each 24 hour cycle.  The valve 

was closed and the flow stopped for 16 hours in each cycle while the GCL was allowed to air dry 

and lose moisture to the atmosphere (the drying phase).  This cycle was repeated daily until test 

termination.   

 

At the end of the hydrating phase of each cycle, a spotlight (250 watt halogen work-light) was 

placed (briefly) below the Perspex tray and photographs were taken to track areas of bentonite 

migration and thinning.  As the bentonite eroded, light became visible through the GCL allowing 

an assessment of the extent of the migration of clay particles at that time. 
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Figure 3-1 - Schematic of experimental test set up 

 

3.4 Definition of Erosion 

Nomenclature has been developed to define the various stages of erosion.  As discussed by Take 

et al. (2014), the visual detection of erosion features in the field is challenging.  Both in the field 

and in the laboratory, the visual identification of erosion will depend on lighting conditions (Ashe 

et al., 2014; Chapter 2).  The onset of erosion may be visible with a LED backlight in a dark room 

but is not visible using a halogen backlight or with no backlight.  The GCL laboratory specimens 

tested were run until a level of erosion categorized as early erosion (e) through to irrecoverable 

erosion (EE) (as defined below) was reached.      

 

Early erosion was defined as widened desiccation cracks and bentonite thinning coincident with a 

flow path.  There will be evidence of bentonite loss with the erosion feature measuring less than 

15 mm wide in any direction.  Early erosion was typically detected in the laboratory when the 

backlight was visible through the GCL when in a hydrated state.  The ability to detect light 

through the hydrated GCL (which was not visible prior to the test) was evidence of bentonite loss 

and widened desiccation cracks. Although more research is required to evaluate the potential for 
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self-healing to repair erosion holes, it was considered that, under the right circumstances, there is 

potential for self-healing of an early erosion hole (width < 15mm) if the liner were covered before 

the erosion got any worse.  

 

Erosion, E, was defined as an erosion feature measuring between 15 mm and 25 mm in width 

Self-healing of a hole in this range is uncertain; it may be dependent on cation exchange and 

applied stress. Irrecoverable erosion, EE was a feature measuring greater than 25 mm in width 

and self-healing would not be expected to repair irrecoverable erosion when the liner was 

covered.  

 

The time to appearance of the first hole was defined as the number of cycles required to reach the 

first appearance of either early erosion or erosion. 

3.5  Results and Discussion 

3.5.1  Effect of the initial wet/dry cycle 

When first placed, a GCL has relatively low moisture content and has not been exposed to any 

wet/dry cycles.  It is conceivable that water (e.g., rainwater) could fall on the GCL and run down 

it on a slope before the GCL has had a chance to hydrate from the subsoil (either before the 

geomembrane has been placed or through a hole in a geomembrane after it has been placed but 

before it has hydrated from the subsoil).  This rare situation represents the first case that will be 

investigated. 

  

Normally, after installation of the GCL and covering with a geomembrane, one can expect that 

the GCL will take up moisture from the underlying soil (assuming it is not too dry) and hydrate.  

If the composite liner is left exposed to solar radiation it can be expected that, on sunny days 

when the geomembrane is heated, the GCL moisture will be partly driven down into the subsoil 
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and partly evaporated into the airspace between the GCL and the overlying geomembrane.  The 

hydration of the bentonite causes it to swell and, if adequately hydrated, it will form a low 

permeability gel.  If the bentonite is then dried, it will shrink to form a cracked/desiccated 

bentonite structure that has the potential to be a pathway for the movement of water that then falls 

on the GCL.  This is the most likely situation for a GCL in a composite liner left exposed for long 

enough to allow reasonable initial hydration (this could be a few days, a few weeks, or a few 

months depending on the type of GCL, initial water content of the subsoil, water retention curve 

of the subsoil, and the nature of the daily thermal cycles – see Rayhani et al., 2011; Rowe et al., 

2011, 2013; Siemens et al., 2012; Anderson et al., 2012; Chevrier et al. 2012). This represents the 

second case to be examined. 

 

Two tests were conducted for the case where the GCL specimens had not been subjected to an 

initial wet/dry cycle (Table 3-2).  The GCL specimens (Tests 8 and 9) were taken directly from 

the roll and restrained on the apparatus on a 3H:1V and tested with deionized water  (Test 8) and 

Tap water (Test 9) at a flow rate of 0.9 L/hr.  The key cations in the water are given in Table 3-3.  

In both tests, the water ran over the surface of the cover geotextile and down the GCL without 

being absorbed.  The nonwoven cover geotextile was hydrophobic and did not allow the water to 

penetrate the internal bentonite layer.  The tests were run for 17 and 27 cycles and no erosion was 

observed.  Thus it would appear that under these conditions erosion of the GCL is relatively 

unlikely. 

 

Most of the tests were conducted (as described in more detail in the following sections) with 

specimens that had been subjected to an initial wet/dry cycle.  In these tests the GCL absorbed the 

flowing water within 1 to 2 cycles and early erosion features were typically observed within 5 to 

6 cycles.  Thus the wet/dry cycle was critical to the occurrence of erosion in these experiments.  
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The wet/dry cycle changed the bentonite from fine granules to a series of small blocks of 

bentonite separated by desiccation cracks. Also, because some of the bentonite swelled into the 

geotextile it likely eliminated the hydrophobicity of the cover geotextile.  It is not known to what 

extent these two factors altered the GCLs susceptibility to erosion.  What this does suggest is that 

if the composite liner is covered before the GCL goes through a wet/dry cycle (i.e., before it has 

time to significantly hydrate and subsequently dry) then down-slope erosion is less likely. 

 

Figure 3-2 shows a comparison of two tests at a flow rate of about 3 L/hr.  For the virgin off-the-

roll specimen (no initial wet/dry cycle) the flow path ran in a narrow flow path directly down the 

center longitudinal grid line and water was not absorbed by the GCL even after 17 cycles (Figure 

3-2a).  When the specimens had been subjected to an initial wet/dry cycle, the water was readily 

absorbed by the GCL and hydration of the bentonite spread the water laterally away from the 

flow path (Figure 3-2b).   

 

Table 3-2 - Tests on virgin off the roll specimens of GCL2 on 3H:1V slope at 0.9 L/hr 

Test 

No. 

Geotextile 

Orientation 

Water 

source 

Mass per 

unit area  

(g/m
2
) 

Number  

of 

Cycles 

Erosion  

8 NW up DI 4364 17 No 

9 NW up Tap 4464 27 No 
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Table 3-3 - Concentrations of predominant cations in water source 

Ion Concentration of water source, mg/L (ppm) 

Deionized (DI) 

Water 

Tap 

water 

Simulated QUELTS Pore 

Water 

Simulated Landfill 

leachate 

Ca 0.1 39 230 1040 

Mg <0.05 9.5 - 1320 

Na 1 19 - 820 

 

 

 

Figure 3-2 - Tests with deionized water  

showing: (a) virgin off-the-roll specimen after Cycle 17 (Test 8), and (b) specimen with 

initial wet/dry cycle after Cycle 5 (Test 10) 

3.5.2 Effect of Water Chemistry 

Moreno et al. (2011) indicated the importance of the ionic strength of the water source on 

bentonite particle erosion.  At low ionic strength, repulsive forces between clay particles 
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dominate and are able to become suspended in solution and carried away with the flow of water.  

Thus one might hypothesize that deionized (DI) water could cause bentonite particles to be 

picked up and carried away with the flowing water.  However it is also possible that the presence 

of ions may cause a different response.  To explore the effect of water chemistry, four different 

water sources were examined (Table 3-3): deionized water, Kingston tap water, simulated 

QUELTS pore water, and simulated landfill leachate.  All specimens were subjected to an initial 

wet/dry cycle prior to the tests and were inclined at a slope of 3H:1V (as was the side slope at 

QUELTS).   

3.5.2.1  Deionized water 

Deionized water was tested to examine the effect of an exposed composite geomembrane/GCL 

liner subject to hydrating and drying cycles in the field.  If the water has evaporated from the 

GCL and then condensed on the underside of the geomembrane before dripping back down onto 

the GCL, the water would not be expected to have any significant salts and hence was simulated 

by DI water.  Specimens were tested at flow rates ranging from 0.2 L/hr to 3 L/hr (Table 3-4). 

Typically the flowing water was absorbed by the specimen within 1 to 2 cycles and penetrated the 

internal bentonite layer which caused the bentonite to hydrate and swell, as discussed in the 

previous section.  Within the first few cycles the moisture absorbed by the bentonite spread 

laterally across the specimen away from the stream (Figure 3-2b and Figure 3-3a).  The flow was 

widely spread across the GCL and no light could be seen through the specimen (e.g., Figure 3-3a, 

Test 2 after Cycle 1).  However, after the first few cycles, with each passing cycle, the flow paths 

generally became narrower and more concentrated on specific locations.     

 

Early erosion (e) or erosion (E) features were generally observed within 5 to 6 cycles.  Figure 

3-3b shows the formation of an erosion feature about 10-12 mm wide (classified as early erosion 

(e)) in Test 2 after five cycles.  Once an erosion feature developed it rapidly grew.  For example, 
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in Test 2 the erosion first noted after Cycle 5 grew to the point where it was classified as 

irrecoverable erosion (EE) after Cycle 8 (Figure 3-3c) with a width of the feature containing 

negligible bentonite now exceeding 25 mm. Further cycling caused the feature to extend from the 

top to bottom of the specimen after Cycle 10 (Figure 3-3d). These results indicate that 

irrecoverable erosion can occur for this GCL relatively quickly (i.e., after 8 cycles) due to 

deionized water dripping on the GCL after it has experienced an initial wet/dry cycle. 

 

Two tests were run with the scrim reinforced nonwoven geotextile facing up (Figure 3-4; Tests 6 

and 7) at a flow rate of 3 L/hr.  The time to first erosion hole ranged between 3 and 8 cycles for 

these tests showing more variability than for the tests run with the nonwoven geotextile up.    
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Table 3-4 - Tests conducted on GCL2 on 3H:1V slope with deionized water  

after specimens had experienced one initial wet/dry cycle 

Test 

Number 

Product 

Orientation
a 

GCL Mass 

per unit area  

(g/m
2
) 

Flow 

Rate 

(L/hr) 

Total 

Number 

of 

Cycles 

Cycles to first 

erosion hole 

Occurrence of 

erosion 

10 NW up 4137 0.5 - 4 14 5 YES 

11 NW up 4103 0.5 - 4 10 5 YES 

1 NW up 4405 2 7 5 YES 

2 NW up 4696 3 10 5 YES 

6 SRNW up 4177 3 10 3 YES 

7 SRNW up 4415 3 10 8 YES 

1 NW up 4312 3 7 5 YES 

4 NW up 3553 0.5 9 5 YES 

12 NW up 3553 1 9 5 YES 

13 NW up 4114 0.2 15 5 YES 

14 NW up 4052 3 11 6 YES 

15 NW up 4104 3 15 5 YES 

16
b
 NW up 4831 1 13 9 YES 

5 NW up 4611 1 8 6 YES 

a
 NW=nonwoven, SRNW= composite woven/nonwoven 

b
Specimen run with no drying phase 
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Figure 3-3 - Time lapse photos of a typical GCL2 test (Test 2)  

with deionized water at 3 L/hr showing the GCL at the end of the hydration part of: (a) 

Cycle 1, (b) Cycle 5 with first erosion feature “e” having just appeared (circled), (c) Cycle 8 

and development of irrecoverable erosion “EE”, and (d)  Cycle 10. 

3.5.2.2 Tap water 

Considering the scenario of a treated water retention pond with a composite liner, if there was a 

small hole in the geomembrane on a side slope, there is potential for water to drip through the 

hole and run down the GCL beneath a wrinkle in the geomembrane.  To examine the potential for 

erosion under these conditions, tests were conducted using Kingston tap water (39 ppm of 

calcium; Table 3-3) at varying flow rates ranging from 0.003 L/hr to 5 L/h (Table 3-5).  It is 

assumed here that the geomembrane is exposed and the hole is just below the high water level but 

that the water level goes up and down so that the geomembrane still gets heating cycles from the 

sun and the hole is periodically submerged providing a hydration cycle.  A similar assumption 

will be made for the tests discussed in the following three subsections. 

 

The dripping tap water was absorbed by the GCL and dominant flow paths were formed within 1 

to 3 cycles.  On each subsequent hydrating cycle the flowing water generally followed the same 

paths, occasionally branching off to form new paths.  Test 17 (0.9 L/hr), Test 20 (1.2 L/hr), and 

Test 22 (3 L/hr) were run for 360 cycles and no early erosion or erosion features were observed.   
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Significant desiccation features were observed along the flow paths at the end of the dry 

components of the cycle.  For example, Figure 3-4a shows a test after the hydrated part of a cycle 

with the areas darker in colour being the hydrated flow paths. Figure 3-4b shows one grid of this 

test at the end of the dry part of Cycle 40 backlit with a halogen light. The areas with light shining 

through are the locations of some large desiccation cracks along the flow path.  A small amount 

of bentonite may have been scoured away with the flow of tap water, however there was still 

sufficient bentonite that the cracks self-healed and no hole was evident in the hydrated state even 

after 360 cycles (Figure 3-4c) and hence, there was no significant erosion in this test.   

 

Not even early onset erosion (GCL thinning coincident with surface streak, evidence of bentonite 

loss) was observed in any of the six tests run with Kingston tap water with up to 360 cycles with 

flows of 3 L/hr.  Comparing this with the findings for DI water where holes formed in the same 

GCL product under the same conditions except for water chemistry after only 5 cycles (and flows 

as low as 0.2 L/hr) and there was irrecoverable erosion after 10 cycles, it is apparent that the 

water chemistry is a critical factor affecting whether erosion will occur under circumstances 

similar to those examined.  Given that the tap water had relatively low concentration of cations, 

the question then arises as to what effect higher concentrations of cations might have on erosion. 
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Table 3-5 - Tests conducted on GCL2 on 3H:1V slope with Kingston tap water  

after specimens had experienced one initial wet/dry cycle 

Test 

Number 

Product 

Orientation
a
 

GCL Mass per 

Unit Area 

(g/m
2

) 

Flow 

Rate 

(L/hr) 

Total 

Number of 

Cycles 

Occurrence of 

Erosion 

17 NW up 3765 0.9 360 NO 

18 NW up 3585 0.003 113 NO 

19 NW up 4036 0.012 110. NO 

20 NW up 4036 1.2 360 NO 

21 NW up 5027 2 20 NO 

22 NW up 4638 3 360 NO 

a
 NW=nonwoven, SRNW= composite woven/nonwoven 

 

 

 

Figure 3-4 - Test 17 run with tap water  

(a) full test specimen at end of the hydration part of a cycle with 75 mm x 125 mm Grid ‘C1’ 

highlighted, (b) Grid ‘C1’ at the end of the dry part of Cycle 40 (areas with light shining 

through are desiccation cracks), (c) Grid ‘C1’ at end of the hydration part of Cycle 360 with 

no light showing through and hence, no hole. 
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3.5.2.3 Queen’s Environmental Liner Test Site (QUELTS) pore water  

One unlikely, but conceivable, mechanism for erosion is water flowing through the subsoil below 

the GCL, day-lighting at some point, and dribbling down the GCL on a slope below a wrinkle.  A 

more likely scenario for potential erosion is due to water dripping through a small hole in a 

composite liner in a water retention pond and running down the GCL beneath a wrinkle in the 

geomembrane.  To examine the potential for erosion under these conditions, two tests were 

conducted using synthetic QUELTS pore water with a calcium concentration of 230 ppm (Table 

3-6).  Test preparation and set up was based upon previous erosion tests using a flow rate of 1 

L/hr.  The GCL typically absorbed water within 1 cycle and it spread laterally until it hydrated 

almost the entire specimen.  Figure 3-5 shows a test displaying no noticeable differences between 

Cycle 1 (Figure 3-5a) and Cycle 40 (Figure 3-5b).  The flow path remains spread out over the 

specimen for the length of the test.  The test was run for 45 cycles with no erosion features 

observed and no bentonite observed in the runoff.  Thus it would appear that the probability of 

down-slope bentonite erosion due to groundwater flow or leaking of water through a small hole in 

the geomembrane in a water retention pond is very low if, as will usually be the case, there are 

cations in the water. 
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Table 3-6 - conducted on GCL2 on 3H:1V slope with QUELTS pore water  

(232 ppm calcium plus other constituents) after specimens had experienced one initial 

wet/dry cycle 

Test Number Geotextile 

Orientation
a
 

GCL Mass per unit 

area  

(g/m
2
) 

Total Number 

of 

Cycles 

Occurrence of 

Erosion  

23 NW up 4322 45 No 

24 NW up 4592 45 No 

a
NW=nonwoven  

 

 

 

Figure 3-5 - Test with simulated QUELTS pore water  

(224 ppm calcium) at end of the hydration part of: (a) Cycle 1, and (b) Cycle 40. 

 

3.5.2.4 Simulated landfill leachate 

There is also potential for leachate trickle trough a small hole in a composite liner in a landfill 

leachate pond and running down the GCL beneath a wrinkle in the geomembrane.  To examine 

the potential for erosion in this case, two tests were conducted using a synthetic landfill leachate 
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(1040 ppm calcium; Table 3-7) and the method described for tests already discussed above at a 

flow rate of 1 L/hr for up to 45 cycles.   

 

No erosion features and no bentonite in the runoff were observed during these tests.  For example, 

in one erosion test run with leachate there was no noticeable difference observed between Cycles 

1 and 40 (Figure 3-6).  Typically the leachate was absorbed by the GCL and spread laterally over 

the GCL specimen within 1 cycle. The flow path then remained spread out over the specimen 

throughout the length of the test hydrating almost the entire GCL specimen during each hydration 

cycle. Thus it would appear that the probability of down-slope bentonite erosion, due to leachate 

leaking through small hole in the geomembrane in a leachate lagoon or landfill, is low. 

 

Table 3-7 - Tests conducted on GCL2 on 3H:1V slope with simulated landfill leachate 

(1040 ppm calcium plus other constituents) after specimens had experienced one initial 

wet/dry cycle 

Test Number Geotextile 

Orientation
a
 

GCL Mass per unit 

area  

(g/m
2
) 

Total Number 

of 

Cycles 

Occurrence of 

Erosion  

25 NW up 4343 45 No 

26 NW up 4519 45 No 

a
 NW = nonwoven 
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Figure 3-6 - Test with simulated landfill leachate  

(1040 ppm calcium and other constituents) at end of the hydration part of:  (a) Cycle 1, and 

(b) Cycle 40. 

 

3.5.2.5 Summary of water chemistry 

Of the tests conducted with four different water sources but otherwise similar conditions (Table 

3-8) only the test with deionized water gave rise to bentonite erosion and this occurred after only 

a few cycles.  This is explained by the absence of cations in DI water giving rise to higher 

repulsive forces between clay particles than for the other waters.  Thus with DI water the clay 

particles were readily suspended in the water and carried away with the flow.  Only a relatively 

small (39 ppm) calcium concentration was required to create sufficient clay particle interactions 

to avoid the erosion even after 360 cycles with tap water for the conditions tested.  The tests run 

with tap water did show desiccation cracking coincident with a surface streak but no onset 

erosion or erosion holes were observed.  Increasing the calcium concentration to 230 ppm 

(QUELTS water) and 1040 ppm (simulated landfill leachate) did not have any effect on the 

likelihood of erosion since none was observed in either case for the conditions examined.  Thus it 

appears that the potential for this type of down-slope bentonite erosion is restricted to situations 

when a GCL is left exposed as part of an uncovered composite liner in an environment where 
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there can be sufficient evaporation of water below the geomembrane followed by subsequent 

condensation on the underside of the geomembrane, and then this essentially deionized water, 

drips onto the GCL and runs down the slope to cause erosion.  This raises the question as to the 

effect of flow rate and slope angle on the phenomena. 

 

Table 3-8 - Results for four GCL2 specimens tested on 3H:1V slope  

at a flow rate of 0.9 to 1 L/hr with different water source chemistry 

Water Source Deionized 

(DI) Water 

Kingston Tap 

Water 

Simulated 

QUELTS Pore 

Water 

Simulated 

Landfill Leachate 

Maximum number of 

cycles  

7 360 45 45 

Occurrence of 

erosion hole
a
 (cycles) 

5 No No No 

GCL Mass per unit 

area (g/m
2
) 

4405 3765 4322 4343 

a
Erosion hole defined as early erosion feature (width of hole < 15 mm) 
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3.5.3 Effect of Flow Rate 

Erosion tests were conducted with flow rates between 0.2 and 3 L/hr to examine the effect of flow 

rate on the time to the development of an erosion feature.  All specimens were subjected to an 

initial wet/dry cycle prior to the tests and were inclined at a slope of 3H:1V.  

 

For the tests with deionized water, the number of cycles to the first early erosion, e, or erosion, E, 

hole is presented in Table 3-4 for the different flow rates.  Within the range examined (0.2 to 3 

L/hr) and with the nonwoven up, all constant flow rates resulted in an early erosion or erosion 

feature within 5 to 6 cycles. However, the flow did affect the rate at which the erosion feature 

progressed after the first hole had formed.  For example, the tests at 0.2 L/hr and 3 L/hr both took 

5 days to develop an early erosion feature but, at the end of the hydration part of Cycle 7, 

increasing the flow rate from 0.2 L/hr to 3 L/h tended to increase the area of the eroded zone 

(Figure 3-7) although specimen variability did mask this effect somewhat.  The amount of 

bentonite lost, per wetting cycle, from two tests at flow rates of 0.5 L/hr (Test 4) and 1 L/hr (Test 

12) was monitored in the outflow with time.  A comparison of the amount of bentonite collected 

per cycle (Figure 3-8a) shows that the bentonite collected for Test 4 (0.5 L/hr) and Test 12 (1 

L/hr) follow similar trends with the test at a higher flow rate (Test 12) showing more bentonite 

collected.  However, at both flow rates the first early erosion feature appeared at Cycle 5 and 

irrecoverable erosion appeared between Cycles 6 and 7.  The total amount of bentonite collected 

(Figure 3-8b) was 61 g for Test 4 (0.5 L/hr) and 78 g for Test 12 (1 L/hr).   

 

After the hydration phase of Cycle 7 all specimens had reached erosion (i.e., E: eroded width ≥ 15 

mm) at all flow rates examined, however some tests (specimens at 2 and 3 L/hr) had developed 

irrecoverable erosion (EE: eroded width ≥ 25 mm) as compared to erosion (E) at lower flow rates 

(0.2 L/hr) at this time.  The cumulative flow of water did not appear to have a significant effect 

on when the first hole occurred (Table 3-9); rather the number of cycles appears to have been 
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more important, indicating that perhaps the drying phase of the cycle has an effect on the 

development of erosion features.  This factor will be discussed later. Likewise, the cumulative 

flow to first irrecoverable erosion “EE” feature was much higher at the higher flow rates (Table 

3-9) but the number of cycles was very similar (6-7) in each case indicating again that number of 

cycles appears to have been more important than the total flow.  Two tests were conducted with 

variable flow rates ranging between 0.5 to 4 L/hr.  The time to first erosion hole for these two 

tests was 5 cycles, which is consistent with the time to first erosion hole for the other flow rates 

examined. 

 

Erosion tests were also conducted to examine the effect of water flow rate on a GCL using 

Kingston tap water.  As discussed earlier, the erosion tests with tap water reached a desiccation 

stage with cracks that had widened from some scouring of bentonite particles but in every case 

there was healing upon rehydrating (after 360 cycles).  For the GCL tested with flow rates that 

ranged between 1 L/hr and 5 L/hr, even the highest flow rate on a 3H:1V slope did not impose a 

sufficient shear force on the clay interparticle bonds to dislodge sufficient clay particles to cause 

visible erosion.  Thus, no early erosion holes were formed in any tests (Table 3-5) using Kingston 

tap water at any flow rate tested (with cumulative flows of up to about 8600 L). 
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Figure 3-7 - Tests with deionized water at end of the hydration part after the Cycle 7  

for flow rates of: (a) 0.2 L/hr, (b) 0.5 L/hr, (c) 1 L/hr, (d) 2 L/hr, (e) 3 L/hr 

 

 

Figure 3-8 - Bentonite collected from two tests at different flow rates  

(a) per cycle (b) cumulative 
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Table 3-9 - Results for GCL2 tested on 3H:1V slope using deionized water  

at varying flow rates 

Flow 

Rate 

(L/hr) 

Number 

of tests 

conducted 

Average Time to 

First Hole (number 

of cycles)  

Average Cumulative flow to 

first irrecoverable erosion “EE” 

feature (litres)  

Average GCL 

mass per unit 

area (g/m
2
) 

0.2 1 5 11 4114 

0.5 1 5 24 3553 

1 2 5 56 4082 

2 1 5 96 4405 

3 2 5.5 144 4504 

 

3.5.4 Effect of Slope 

The basic erosion testing program was designed to examine bentonite erosion in a GCL on a 

typical side slope of 3H:1V (about 18
o
), as at QUELTS.  A typical base slope of 33H:1V (about 

2
o
) also was examined to assess whether the slope had a significant effect on erosion. All 

specimens were subjected to an initial wet/dry cycle prior to the tests which were conducted using 

deionized water at a flow rate of 3 L/hr.  

 

Figure 3-9 compares two specimens tested on different slopes (Figure 3-9a: 3H:1V, and Figure 

3-9b: 33H:1V) after the final erosion cycle. The base slope specimen developed an erosion hole 

at Cycle 6 and the side slope specimen developed an erosion hole at Cycle 5, both consistent with 

the typical time to first hole (typically 5 to 6 cycles) observed in this study.  Thus the slope had 

no significant effect on whether or not erosion occurred (which is consistent with the observation 

of erosion on both the slope and base after greater than 3 years of exposure at QUELTS, Take et 

al., 2014c).  However there were differences; the specimens tested on the base slope generally 

experienced more pooling of water on the specimen (at locations of very minor local changes in 

slope due to subtle changes in GCL thickness resulting from very minor manufacturing 
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variability) with a flow path that meandered down the specimen.  Thus the erosion features on the 

base slope specimens appeared to be slower to progress beyond the first hole than the features 

that developed on the side slope and the slower flow of water appears to have led to a slower 

progression of the erosion features (again consistent with observations at QUELTS).  The number 

of cycles from the development of an early erosion (e) or erosion (E) hole to an irrecoverable 

erosion (EE) hole was, on average, 5 cycles for specimens on a 3H:1V slope and 10 cycles for 

specimens on a 33H:1V slope.  Thus, both of the configurations lead to irrecoverable erosion 

features but the development from first hole to irrecoverable erosion was faster on the steeper 

slope.    

 

 

Figure 3-9 - Tests with deionized water at end of the hydration part of a cycle  

showing irrecoverable erosion features developed on slopes of: (a) 3H:1V (after Cycle 10), 

and (b) 33H:1V (after Cycle 13) 
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3.5.5 Effect of Cation Exchange 

Cation exchange occurs when cations (e.g., calcium or magnesium) in the water source replace 

sodium ions in the bentonite.  This gives rise to a smaller double layer around the clay particle 

and weaker inter-particle repulsion which produces stronger clay particle bonds (Mitchell and 

Soga, 2005, Moreno et al., 2011).  This stronger inter-particle bonding might be hypothesised to 

lead to a clay structure that is less susceptible to particle erosion with the flow of water.  Thus, 

experiments were conducted to test this hypothesis by examining erosion for GCL specimens that 

had experienced cation exchange from long-term cation exposure and consequent cation 

exchange in the field. 

 

Erosion tests were conducted on two specimens of GCL2 exhumed from QUELTS after 6 years 

of hydration, thermal and wet/dry cycles, and cation exchange in the field prior to the laboratory 

test.  Care was taken to select specimens from the slope that had no evident erosion features prior 

to the current tests. The tests were conducted on a 3H:1V slope using deionized water at a flow 

rate of 3 L/hr.  The exhumed GCL specimens had swell index (SI) values of 14-15 mL/2g for one 

specimen and about 17 mL/2g for the other (Table 3-10) compared with the typical off-the-roll 

value of ≥ 24 mL/2g.  Thus the exhumed specimens had experienced cation exchange in the field.  

Early erosion holes were observed at Cycle 4 for the specimen with SI = 17 mL/2g and Cycle 8 

for the specimen with SI = 14-15 mL/2g.  Caution is required in drawing conclusions from these 

results.  At face value these two tests would suggest that the time to erosion is related to the swell 

index.  However, the specimens with typical SI of 24 mL/2g generally did not develop the first 

hole until 5 to 6 cycles and this does not fit the pattern implied by Tests 27 and 28 on the 

exhumed QUELTS specimens.  Other field related factors in addition to a difference in swell 

index may have affected the time to first hole.  The most likely explanation is considered to be a 
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difference in the macrostructure of the two specimens after six years of exposure in the field.  

This could account for the fewer cycles to first early erosion hole in Test 27.  Irrespective, a hole 

developed relatively quickly (4 to 8 cycles) in all specimens where there was DI water flowing 

along the specimen irrespective of the amount of cation exchange. 

 

Figure 3-10 and Figure 3-11 show the specimens exhumed from QUELTS in Tests 27 and 28 at 

various key points in the test: after Cycle 1 (Figure 3-10a and Figure 3-11a), when the first early 

erosion hole, e, developed (Figure 3-10b and Figure 3-11b), when the irrecoverable erosion 

feature, EE, first developed (Figure 3-10c and Figure 3-11c), and at the end of the test (Figure 

3-10d and Figure 3-11d). 

 

Table 3-10 - Results of erosion tests on 3H:1V slope using deionised water at 3 L/hr  

for specimens of GCL2 exhumed from QUELTS after 6 years of exposure 

Test No. Swell Index 

(mL/2g) 

Number of cycles to first erosion hole
a
 

27 17 4 

28 14 - 15 8 

a
Erosion hole defined as early erosion feature (width of hole < 15 mm) 
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Figure 3-10 - Tests with deionized water on exhumed QUELTS GCL2 field specimen 

(Test 27) at end of the hydration part of: (a) Cycle 1, (b) Cycle 4 with the first appearance of 

an early erosion feature “e”, (c) Cycle 8 with the first appearance of irrecoverable erosion 

“EE”, and (d) Cycle 11. 

 

 

Figure 3-11 - Tests with deionized water on exhumed QUELTS GCL2 field specimen  

(Test 28)  at end of the hydration part of (a) Cycle 1, (b) Cycle 8 with the first appearance of 

an early erosion feature “e”, (c) Cycle 11 with the first appearance of irrecoverable erosion 

“EE”, and (d) Cycle 13. 
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3.5.6  Effect the hydration and drying cycle adopted  

The tests reported so far simulated an 8 hour hydrating phase and a 16 hour drying phase when 

the specimens were allowed to air-dry. To examine the effects of the air drying phase, Test 16 

was conducted with no drying phase.  The specimen was subjected to one wet/dry cycle and then 

placed on a 3H:1V slope and deionized water was dripped onto the specimen continuously at a 

flow rate of 1 L/hr until the end of the test (cumulative flow of 264 L); thus there was a 

continuous hydration phase.  

 

The first early erosion hole developed at Cycle 9.  Specimens that experienced the drying cycle 

typically develop an erosion feature at Cycle 5 or 6.  Figure 3-12a shows the test after Cycle 1 

(i.e., after 24 hours of continuous water flow and hydration) when a wrinkle (wave) developed in 

the GCL specimen about 80 mm from the water impact point and extended transversely along the 

full width of the specimen at the second transverse gridline.  The wrinkle formed as the specimen 

hydrated and expanded.  Typically the GCL would experience shrinkage as it dried but because 

the specimen was not subjected to the air dry cycle the wrinkle remained and caused the flow 

path to split into 3 flow paths at the location of the wrinkle.  These flow paths are apparent in 

Figure 3-12b which shows the specimen after Cycle 9 when the first erosion hole appeared part 

way down one of the branches.  An irrecoverable erosion feature (EE) developed at Cycle 12 

(Figure 3-12c).  The time to erosion (9 cycles) for the specimen that experienced no air dry 

portion was greater than the 5 to 6 cycles typical for specimens that did experience the drying 

portion of cycles.  This may be because bentonite particles loosened during the drying phase of 

the cycle allowing the bentonite to be more susceptible to scour when water flow recommenced at 

the start of the next hydrating cycle.    
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Figure 3-12 - Test 15 with deionized water on GCL2 with no air dry phase  

(i.e., each cycle here is the end of a 24 hour hydrating period) after: (a) Cycle 1 showing the 

location of the wave developed in the GCL following the first hydration cycle, (b) Cycle 9 

when the first early erosion hole appeared, (c) Cycle 12 with an irrecoverable erosion 

feature (EE) extending from the top to near the bottom of the specimen. 

 

3.6 Summary and Conclusion 

A laboratory testing program examined how a number of factors affected the down-slope erosion 

of bentonite from a geotextile-encased, needle-punched GCL.  Factors examined in the study 

include the effect of an initial wet/dry cycle, water chemistry, flow rate, slope, prior cation 

exchange, and the absence of a drying phase in the test cycle. Experiments were conducted where 

water flow was imposed on the surface of a 350 mm wide by 550 mm long GCL specimen and a 

light table was used to detect any migration of bentonite with the flowing water. The particular 

product examined was selected because, unlike the other three GCLs at the Queen’s University 

Environmental Liner Test Site, it had the advantage that its colour made visual observation of 

erosion features easiest even though all four GCL products experienced erosion after a period of 

prolonged field exposure in an exposed composite liner.  For the specific GCL and the test 

conditions examined the following conclusions were reached: 

 



 

71 

 

1. No erosion of bentonite was observed for specimens that had not experienced a wet/dry cycle. 

 

2. An initial wet/dry cycle (prior to the erosion test) caused the bentonite granules in a newly 

placed GCL to swell and form a gel as it hydrated.  This was followed by shrinking and 

cracking when it was allowed to air dry for 16 hours before the next 8 hour wetting cycle.  

Specimens that had been through an initial wet/dry cycle typically developed an erosion hole 

within 5 to 6 cycles when tested with deionized water (simulating evaporate water from a 

GCL that has subsequently condensed below a geomembrane in the field). 

 

3. The chemistry of the water source played a critical role in the formation of erosion features.  

While specimens tested with deionized water produced early erosion or erosion features 

typically within 5 to 6 cycles, those tested with Kingston tap water did not develop an erosion 

hole within the 360 cycles that the tests were run.  Desiccation and widening of cracks was 

observed when the specimens were in a dry state however these cracks healed upon 

rehydrating.  Thus a relatively low concentration of calcium (39 ppm) in the water appeared 

to be sufficient to substantially reduce the potential for down-slope bentonite erosion due to 

water dripping on the GCL at rates up to 5 L/hour. 

 

4. Specimens tested with simulated QUELTS calcium pore water chemistry and simulated 

landfill leachate did not produce any erosion features. 

 

5. The flow rate did not greatly affect the number of cycles to produce an early erosion or 

erosion hole.  However, once an erosion feature was initiated, higher flow rates caused more 

extensive erosion features. 
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6. Slope did not affect the time required to develop an erosion hole with erosion holes being 

observed within 5 to 6 cycles under otherwise similar conditions for both 3H:1V (18
o
) and 

33H:1V (2
o
) slopes when tested with deionized water.  However, the erosion features on the 

33H:1V slope were slower to develop after an erosion hole was initiated because the water 

did not flow as quickly over the GCL as on 3H:1V side slope.  It appears that erosion features 

will develop as long as there is sufficient movement of evaporative water. 

 

The most important finding from this study is that after the GCL examined had been subjected to 

a wet-dry cycle, erosion due to the evaporation and condensation of water below an exposed 

composite liner can occur relatively quickly.  How long this would take in the field would depend 

on many site specific conditions.  However, the results of these tests highlight the importance of 

following GCL manufacturers’ recommendation of covering the composite liner as soon as 

possible after installation to reduce the likelihood that the GCL will hydrate and then dry out and 

crack from exposure to solar radiation, making it susceptible to erosion (and shrinkage).  

 

Another important finding is that the risk of this type of erosion is much smaller for water with 

calcium even at relatively low concentrations (i.e., tap water at 39 ppm). Thus it appears the risk 

of erosion is largely restricted to evaporative water due to exposure of the composite liner to 

heating cycles.  A small hole in a geomembrane and a dripping flow of typical treated water, 

groundwater or leachate after the composite liner is covered and in service appear to be unlikely 

to cause erosion.   

 

This chapter does not provide any insight as to the effect of the type of GCL on the potential for 

internal erosion; this is a subject requiring further research. 
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Chapter 4 

Laboratory Study of Down-Slope Erosion for Ten different GCLs  

4.1 Introduction 

Geosynthetic clay liners (GCLs) commonly comprise a thin layer of a high-swelling clay 

(typically a sodium bentonite) placed between two geotextiles held together by needle punching.  

Within this broad definition there can be a wide range of products.  For example, the bentonite 

can be powdered, fine granular, or coarse granular, and it may be natural or activated sodium 

bentonite and, in some cases, may have a polymer added to improve performance in the presence 

of cations.  For needle-punched GCLs, the cover geotextile is invariably a needle-punched 

nonwoven geotextile but the mass per unit area can vary substantially.  The carrier geotextile can 

be woven, nonwoven or composite woven/nonwoven (all with a variety of masses per unit area) 

and may be thermally treated to fuse the needle-punched fibres to the carrier geotextile.  A 

polypropylene coating may be applied to the GCL to further reduce the hydraulic conductivity or 

reduce the susceptibility to cation exchange and desiccation effects (ASTM STP1562).  

 

The GCL is often used in conjunction with a high density polyethylene geomembrane (GMB) to 

form a composite liner since the GCL can substantially reduce leakage through any holes in the 

geomembrane (Bonaparte et al., 2002; Rowe 2005, 2012).  GCL panels are typically 4.4 m to 4.7 

m wide and installed with 150 mm to 300 mm overlap of the adjacent panel.  Manufacturers’ 

installation guidelines recommend that the liners be covered by at least 0.3 m, and in some cases 

0.5 m, of soil after installation.  However for operational reasons, the composite liner may be left 

exposed for periods ranging from months to years (Thiel et al., 2006).   
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The Queen’s Environmental Liner Test Site (QUELTS) located at Godfrey, Ontario, Canada 

(latitude 44°34'15"N; longitude 76°39'44"W; Brachman et al., 2007) was initiated in August 2006 

to examine GCL shrinkage when manufacturer advice is not followed and a liner is left exposed.  

Unexpectedly, the site also provided the first well documented instance of significant down-slope 

bentonite erosion for a composite liner with black geomembrane left exposed for almost 4 years 

(Take et al. 2014a; Rowe et al. 2014).  The field observations indicated that bentonite could be 

totally eroded from some local spots on the GCL within a year. Four different GCL products 

(GCL1-GCL4, Table 1) were used at this site and significant down-slope erosion, with deposition 

of bentonite at low spots in the base liner, was observed for each GCL.  Take et al. (2014a) 

indicated that the mechanism involved the evaporation of water from the GCL when the black 

geomembrane heated to 20-40
o
C greater than ambient temperature (to a temperature in excess of 

60
o
C on occasion; Take et al., 2014b), the moist air accumulated in the airspace below wrinkles 

(Rowe et al., 2012), and then, when the geomembrane cooled at night, the moisture in the air 

condensed on the underside of the geomembrane, formed into droplets, and then dripped onto the 

GCL at points where there was some minor geometric irregularity (  

Figure 4-1a).  Ashe et al. (2014) developed a bench scale experimental technique that was able to 

reproduce the down-slope erosion observed for GCL2 by dripping deionized water onto the GCL.  

It was found that the number of thermal cycles was far more important than the actual amount of 

water for initiating the erosion of a hole in the GCL for the flow rates considered.  

 

The objective of this chapter is to use the technique developed by Ashe et al. (2014) to examine: 

(a) whether the erosion observed in the field for GCL1, GCL3 and GCL4 could also be 

reproduced, and (b) the relative potential for down-slope bentonite erosion of another six different 

GCL products, with different characteristics to those used at QUELTS, in the laboratory under 

similar conditions. 
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4.2 Materials 

Ten different GCL products were examined in this study (Table 4-1).  Eight were manufactured 

in North America and two (GCL5 and GCL6) were manufactured in Europe.  The material 

properties of the products differ in the type of carrier and cover geotextiles, powdered and 

different size of bentonite granules, some with polymer enhancement to the bentonite, some 

manufactured with thermal treatment, and some with a polypropylene coating.  A summary of the 

average dry mass per unit area of the GCLs examined is given in Table 4-2. 

 

Table 4-1 - Needle Punched GCLs tested 

Product 

Number 

Product 

Name 

Cover 

GT
a
 

Carrier 

GT
a
 

Bentonite Granularity Thermally 

Treated 

GCL1 NSL NW W fine yes 

GCL2 SRNWL NW SRNW fine yes 

GCL3 ST NW W coarse no 

GCL4 DN NW NW  coarse no 

GCL5 B4000 NW SRNW powder no 

GCL6 NSP4900 NW W powder no 

GCL7 SRNWE NW SRNW fine, polymer 

enhanced 

yes 

GCL8 CNSL NW W,P fine Polymer coated 

GCL9 CNSLE NW W,P fine, polymer 

enhanced 

Polymer coated 

GCL10
b
 SRNWL-60 NW SRNW fine yes 

a
NW = nonwoven, W = woven, SRNW – composite woven/nonwoven, P = polypropylene coated 

b
extra needle punching 
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Table 4-2 - Average Dry mass of GCLs tested (GCL1 to GCL10) 

Product 

Number 

Average 

GCL dry 

mass per unit 

area (g/m
2
) 

Range in GCL dry 

mass per unit area 

(g/m
2
) 

Average Cover 

Geotextile Mass 

(g/m
2
) 

Average Carrier 

Geotextile (g/m
2
) 

Mass 

GCL1 4992 4739-5195 218 186 

GCL2 4195 3553-4831 246 310 

GCL3 5808 5652-5964 257 194 

GCL4 4969 4903-5034 285 273 

GCL5 5881 5403-6358 396 517 

GCL6 5247 5008-5247 394 302 

GCL7 4949 3990-5444 288 300 

GCL8 5008 5008 249 349 

GCL9 5262 5090-5434 236 303 

GCL10 4577 4436-4465 231 402 

 

 

4.3 Experimental Program 

The erosion tests were designed to simulate condensed, previously evaporated, water dripping 

from a single point on the underside of an overlying geomembrane onto a GCL (Figure 4-1a).  

Hence, flow of deionized water was imposed on the GCL surface (Figure 4-1b). The water runs 

over the GCL, and down a 3 horizontal to 1 vertical slope similar to the side slope at QUELTS.  

The runoff is collected at the base of the specimen and funneled to a bucket.   

 

The basic experimental procedure has been described by Ashe et al. (2014).  The specimens were 

cut (350 mm by 550 mm) from a GCL roll using a utility knife and sealed along the top and both 

side edges using moisture-barrier tape to eliminate bentonite loss.  The bottom edge of the 

specimen was sealed by melting the cover and carrier geotextiles together.  A rectangular grid 
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was drawn on each specimen with the grid being 75 mm wide (across the slope) and 125 mm 

down-slope (e.g., see Figure 4-2). 

 

The specimens were conditioned by placing them on a baking sheet and they were put through an 

initial wet/dry cycle prior to the down-slope erosion test to simulate the effect of a wet/dry cycle 

that a GCL may experience as part of an exposed composite liner in the field.  Tap water was 

added to bring the specimen to a target moisture content of 100% of the dry mass and it then was 

allowed to hydrate under moisture barrier plastic in a temperature controlled room at 20
o
C for 24 

hours.  Following hydration the specimens were dried in an oven (VWR 1392FM forced air) at 

60
o
C for approximately 15 hours.  

 

The conditioned specimens were bolted along the top edge to an inclined Perspex tray and the 

water outlet tube from the constant head reservoir was placed along the centreline of the 

specimen just below the restraint (Figure 4-1b).  A valve from the constant head reservoir could 

be opened or closed to control the flow to the specimen.  When the flow valve was opened water 

would drip onto the GCL from a height of about 50 mm above the GCL.  The water would flow 

down the specimen and be collected at the bottom edge of the Perspex tray. 

 

Each test had a hydrating phase and a drying phase.  During the hydrating phase, the valve was 

opened for approximately 8 hours in each 24 hour cycle allowing water to drip on the GCL at a 

flow rate of 3 L/hr.  During the drying phase, the valve was closed and the flow stopped for about 

16 hours while the GCL was allowed to air dry and lose moisture to the atmosphere.  The drying 

and hydrating phase made up a 24 hour cycle.  This cycle was repeated until test termination.  A 

spotlight (250 watt halogen work-light) was briefly placed below the Perspex tray and 

photographs were taken to track areas of bentonite migration and thinning at the end of each 
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hydrating phase.  As the bentonite eroded, light became visible through the GCL allowing a non-

destructive assessment of the extent of the bentonite migration.  

 

  

Figure 4-1 – Schematic of experimental program  

showing (a) cyclic wetting and drying experienced by composite liners in the field as a result 

of solar radiation, and (b) laboratory experimental setup to reproduce cyclic wetting and 

drying. 

 

4.4 Definition of Erosion 

Nomenclature has been developed to define the stages of erosion. Both in the field and in the 

laboratory, the visual identification of erosion is highly dependent on lighting conditions (Ashe et 

al., 2014).  The onset of erosion may be visible with a LED backlight in a dark room but is not 

visible using a halogen backlight.  The GCL laboratory specimens tested in this chapter targeted a 

level of erosion categorized as early erosion (e) through to irrecoverable erosion (EE) as 

described below. 
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Early erosion (e) has been defined as widened desiccation cracks and thinning bentonite 

coincident with a water flow path.  An early erosion feature measures less than 15 mm in width in 

any direction.  The early erosion stage was typically detected in the laboratory when the backlight 

was visible through the GCL during the hydration phase.  The ability to detect light through the 

GCL, when no light was visible prior to the test, showed evidence of bentonite loss.  Erosion, E, 

was defined as an erosion feature measuring between 15 mm and 25 mm in width.  Irrecoverable 

erosion, EE was defined as a feature measuring greater than 25 mm in width. 

 

The time to appearance of the first hole was defined as the number of cycles required to reach the 

first appearance of either early erosion or erosion (i.e., when the backlight first became visible 

through the GCL at the end of the hydrating phase).   

 

4.5 Results and Discussion 

4.5.1 Effect of Geotextile Type  

Since a GCL can be placed in the field with the cover or carrier geotextile facing up (depending 

on the application), the GCL specimens were tested in two configurations: (a) the cover geotextile 

facing up, and (b) the carrier geotextile facing up (Table 4-3).  The water dripped onto whichever 

geotextile was facing up, with the other geotextile resting on the Perspex base.  All tests were 

conducted with deionized water at a flow rate of 3 L/hr on a slope of 3H:1V.  

 

All products tested in this study had a nonwoven cover geotextile and either a woven (W), 

nonwoven (NW), or composite woven/nonwoven (SRNW) carrier geotextile.   
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GCL1 had a nonwoven cover geotextile and a woven carrier geotextile.  When GCL1 was tested 

with the nonwoven geotextile up (NW up, Figure 4-2) the dripping water was absorbed by the 

GCL and spread across the specimen within the first two cycles Figure 4-2a).  The first erosion 

hole, classified as erosion, E, appeared at the end of the hydration phase of Cycle 4 (Figure 4-2b).  

The erosion feature expanded to become an irrecoverable erosion, EE, feature by Cycle 9 (Figure 

4-2c).  The irrecoverable erosion feature extended the length of the specimen by the end of Cycle 

13 (Figure 4-2d).   

 

A comparison of GCL1 (NW/W) and GCL2 (NW/SRNW), both tested with the nonwoven 

geotextile up, is shown in Figure 4-3.  An irrecoverable erosion feature developed by the end of 

Cycle 7 for both GCL1 (Figure 4-3a) and GCL2 (Figure 4-3b).  The erosion features that have 

developed on each specimen are both classified as irrecoverable erosion, EE, measuring greater 

than 25 mm wide.  The hydrated zone on GCL1 (with the slightly lighter NW = 218 g/m
2
) is 

slightly larger than that on GCL2 (with NW = 246 g/m
2
), however there are no major differences 

between the erosion features that have developed on each specimen. 

 

When GCL1 was tested with the woven geotextile up, the development of the erosion features 

was more difficult to observe visually than for GCL2 (this is consistent with the field 

observations at QUELTS).  A typical test with GCL1 run with woven-up is shown in Figure 4-4.  

After the first hydration cycle (Figure 4-4a) water has hydrated along a flow path down the centre 

of the specimen.  A first erosion hole, e, developed at the location of the water source by the end 

of the hydration phase of Cycle 6 (Figure 4-4b).  From the location of the first hole, the erosion 

feature grew to irrecoverable erosion and continued to extend in a parabolic-like shape down each 

side of the specimen. This parabolic erosion feature is shown in Figure 4-4c.  These features 
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widened and other erosion features developed throughout the specimen by the end of Cycle 19 

(Figure 4-4d).   

 

During this test, after the first erosion feature developed, the water flowed preferentially through 

the hole to the underlying nonwoven geotextile and then appeared to erode bentonite from below, 

even though the nonwoven geotextile was placed facing down against the tray (no vertical stress 

was applied). Because the water flowed preferentially through the nonwoven geotextile, the flow 

paths, and therefore the development of erosion features, were difficult to identify and observe.  

The final test cycle for Test 29 (Specimen 31: woven-up) is shown in Figure 4-5a with the 

backlight revealing areas of irrecoverable erosion.  The backlight was turned off in Figure 4-5b 

and the areas of irrecoverable erosion are no longer visible.  There were no obvious markings or 

features that would lead an inspector to believe there had been any erosion.  The GCL specimen 

was flipped to reveal the nonwoven geotextile (Figure 4-5c), which had been facing down against 

the tray during testing, and the nonwoven geotextile revealed dark areas of discolouration, which 

correspond to the eroded zones observed in Figure 4-5a with the backlight.  These darker areas 

are bentonite particles which remained trapped in the geotextile during the drying phases of the 

test.   

 

GCL3 is also a product with a nonwoven cover and woven carrier geotextile like GCL1. 

However, GCL3 contains coarse grained bentonite and a black woven geotextile.  The effect of 

bentonite granularity and geotextile colour will be discussed in detail later in this chapter.  What 

is to note here, is that when GCL3 was tested with the woven geotextile up, the water also flowed 

preferentially through the nonwoven geotextile (as it did for GCL1) making the visual detection 

of erosion features difficult.  Figure 4-6a shows GCL3 Test Series 6 (Specimen 44) after an 

irrecoverable erosion feature had developed by Cycle 12 (outlined in yellow).  The backlight is 
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turned off in Figure 4-6b and the specimen is flipped to reveal the nonwoven geotextile in Figure 

4-6c.  As was the case with GCL1 woven up, there are darker areas of bentonite residue trapped 

on the nonwoven geotextile, and the specimen with no backlight does not present any visual 

indication that erosion has occurred. 

 

GCL2, when tested with the composite woven/nonwoven geotextile up (Tests 6 and 7), developed 

a first erosion hole within 3 to 8 cycles.  The flow path typically remained narrow and 

concentrated down the center of the specimen and did not spread laterally as it did with the 

nonwoven-up (Test 2).  A comparison between GCL2 nonwoven geotextile up and GCL2 scrim-

reinforced nonwoven geotextile up is shown in Figure 4-7a and Figure 4-7b, respectively.    

 

GCL1 and GCL2, when tested with the nonwoven geotextile up, typically developed a first 

erosion feature within 4 to 6 cycles.   GCL1 and GCL3 when tested with the woven geotextile up, 

typically developed a first erosion feature within 2 to 4 cycles. 
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Table 4-3 - Summary of GCL configurations and results 

GCL GCL 

Configuration
a 

Test Number Erosion  

Occurred? 

Number of cycles to first erosion hole 

GCL1 NW cover up 31 Yes 4-5 

W carrier up 29, 30 Yes 3-6 

GCL2 NW cover up 2 Yes 5-6 

SRNW carrier up 6, 7 Yes 3-8 

GCL3 NW cover up 33 Yes 4 

W carrier up 32 Yes 2 

GCL4 NW cover up 35 Yes 5 

NW carrier up 34 Yes 4 

GCL5 NW cover up 36 Yes 3 

SRNW carrier up 37 Yes 5 

GCL6 NW cover up 38 Yes 5 

W carrier up 39 Yes 5 

GCL7 NW cover up 40, 41, 42 No -
b
 

SRNW carrier up 43 No -
b
 

GCL8 NW cover up 44 Yes 2 

W, P  up 45 No -
b
 

GCL9 NW cover up 47 No -
b
 

W, P  up 46 No -
b
 

GCL10 NW cover up 48, 49, 50 Yes 5-6 

SRNW carrier up 51 Yes 9 

a
 NW = nonwoven, W = woven, SRNW = composite woven/nonwoven, P = polypropylene 

coated 
b
 Products were tested for up to 60 cycles 
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Figure 4-2 - Time lapse photos of a typical test (GCL 1 NW up)  

Test Series 1/Specimen 36) showing the GCL at the end of the hydration part of: (a) Cycle 

2, (b) Cycle 4 with first erosion feature “E” having just appeared, (c) Cycle 9 and 

development of irrecoverable erosion “EE”, and (d) Cycle 13. 

 

 

Figure 4-3 - Irrecoverable erosion “EE” features  

at the end of the hydration part of Cycle 7 for (a) GCL1 (Test Series 1/Specimen 36) and (b) 

GCL2 (Test Series 3/Specimen 24) both tested with the nonwoven geotextile up 

 



 

89 

 

 

Figure 4-4 - Time lapse photos of GCL1 (W up) 

 at the end of the hydration part of: (a) Cycle 2, (b) Cycle 4 with first erosion feature “e” 

having just appeared, (c) Cycle 9 and development of irrecoverable erosion “EE”, and (d) 

Cycle 19. 

 

 

Figure 4-5 - GCL1, Test 29 (Specimen 31) run with woven-up after Cycle 19  

showing irrecoverable erosion “EE”: (a) with woven-up and backlight to reveal erosion, (b) 

with woven-up and no backlight, and (c) flipped to show nonwoven geotextile with no 

backlight. 
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Figure 4-6 - GCL3, Test 32 (Specimen 44) run with woven-up after Cycle 9  

showing irrecoverable erosion “EE” : (a) woven-up and backlight to reveal erosion outlined 

in the yellow area, (b) with woven geotextile up and no backlight, and (c) flipped to show 

nonwoven 

 

 

 

Figure 4-7 - Irrecoverable Erosion “EE” after Cycle 9 for GCL2  

specimens tested with: (a) nonwoven-up (Test 12/Specimen 41) (b) composite 

woven/nonwoven-up (Test 6/Specimen 27). 
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4.5.2 Effect of Geotextile Colour 

In the previous section it was noted that GCL3 (NW/W) contained a black carrier geotextile; 

GCL4 (NW/NW) also had a black carrier geotextile. Erosion features with GCL3’s black woven-

up were difficult to observe because water flowed preferentially through the bottom geotextile, 

however it was also observed that when specimens of GCL3 and GCL4 were tested with the 

black geotextiles facing up, the visual detection of erosion features was also extremely difficult 

due to the geotextile colouring.  Erosion features that had formed were difficult, if not impossible, 

to detect visually with no back light.  Indeed, identifying the erosion features was even difficult 

with the halogen backlight in normal daylight, as the black geotextiles absorbed the light.  This is 

illustrated in Figure 4-8 and Figure 4-9 for GCL3 and GCL4, respectively.  Figure 4-8a and 

Figure 4-9a identify the area of the specimen where irrecoverable erosion has occurred.  Figure 

4-8b and Figure 4-9b show a close up of the highlighted area in Figure 4-8a and Figure 4-9a with 

the halogen backlight in normal daylight.  Light does penetrate through the specimen, however it 

is hard to see (and would be missed without the backlight).  Figure 4-8c and Figure 4-9c clearly 

show the eroded area with a LED backlight in a dark room. 

 

The black geotextile colour presents an added difficulty in regards to the visual identification of 

erosion features.  The halogen backlight allowed for some visual identification, however the light 

did not penetrate through the black geotextiles as effectively as it did with the white coloured 

GCLs, making the extent and severity of the erosion features difficult to distinguish.  
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Figure 4-8 - Irrecoverable erosion “EE” in GCL 3  

(Test 32/Specimen 44) with black woven-up showing (a) area of erosion outlined in yellow 

(area is about 200 mm wide) with a halogen backlight in normal daylight, (b) close up of the 

outlined area with a halogen backlight in normal daylight, and (c) close up of the outlined 

area with a LED backlight and dark room. 

 

 

 

Figure 4-9 - Irrecoverable erosion “EE” in GCL4  

(Test Series 8/Specimen 51) with black nonwoven-up showing (a) area of erosion outlined in 

yellow (area is about 200 mm wide)  with a halogen backlight in normal daylight, (b) close 

up of the outlined area with a halogen backlight in normal daylight, and (c) close up of the 

outlined area with a LED backlight and dark room. 
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4.5.3 Effect of Bentonite Granularity 

GCL1, GCL3 and GCL6 are similar in that they had a woven carrier geotextile and a nonwoven 

cover geotextile, although GCL6 had heavier cover and carrier geotextiles (Table 4-2), but differ 

in bentonite granularity.  GCL1 had a fine grained bentonite, GCL3 a coarse grained bentonite, 

and GCL6, powdered bentonite.  The time to first erosion hole for the product tested with fine 

granular bentonite (GCL1) ranged from 3 to 6 cycles.  The time to first erosion hole for products 

tested with coarse granular bentonite (GCL 3) ranged from 2 to 4 cycles and the time for the 

product tested with the powdered bentonite (GCL 6) was 5 cycles.  

 

GCL2 and GCL5 both had a nonwoven cover geotextiles and composite woven/nonwoven carrier 

geotextiles.  GCL2 had fine granular bentonite and GCL5 powdered bentonite.  The time to first 

erosion hole for these products ranged between 2 to 5 cycles.  Typical test results for GCL5, Test 

36 (Specimen 38) with powdered bentonite and the nonwoven geotextile facing up are shown in 

Figure 4-10.  In the first few cycles, the water was absorbed and spread laterally throughout the 

specimen (Figure 4-10).  With time, the flow became concentrated down the centre of the 

specimen and a first erosion hole (erosion, e) appeared after Cycle 4 (circled in Figure 4-10b).  

The erosion (e) hole developed into irrecoverable erosion at Cycle 6 (Figure 4-10c) and 

subsequently grew (Figure 4-10d). 

 

Based on these tests, it appears that the granularity of the bentonite had no significant effect on 

the potential for down-slope erosion in these tests.  However, this finding must be placed in 

context.  Prior to the erosion test, the specimens were put through an initial wet/dry cycle to 

recreate the GCL taking up water in the field to 100% moisture content after it is first installed, as 

described earlier.  During the initial wetting cycle the products are hydrated, to allow the 
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bentonite to hydrate and swell sufficiently, that a bentonite gel is formed and the initial particle 

structure is largely lost.   Once hydrated, the specimens are dried in an oven and the bentonite 

‘gel’ shrinks and takes on a dry, cracked structure which controls the down-slope bentonite 

erosion in these tests.  These tests show that there is potential for down-slope bentonite erosion 

for GCL1-GCL6 under the conditions examined here (and as observed in the field in the case of 

GCL1-GCL4); however, these tests did not examine the effect of hydration to lower moisture 

content prior to drying (which may result in some retained initial bentonite structure for granular 

bentonite) or the effect of GCL structure on the uptake of moisture in the hydration cycle, or its 

loss on heating.  These factors could potentially affect down-slope erosion in the field and 

warrant further investigation. 

 

 

Figure 4-10 - Time lapse photos of a typical GCL5 test  

(Test 36, nonwoven geotextile up/Specimen 38)  at the end of the hydration part of: (a) 

Cycle 1 (b) Cycle 4 with the first erosion feature “e” (circled) having just appeared, (c) 

Cycle 6 and development of irrecoverable erosion “EE”, and  (d) Cycle 9 
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4.5.4 Effect of Additional Needle Punching 

GCL10 was a more heavily needle-punched version of GCL2.  The additional needle punching is 

intended to increase the shear strength of the product for steep slope applications.  The needle 

punching process involves pushing fibres from the nonwoven cover geotextile through the layer 

of bentonite to the carrier geotextile, and the carrier geotextile is thermally treated to fuse the 

fibres to the geotextile.  GCL10 was tested to examine whether increased needle punching would 

better restrain the particles and prevent down-slope bentonite erosion.  However, in four tests, 

there was no appreciable affect and erosion features developed within 3 to 6 cycles which was 

similar to GCL2, indicating that additional fibres through the bentonite layer (additional needle 

punching) did not prevent or slow the rate of formation of erosion holes. 

4.5.5 Effect of Polymer Coating 

A thin polypropylene coating is applied to some products used in applications where there are 

concerns regarding cation exchange and desiccation.  GCL8 and GCL9 have a woven carrier 

geotextile with a polypropylene coating and a nonwoven cover geotextile.   

 

When tested with the polypropylene coating facing up, no water penetrated through the coated 

geotextile, therefore no hydration or erosion features developed in the 60 cycles tested.  When 

viewed with the backlight at the end of the hydration component of a cycle, the cracked bentonite 

structure, which had formed after the initial wet/dry cycle, remained unchanged throughout the 

test, indicating that no hydration of the bentonite had occurred. At the end of the test the water 

content of the GCL was less than 3%. 

 

The products were also tested with the coated geotextile placed down against the tray.  In this 

configuration, GCL8 developed an erosion hole within 2 cycles.  An erosion hole did not develop 

in GCL9; but it had polymer enhanced bentonite as discussed in the following section.  These 
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tests suggest that having a GCL with a polypropylene coating facing up has a high potential for 

eliminating the issue of down-slope bentonite erosion and should be investigated in a field trial.  

 

The laboratory test with the polypropylene coating facing down represents a ‘worst case scenario’ 

in terms of down-slope erosion since if this was done and a geomembrane was placed over the 

GCL, there would be virtually no opportunity for the GCL bentonite to hydrate from the subsoil 

and hence the water sources needed for evaporation and condensation of moisture to initiate 

down-slope bentonite erosion would not be present and hence no erosion would be expected in 

the field with this scenario.  

4.5.6 Effect of Polymer Enhanced Bentonite 

As noted in the previous section, no erosion features developed in GCL9 even when tested with 

the nonwoven cover geotextile (no polypropylene coating) facing up.  GCL9 and GCL7 both 

have a polyacrylamide based polymer enhanced sodium bentonite formulation.  The addition of 

the polyacrylamide polymer to the bentonite works to form a network of chemical bonds when 

the bentonite is hydrated and has swelled.  The chemical bonds and the dissolved polymer lead to 

a bentonite gel with resistance to the effects of cation exchange.  For a virgin (off-the-roll) 

specimen, the hydraulic conductivity may be a little lower than with normal sodium bentonite, 

and the effect increases when there is significant potential for cation exchange (Hosney and 

Rowe, 2012, 2014).  The test on GCL9 with the coating down suggests that the polyacrylamide 

polymer enhanced bentonite also has benefits in terms of protecting against down-slope bentonite 

erosion.  This was confirmed for GCL7 which also was tested for 60 cycles and no early erosion 

holes formed during this time.  In both cases there was some erosion of bentonite as evident by 

some widening of desiccation cracks for both GCLs, by Cycle 45 for GCL7 and by Cycle 38 for 

GCL9.  The width of the widened cracks ranged from about 1 mm to 5 mm for GCL7 and about 1 

mm to 8 mm for GCL9.  The length of the desiccation cracks for GCL 9 (Figure 4-11a) were 
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greater than those for GCL 7 (Figure 4-11b).  This may be attributed to the different geotextile 

types placed down against the tray; GCL 9 had a woven, polymer coated geotextile whereas GCL 

7 had a composite woven/nonwoven geotextile placed down against the tray.  This widening of 

cracks represents early onset erosion at 38 to 45 cycles. While these cracks self-healed on re-

hydration, for some of the wider cracks there was very little bentonite at the point of self-healing 

and faint backlight was visible through the specimen at these locations.   No holes, classified as 

early erosion or erosion, had formed in either case by Cycle 60, however bentonite thinning had 

taken place.  These results do not necessarily show that an erosion hole could not eventually 

develop, but they do show that the time to an erosion hole has been very substantially increased 

with the polymer enhanced bentonite. 

 

Figure 4-11 - Widening desiccation cracks in polymer enhanced bentonite GCLs  

after Cycle 45 (a) GCL7 (crack width 1 mm to 5 mm), and (b) GCL9 (approximate crack 

width 1 mm to 8 mm). 

 

4.6 Summary and Conclusion 

Down-slope bentonite erosion from a GCL appears to only be a potential issue if a GMB/GCL 

composite liner is left exposed, contrary to the recommendation of reputable manufacturers. 

Covering the GCL in a timely manner has been reported to eliminate the problem (Rowe et al., 

2014).  Assuming that the manufacturers’ recommendation cannot be followed, this chapter has 
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explored the potential for down-slope bentonite erosion from ten different geotextile encased 

GCLs based on a laboratory testing program.  The effect of factors including carrier geotextile 

type, geotextile colour, off-the-roll bentonite granularity, a polypropylene coating, and the 

addition of a polyacrylamide based polymer to the bentonite were examined.  All tests were 

performed on GCLs that had experienced one wet/dry cycle such that the bentonite had hydrated 

to a gravimetric water content of 100% and then dried, causing the development of desiccation 

cracks as may occur for a GCL in an exposed composite liner.  A trickle of deionized water was 

then imposed on the top surface of a 550-mm-long specimen that was inclined at 3H:1V in a 

manner intended to simulate moisture cycles along the interface between a GCL and overlying 

geomembrane.  Visual observations of down-slope bentonite erosion were then made.  The 

following conclusions were reached for the GCLs and conditions examined: 

 

1. For GCLs with a polypropylene coating facing up, no water penetrated through the coating 

and no evidence of any erosion was observed. 

 

2. If water was able to penetrate the internal bentonite layer of the GCL then some level of 

erosion occurred for all products tested. 

 

3. GCLs with polyacrylamide based polymer enhanced bentonite performed well.  Some 

widened desiccation cracks were observed, indicating minor bentonite erosion at 45 cycles 

but no erosion holes had formed with tests run up to 60 cycles.  Thus the polymer used in 

these GCLs substantially increased the resistance to potential down-slope bentonite erosion 

for a GCL in an exposed composite liner. 
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4. Erosion features were easiest to observe visually for GCLs with a white, nonwoven geotextile 

facing up and most difficult to observe visually for GCLs with a black geotextile; however, 

the latter simply hid the problem rather than reducing it. 

 

5. Water preferentially flowed through the nonwoven geotextile for GCLs with a nonwoven 

cover and woven carrier geotextile, regardless of whether the nonwoven geotextile was facing 

up or down during testing. However, erosion features were difficult to observe visually in 

products tested with the woven geotextile up because once a small initial erosion hole formed 

the water tended to pass through this hole and then erode away the bentonite from below. 

 

6. Additional needle punching did not prevent or reduce down-slope bentonite erosion. 

 

7. Any effect of off-the-roll bentonite granularity would have on down-slope bentonite erosion 

was eliminated in these tests by the initial wet/dry cycle adopted.  After the bentonite had 

swelled to a moisture content of 100% the bentonite granules had been eliminated with the 

formation of a bentonite gel.  After the subsequent drying and the formation of desiccation 

cracks, the cracked structure dominated the GCL response to down-slope water movement.  

 

This chapter has only examined one (3H:1V) slope, deionized water, and the response to down-

slope water movement on erosion of GCLs subjected to a defined wet/dry cycle.  These factors all 

have the potential to affect down-slope bentonite erosion.  The laboratory tests did simulate the 

down-slope bentonite erosion reported in a field case by Take et al. (2014a).  Based on the 

finding of this study, it appears that a field trial similar to that reported by Take et al. would be 

warranted to investigate the field performance of the GCLs with powdered bentonite (to see if the 
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field response differs from that observed for the GCLs with granular bentonite), a GCL with 

polymer enhanced bentonite, and a GCL with a polypropylene  coating facing upward.  
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Chapter 5 

Summary and Conclusions 

 

5.1 Background Information 

A geosynthetic clay liner (GCL) is a manufactured product designed to function as a clay barrier.  

GCLs are often paired with a high density polyethylene geomembrane (GMB) to form a 

composite liner and are used in barrier applications such as municipal solid waste landfills, heap 

leach pads and mine tailings disposals.  The purpose of the clay barrier in a composite liner 

system is to reduce the leakage of contaminants through holes in the overlying geomembrane 

liner (Rowe, 2005, 2012).   

 

Geosynthetic clay liners are commonly manufactured by needle punching a layer of high 

swelling, low hydraulic conductivity clay (typically sodium bentonite) between two geotextiles.  

There are a wide range of GCL products with differing material properties that are designed for 

various GCL applications.  For example, the bentonite can be powdered, fine granular or coarse 

granular, it may contain natural or activated sodium bentonite or have a polymer added to 

improve performance in the presence of cations.  For needle-punched GCLs, the cover geotextile 

is a needle-punched nonwoven geotextile paired with a woven, nonwoven or composite 

woven/nonwoven geotextile and may be thermally treated to fuse the needle-punched fibres to the 

carrier.  The carrier geotextile can also be polymer coated to further decrease the hydraulic 

conductivity.  

 

GCL panels are typically 4.4 m to 4.7 m wide and installed with about 150 mm to 300 mm of 

overlap with the adjacent panels.  Manufacturers’ installation guidelines recommend that the 
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liners be covered by at least 0.3 m, and sometimes 0.5 m, of soil soon after installation (e.g., a 

drainage layer in a landfill), however for operational reasons the composite liner may be left 

exposed for periods ranging from months to years (Thiel et al., 2006). 

 

A composite liner, left without soil cover, will be exposed to solar radiation, which subjects the 

underlying GCL to cycles of wetting and drying.  When a composite liner involving a black 

geomembrane is not covered, solar radiation can heat the geomembrane to up to 70
o
C in south-

eastern Ontario, Canada (Rowe et al., 2012) and in excess of 80
o
C in Texas, USA (Peggs, 2008).  

This causes the underlying GCL to lose moisture to the subgrade and into the airspace between 

the clay liner and the GMB.  As the GMB cools, the evaporated water condenses on the underside 

of the GMB and drops onto the clay liner and run down-slope.  This wetting and drying can occur 

whenever the GMB temperature rises significantly during the day (e.g., on sunny days) and drops 

at night.  This process has been seen to cause desiccation in compacted clay liners (Rowe, 2012) 

and shrinkage of GCL panels (Thiel et al., 2006; Bostwick et al., 2010). Research has shown that 

GCLs used in composite liners exposed to solar radiation may experience shrinkage and, in 

irrecoverable cases, panel separation leaving areas of the subgrade exposed (Koerner & Koerner 

2005a, 2005b; Thiel & Richardson 2005; Thiel et al. 2006; Bostwick et al., 2010; Thiel & Rowe 

2010; Rowe et al, 2011;).  More recently, Take et al. (2014) reported these wetting and drying 

cycles can lead to the formation of erosion channels in the GCL which, in some cases, leave little 

to no bentonite between the cover and the carrier geotextile.  

 

The Queen’s University Environmental Liner Test Site (QUELTS) was constructed in 

southeastern Ontario (Brachman et al, 2007) to monitor the performance of an exposed 

GMB/GCL composite liner.  The objectives of that study were to examine GMB wrinkles and the 

stability of GCL panel overlaps for four different GCL products, installed under as identical 
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conditions as possible, when subjected to daily and seasonal thermal cycles.  Unexpectedly, the 

site also provided the first well documented cases of significant down-slope bentonite erosion for 

a composite liner with a black geomembrane that had been left exposed for almost five years 

(Take et al. 2014; Rowe et al. 2014).   

 

The field observations indicated that bentonite could be completely eroded from some areas of 

the GCL within a year. The erosion resulted in the formation of zones (referred to as erosion 

features) where there was little to no remaining bentonite between the cover and carrier 

geotextiles for all four GCL products examined. The bentonite had been suspended, transported 

and deposited at the base of the side slope and on the bottom liner.  The areas where bentonite 

had been eroded began at local high points in the subgrade where the GCL comes in contact with 

the overlying GMB (i.e., touchdown points for the water to hit the GCL) or at other geometric 

irregularities (e.g., welded seams and wrinkle locations).   

 

The formation and development of these erosion channels was attributed to moisture migration as 

a result of the same thermal cycles that can cause GCL shrinkage.  The GCL would take up 

moisture from the subgrade during cool periods, and on sunny days, when the black 

geomembrane became hot, moisture evaporated from the GCL and accumulated within the 

airspace between the GMB and GCL.  As the GCL cooled, the moisture condensed on the 

underside of the overlying GMB, dropped onto the GCL and ran through the GCL dislodging 

bentonite clay particles and transporting them with the flow of water.   

5.2 Summary of Results 

A testing program was initiated to examine the issue of internal erosion of bentonite from 

geosynthetic clay liners caused by cyclic wetting and drying.  The first stage of the test program 

evaluated whether the erosion of bentonite from GCLs, as was observed at the Queen’s 
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University Environmental Liner Test Site could be reproduced in the laboratory for one particular 

GCL.  The GCL examined was needle-punched with a nonwoven cover geotextile and composite 

woven/nonwoven carrier geotextile, both white in colour.  The GCLs with the white geotextiles 

were the products for which erosion features were most easily observed visually in the field at 

QUELTS.   In the laboratory experiments, the GCL was first subjected to a wet/dry cycle to 

simulate the GCL initially taking up moisture from the subsoil in the field and subsequently 

drying.  Following that, a small stream of deionized water was added on the surface of the GCL 

specimen which was inclined at a 3 horizontal to 1 vertical (3H:1V). 

 

The laboratory experiments were able to reproduce the stages of erosion observed in the field.  

The early erosion (e), erosion (E) and irreversible erosion (E) features were observed using a 

halogen backlight source.  A light-emitting diode (LED) backlight and dark room was used to 

observe the less advanced stages of the erosion process (hydration, desiccation and onset of 

erosion). A comparison of the two backlight sources showed that while onset erosion may be 

present, it may not be visible without the correct lighting conditions. 

 

The laboratory program examined how different factors affected the erosion of internal bentonite 

of a needle-punched GCL with a white cover and carrier geotextile, including the effect of the 

initial wet/dry cycle, water source chemistry, flow rate, slope, prior cation exchange, and the 

effect of no drying phase in the test cycle.   

 

No erosion was observed for specimens that had not experienced the initial wet/dry cycle.  The 

wet/dry cycle prior to the erosion test caused the bentonite granules in an off-the-roll GCL 

specimen to swell and form a gel as it hydrated, then shrink and crack when it was air dried.  

Specimens that had been through an initial wet/dry cycle typically developed an erosion hole 
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within 5 to 6 cycles when tested with deionized water.  The specimens that had not been through 

an initial wet/dry cycle did not develop an erosion hole within 30 cycles. 

 

The chemistry of the water source was critical to the formation of erosion features.  Specimens 

tested with deionized water produced early erosion or erosion features within 5 to 6 cycles 

whereas specimens tested with Kingston tap water did not develop an erosion hole within 360 

cycles.  When the specimens were in a dry state, specimens tested with tap water did show 

evidence of desiccation and widening of cracks, however these cracks healed upon rehydrating.  

Similarly, the specimens that were tested with simulated QUELTS calcium pore water chemistry 

and simulated landfill leachate did not produce any erosion features in the tests conducted.  Thus, 

a relatively low concentration of calcium (39 ppm) in the water appeared to be sufficient to 

substantially reduce the potential for the bentonite particles to erode. 

 

The flow rate did not affect the number of cycles to produce an erosion feature.   However, once 

an erosion feature did develop higher flow rates caused the erosion feature to expand at a faster 

rate. 

 

Comparing the results for specimens tested under otherwise similar conditions on both 3H:1V 

(18
o
) and 33H:1V (2

o
) slopes, slope did not affect the time required to develop an erosion hole.  It 

appears that erosion features will develop as long as there is sufficient movement of evaporative 

water, and a 2
o
 slope was sufficient for this erosion to occur. 

 

The effect of GCL structures on the erosion of bentonite was examined for ten different GCL 

products.  The GCLs were tested with both the carrier and the cover geotextile exposed to the 

water dripping source (i.e., facing up).  It was observed in products containing a woven and 
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nonwoven geotextile (GCL1 and 3) that the water preferentially flowed through the nonwoven 

geotextile, regardless of orientation (tested facing up or down) during testing.  This made it 

difficult to visually identify erosion features when the nonwoven geotextile was placed down 

against the tray. Not only was there little indication that there were areas of thinning bentonite, 

but the hydrated zones and flow paths were also not visually apparent. 

 

The effect of bentonite granularity was eliminated after the initial wet/dry cycle for all specimens 

tested.  The hydration cycle changed the off-the-roll bentonite from a granule or powdered form 

to a gel as it took up moisture and expanded.  Following the hydration, the drying cycle resulted 

in a solid, cracked bentonite sheet structure.  Products containing coarse grained bentonite (GCL3 

and 4), fine grained bentonite (GCL1, 2 and 10) and powdered bentonite (GCL5 and 6) developed 

erosion holes typically within 2 to 6 cycles.   

 

Products with a polypropylene coating on the geotextile (GCL8 and 9) prevented water from 

penetrating the internal bentonite layer when tested with the coated geotextile facing up.  No 

hydration, desiccation or erosion occurred during the testing program in this configuration.  When 

these products were tested with the polymer coating placed down against the tray, erosion 

features developed, as with similar products tested with no coating.  In these tests, when the 

geotextile prevented water from reaching the bentonite layer, the hydration, desiccation and 

erosion of bentonite caused by the flow of water through the geotextile, did not occur. 

5.3 Conclusions 

The test method developed is suitable for simulating the characteristics of erosion features that 

occur with the down-slope movement of bentonite due to the migration of evaporative water in 

the field when a composite liner is left exposed.  The method was used to examine the factors that 

affect this type of erosion such as flow rate, the angle of the slope that the GCL is placed on, the 
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presence of an initial wet/dry cycle, the concentration of calcium in the water source and varying 

material properties of ten GCL products. The erosion problem examined has only been observed 

where the composite liner has been left exposed.  If contractors cover the liner with 0.3 m of 

suitable cover, in a timely manner, as recommended by manufacturers, it is likely that the thermal 

cycles producing the water that cause the erosion features simulated in this chapter would not 

occur and hence the erosion features would not develop.   

 

One important finding from this study is that after the GCL specimens had been subjected to a 

wet/dry cycle, erosion due to the evaporation and condensation of water below an exposed 

composite liner can occur relatively quickly.  The time to develop erosion features in the field 

would depend on site specific conditions.  However, the results of these tests highlight the 

importance of covering the composite liner as soon as possible after installation to reduce the 

likelihood that the GCL will hydrate, dry out and crack from exposure to solar radiation, making 

it susceptible to erosion (and shrinkage).  

 

Another important finding is that the risk of this type of erosion is much smaller for water with 

calcium, even at relatively low concentrations (i.e., tap water at 39 ppm).  The finding suggests 

that the risk of erosion is much higher with evaporative water from exposure of the composite 

liner to heating and cooling cycles.  Typical treated water, groundwater, or leachate are sources of 

water that are far less likely to cause erosion from dripping through a small hole in an overlying 

GMB. 

 

The GCL products containing a polymer enhanced bentonite in GCL products (GCL7 and 9) 

slowed the rate at which erosion features developed.  The chemical bonds that formed from the 

polymer enhancement when the bentonite was hydrated created a stronger bentonite gel which 
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was able to resist the scour of bentonite particles from moving water.  Warning signs of erosion 

did form, such as widened desiccation cracks, which indicate that it is possible an erosion hole 

may form, but over a much longer period. 

 

The findings of this research provide future researchers and product developers with a better 

understanding of the issue of internal erosion of bentonite in a GCL when exposed to solar 

radiation and cyclic heating and cooling.  Through a better understanding of the mechanisms that 

trigger erosion, the identifying features and the effect different material properties have on 

erosion, products can be manufactured and chosen for site specific applications. 

 

5.4 Recommendations for Further Work 

The work done for this thesis is a base for further research.  Primarily, field scale testing of 

different GCL products under different conditions is recommended.  The effect of immediately 

covering the GCL and GMB liner would be of particular interest.  More research is needed on 

whether erosion features will heal when covered and a load applied (i.e., drainage layer or waste 

in a landfill) after an erosion hole has already formed.   

 

Also, more research into the suitability of polymer enhanced bentonite products for applications 

where an exposed composite liner may be subjected to wetting and drying cycles is needed.  The 

increased swelling of the polymer enhanced bentonite raises the question that if the polymer 

enhancement causes greater swelling of the bentonite when in a hydrated state, does it, in turn, 

lead to greater shrinkage when subjected to drying cycles?   
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Appendix A 

Testing Procedure 

A.1 Specimen Preparation 

Specimens, measuring 350 mm in the cross-roll direction and 550 mm in the roll direction, were 

cut from the roll and placed on individual aluminum baking sheets.  Moisture barrier tape (Tuck 

Tape) was wrapped around the top and sides of the specimen to prevent bentonite loss.  For most 

of the specimens, the bottom edge of the cut specimen was sealed by melting the cover and 

carrier geotextiles together using a soldering iron.  A number of specimens tested early in the 

schedule were taped around all sides however this did not affect the results.  A 25 mm border was 

drawn on all sides of each specimen and grid lines were drawn in the transverse and longitudinal 

direction (Figure A-1).  The test area for each specimen measured 300 mm in the cross-roll 

direction and 500 mm in the roll direction. 

 

In most cases, the specimens were taken through an initial wet/dry cycle prior to commencing the 

erosion test.  The specimens were wet with a pre-determined amount of tap water which was 

applied uniformly using an 8.0 L commercial garden sprayer.  The volume of water was selected 

to bring the specimen to a target gravimetric water content of 100% of the dry mass.  After 

wetting, the specimens were left to hydrate for a period of approximately 24 hours to allow the 

moisture content to equilibrate.  During this hydration phase the specimens were covered with 

moisture barrier plastic (Polytarp Supersix) to prevent loss of moisture to the atmosphere.  The 

hydration occurred in a temperature controlled room at 20
o
C.  Following hydration the specimens 

were placed in an oven where they were dried at 60
o
C for approximately 15 hours.  The 

specimens were cooled briefly after being removed from the oven and bolted to the Perspex tray 

(Figure A-2) along the top edge.  The specimens were photographed prior to beginning the 

erosion test.   
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Following this initial wet/dry cycle, the specimens were placed on clear Perspex trays (655 mm 

by 400 mm) and restrained along the top edge using a 25 mm wide clamp which was bolted to the 

tray (Figure A-).  In most cases the trays were inclined at an angle of 3H:1V (18
o
).  For some tests 

the trays were inclined at an angle of 33H:1V (2%).   

 

After the specimens were bolted to the tray, the water outlet tube (50 mm inner diameter) from 

the constant head reservoir was placed along the center longitudinal grid line just below the 

restraint and held in place with Tuck Tape.    

 

Deionized water was held in the storage tanks (denoted A; Figure A-3) and flowed to the 7.2 L 

capacity constant head reservoirs (denoted B).  The flow of deionized water from the constant 

head reservoir to the GCL (denoted C) was controlled to the specified flow rate using two in-line 

needle valves.  One valve was set to the specified flow rate and the second valve was used as the 

daily ‘on/off’ valve.  When the ‘on/off’ valve was open water was able to flow down the GCL 

specimen and was collected along the bottom edge of the Perspex tray and funneled into a 

collection bucket.    

 

The erosion test consisted of a wetting phase and a drying phase.  The ‘on-off’ valve was opened 

during the wetting phase allowing water to flow over the GCL for approximately 8 hours.  The 

‘on-off’ valve was then closed and the flow stopped for 16 hours while the GCL was allowed to 

air dry and lose moisture to the atmosphere (the drying phase).  The flow was restarted after the 

16 hour air drying period, resulting in a total cycle time of 24 hours.   
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A spotlight (250 watt halogen worklight) was placed below the Perspex tray and turned on briefly 

while photographs were taken during the hydration phase of the cycle to track areas of bentonite 

migration. 

 

Figure A-1 Specimen test setup 
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Figure A-2 - Inclined Perspex tray 
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Figure A-3 Laboratory test setup  

showing water tank ('A'), constant head reservoir ('B') and inclined Perspex specimen tray 

('C') 

 

A.2 Variations to the Testing Procedure 

A.2.1 Initial Wet/Dry cycle 

Tests that were run in the virgin off the roll state (i.e. no initial wet/dry cycle) were immediately 

bolted to the Perspex tray and the erosion test started.  These tests were not placed on a baking 

sheet and taken through the wet/dry cycle. 

A.2.3 Water Source 

Tap water was always used during the initial wet/dry cycle however the water source for the 

erosion test varied throughout the testing program.  The water sources tested include deionized 
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water, Kingston tap water, synthetic landfill leachate and synthetic QUELTS pore water calcium 

concentration (Appendix E). 
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Appendix B 

Specimen Test List 

 

Table B-1 Needle-Punched GCLs Tested 

Product Product Cover 

GT
a
 

Carrier 

GT
a
 

Bentonite 

Granularity 

Thermally 

Treated 

NSL GCL1 NW W fine yes 

SRNWL GCL2 NW SRNW fine yes 

ST GCL3 NW W coarse no 

DN GCL4 NW NW  coarse no 

B4000 GCL5 NW SRNW powder no 

NSP4900 GCL6 NW W powder no 

SRNWE GCL7 NW SRNW fine, polymer 

enhanced 

yes 

CNSL GCL8 NW W,P fine Polymer coated 

CNSLE GCL9 NW W,P fine, polymer 

enhanced 

Polymer coated 

SRNWL-60
b
 GCL10 NW SRNW fine yes 

a
 NW = nonwoven, W = woven, SRNW = composite woven/nonwoven, P = polypropylene 

coated 

b
 extra needle punching 
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Table B-2 - Summary of Dry Mass per Unit Area 

Thesis Test 

Number 

Specimen Number Dry Mass 

per Unit 

Area (g/m
2
) 

1 23 4405 

2 24 4696 

3 33 4312 

4 40 3553 

5 65 4945 

6 27 4177 

7 28 4415 

8 1 4364 

9 3 4464 

10 2 4137 

11 21 4103 

12 41 3553 

13 48 4114 

14 49 4052 

15 50 4104 

16 56 4831 

17 4 3765 

18 5 3585 

19 6a 4036 

20 6b 4036 

21 8 5027 

22 9 4638 

23 54 4343 

24 55 4519 

25 52 4322 
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Thesis Test 

Number 

Specimen Number Dry Mass 

per Unit 

Area (g/m
2
) 

26 53 4592 

27 46 4831 

28 47 4390 

29 31 5090 

30 37 4738 

31 36 4945 

32 44 5964 

33 66 5652 

34 51 5034 

35 67 4903 

36 38 5403 

37 59 6358 

38 58 5247 

39 68 5008 

40 29 4966 

41 30 5444 

42 35 3990 

43 43 5101 

44 64 5008 

45 69 5010 

46 32 5090 

47 45 5434 

48 25 4665 

49 26 4613 

50 34 4592 

51 42 4436 
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Table B-3- Summary of Testing Variables 

Thesis 

Test 

Number 

GCL 

Product 

Orientation 

Tested up
a 

Water 

Source
b 

Flow 

Rate 

(L/hr) 

Number 

of cycles 

Number of 

Cycles to 

First 

Erosion 

Hole 

Erosion? 

1 GCL2 NW DI 2 7 5 Yes 

2 GCL2 NW DI 3 10 6 Yes 

3 GCL2 NW DI 1 11 6 Yes 

4 GCL2 NW DI 0.5 9 5 Yes 

5 GCL2 NW DI 1 7 5 Yes 

6 GCL2 SRNW DI 3 10 3 Yes 

7 GCL2 SRNW DI 3 10 8 Yes 

8 GCL2 NW DI 0.9 17 - No 

9 GCL2 NW TAP 0.9 27 - No 

10 GCL2 NW DI 0.5 - 4 14 5 Yes 

11 GCL2 NW DI 0.5 - 4 10 5 Yes 

12 GCL2 NW DI 1 9 5 Yes 

13 GCL2 NW DI 0.2 15 5 Yes 

14 GCL2 NW DI 3 11 6 Yes 

15 GCL2 NW DI 3 15 5 Yes 

16
c 

GCL2 NW DI 1 13 9 Yes 

17 GCL2 NW Tap 0.9 360 - No 

18 GCL2 NW Tap 0.003 113 - No 

19 GCL2 NW Tap 0.012 110 - No 

20 GCL2 NW Tap 1.2 360 - No 

21 GCL2 NW Tap 2 20 - No 

22 GCL2 NW Tap 3 360 - No 

23 GCL2 NW QUELTS 1 45 - No 

24 GCL2 NW QUELTS 1 45 - No 

25 GCL2 NW KVL 1 45 - No 



 

122 

 

Thesis 

Test 

Number 

GCL 

Product 

Orientation 

Tested up
a 

Water 

Source
b 

Flow 

Rate 

(L/hr) 

Number 

of cycles 

Number of 

Cycles to 

First 

Erosion 

Hole 

Erosion? 

26 GCL2 NW KVL 1 45 - No 

27
d 

GCL2 NW DI 3 11 4 Yes 

28
d 

GCL2 NW DI 3 15 8 Yes 

29 GCL1 W DI 3 19 6 Yes 

30 GCL1 W DI 3 16 3 Yes 

31 GCL1 NW DI 3 12 4 Yes 

32 GCL3 W DI 3 9 2 Yes 

33 GCL3 NW DI 3 8 3 Yes 

34 GCL4 NW DI 3 8 4 Yes 

35 GCL4 NW DI 3 9 4 Yes 

36 GCL5 NW DI 3 11 3 Yes 

37 GCL5 SRNW DI 3 6 3 Yes 

38 GCL6 NW DI 3 7 6 Yes 

39 GCL6 W DI 3 8 5 Yes 

40 GCL7 NW DI 3 60 - No 

41 GCL7 NW DI 3 45 - No 

42 GCL7 NW DI 3 28 - No 

43 GCL7 SRNW DI 3 35 - No 

44 GCL8 NW DI 3 5 2 Yes 

45 GCL8 W, P DI 3 30 - No 

46 GCL9 W,P DI 3 60 - No 

47 GCL9 NW DI 3 60 - No 

48 GCL10 NW DI 3 9 6 Yes 

49 GCL10 NW DI 3 5 3 Yes 

50 GCL10 NW DI 3 5 3 Yes 

51 GCL10 SRNW DI 3 26 5 Yes 
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a
 NW = nonwoven, W = woven, SRNW = composite woven/nonwoven, P = polypropylene 

coating 

b
 DI = deioniozed water, TAP = Kingston tap water, KVL = synthetic landfill leachate, QUELTS 

= synthetic Queen’s University Environmental Liner Test Site calcium pore water 

c
 Test with no drying phase 

d
 exhumed QUELTS side slope specimens 
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Appendix C 

Summary of GCL2 Specimens Tested and Corresponding Time Lapse 

Photography 

C.1 Photographs of virgin off-the-roll specimens of GCL2 

 

Figure C-1 - GCL 2 (virgin ‘off-the-roll’ specimen) (NW up) up tested with deionized water 

shown at (a) cycle 17, and (b)the narrow flow path running over GCL (Specimen 1).  Each 

grid is 75mm wide by 125 mm long 
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Figure C-2 - GCL 2 (virgin ‘off-the-roll’ specimen) (NW up) tested with Kingston tap water 

showing narrow flow path and no absorption (Specimen 3) 
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C.2 Photographs of GCL 2 specimens tested after one initial wet/dry cycle 

 

Figure C-3 - GCL 2  (with initial wet/dry cycle) nonwoven geotextile up run with deionized 

water shown at (a) cycle 5 and (b) with a halogen backlight after cycle 8 (Specimen 2) 
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Figure C-4 - GCL 2 nonwoven geotextile up tested with deionized water shown at (a) cycle 1 

(b) cycle 2 (c) cycle 3 and (d) cycle 5 (Specimen 21) 

 

 

 

Figure C-5 - GCL 2 nonwoven geotextile up tested with deionized water shown at (a) cycle 1 

(b) cycle 4 (c) cycle 6 and (d) cycle 9 (Specimen 23) 
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Figure C-6 - GCL 2 nonwoven geotextile up tested with deionized water shown at (a) cycle 1 

(b) cycle 6 (c) cycle 8 and (d) cycle 10 (Specimen 24) 

 

 

 

Figure C-7 - GCL 2 scrim geotextile up tested with deionized water shown at (a) cycle 1 (b) 

cycle 3 (c) cycle 6 and (d) cycle 10 (Specimen 27) 
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Figure C-8 - GCL 2 scrim geotextile up tested with deionized water shown at (a) cycle 1 (b) 

cycle 4 (c) cycle 6 and (d) cycle 8 (Specimen 28) 

 

 

 

Figure C-9 - GCL 2 nonwoven geotextile up tested with deionized water (3 L/hr) shown at 

(a) cycle 1 (b) cycle 6 (c) cycle 8 and (d) cycle 11 (Specimen 33) 
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Figure C-10 - GCL 2 nonwoven geotextile up tested with deionized water (0.5 L/hr) shown 

at (a) cycle 1 (b) cycle 5 (c) cycle 7 and (d) cycle 9 (Specimen 40) 

 

 

 

Figure C-11 - GCL 2 nonwoven geotextile up tested with deionized water (01 L/hr) shown at 

(a) cycle 1 (b) cycle 5 (c) cycle 7 and (d) cycle 9 (Specimen 41) 



 

131 

 

 

Figure C-12 - GCL 2 nonwoven geotextile up tested with deionized water (0.2 L/hr) shown 

at (a) cycle 1 (b) cycle 6 (c) cycle 10 and (d) cycle 16 (Specimen 48) 

 

 

 

Figure C-13 - GCL 2 nonwoven geotextile up tested with deionized water (3 L/hr, 33H:1V) 

shown at (a) cycle 1 (b) cycle 5 (c) cycle 8 and (d) cycle 10 (Specimen 49) 
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Figure C-14 - GCL 2 nonwoven geotextile up tested with deionized water (3 L/hr, 33H:1V) 

shown at (a) cycle 1 (b) cycle 6 (c) cycle 11 and (d) cycle 15 (Specimen 50) 

 

 

 

Figure C-15 - GCL 2 nonwoven geotextile up tested with deionized water (1 L/hr, no drying 

phase) shown at (a) cycle 1 (b) cycle 7 (c) cycle 11 and (d) cycle 13 (Specimen 56) 
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Figure C-16 - GCL 2 nonwoven geotextile up tested with deionized water (1 L/hr, LED 

backlight) shown (a) before cycle 1 (b) after cycle 1 (c) after cycle 3 (d) before cycle 4, and 

(e) after cycle 5 (Specimen 65) 

 

 

 

Figure C-17 - GCL 2 nonwoven geotextile up tested with Kingston tap water (0.9 L/hr) 

shown at (a) cycle 1 (b) cycle 50 (c) cycle 180 and (d) cycle 360 (Specimen 4) 
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Figure C-18 - GCL 2 nonwoven geotextile up tested with Kingston tap water (0.003 L/hr) 

shown at (a) cycle 1 (b) cycle 48 (Specimen 5) 

 

 

 

Figure C-19 - GCL 2 nonwoven geotextile up tested with Kingston tap water (0.012 L/hr) 

shown at (a) cycle 1 (b) cycle 50 (Specimen 6a) 

 



 

135 

 

 

Figure C-20 - GCL 2 nonwoven geotextile up tested with Kingston tap water (1.2 L/hr) 

shown at (a) cycle 100 (b) cycle 360 (Specimen 6b) 

 

 

 

Figure C-21 - GCL 2 nonwoven geotextile up tested with Kingston tap water (1 L/hr) shown 

at (a) cycle 1 (b) cycle 10 (Specimen 8) 
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Figure C-22 - GCL 2 nonwoven geotextile up tested with Kingston tap water (1 L/hr) shown 

at (a) cycle 1 (b) cycle 20 (c) cycle 180 and (d) cycle 360 (Specimen 9) 

 

 

 

Figure C-23 - GCL 2 nonwoven geotextile up tested with synthetic landfill leachate (1 L/hr) 

shown at (a) cycle 1 (b) cycle 12 (c) cycle 18 and (d) cycle 30 (Specimen 52) 
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Figure C-24 - GCL 2 nonwoven geotextile up tested with synthetic landfill leachate (1 L/hr) 

shown at (a) cycle 1 (b) cycle 12 (c) cycle 18 and (d) cycle 30 (Specimen 53) 

 

 

 

Figure C-25 - GCL 2 nonwoven geotextile up tested with simulated QUELTS pore water 

calcium concentration (1 L/hr) shown at (a) cycle 1 (b) cycle 6 (c) cycle 12 and (d) cycle 26 

(Specimen 54) 
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Figure C-26 - GCL 2 nonwoven geotextile up tested with simulated QUELTS pore water 

calcium concentration (1 L/hr) shown at (a) cycle 1 (b) cycle 6 (c) cycle 12 and (d) cycle 26 

(Specimen 55) 

 

 

 

Figure C-27 - GCL 2 nonwoven geotextile up (exhumed from QUELTS side slope) tested 

with deionized water (3 L/hr) shown at (a) cycle 1 (b) cycle 4 (c) cycle 7 and (d) cycle 10 

(Specimen 46) 
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Figure C-28 - GCL 2 nonwoven geotextile up (exhumed from QUELTS side slope) tested 

with deionized water (3 L/hr) shown at (a) cycle 1 (b) cycle 5 (c) cycle 9 and (d) cycle 12 

(Specimen 47) 
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Appendix D 

Photographs of GCL Specimens 

D.1 Photographs of specimens of GCL1, GCL3, GCL4, GCL5, GCL6, GCL7, 

GCL8, GCL9 and GCL10 

 

All products were tested with deionized water at a slope of 3 horizontal to 1 vertical, unless 

otherwise indicated. 
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Figure D-1 – GCL 1 woven geotextile up shown at (a) cycle 1 (b) cycle 6 (c) cycle 8 and (d) 

cycle 19 (Test 29, specimen 31) 

 

 

 

Figure D-2 – GCL 1 woven geotextile up shown at (a) cycle 1 (b) cycle 4 (c) cycle 9 and (d) 

cycle 15 (Test 30, specimen 37) 
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Figure D-3 – GCL 1 nonwoven geotextile up shown at (a) cycle 1 (b) cycle 4 (c) cycle 8 and 

(d) cycle 12 (Test 31, specimen 36) 

 

 

 

Figure D-4 – GCL 3 woven geotextile up shown at (a) cycle 1 (b) cycle 3 (c) cycle 7 and (d) 

cycle 9 (Test 32, specimen 44) 
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Figure D-5 – GCL 4 nonwoven (cover) geotextile up shown at (a) cycle 1 (b) cycle 4 (c) cycle 

6 and (d) cycle 8 (with LED backlight) (Test 34, specimen 51) 

 

 

 

Figure D-6 – GCL 5 nonwoven geotextile up shown at (a) cycle 1 (b) cycle 4 (c) cycle 6 and 

(d) cycle 9 (Test 36, specimen 38) 
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Figure D-7 – GCL 5 Scrim reinforced nonwoven geotextile up shown at (a) cycle 1 (b) cycle 

3 (c) cycle 5 and (d) cycle 6 (Test 37, specimen 59) 

 

 

 

Figure D-8 – GCL 6 nonwoven geotextile up shown at (a) cycle 1 (b) cycle 3 (c) cycle 5 and 

(d) cycle 7 (Test 38, specimen 58) 
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Figure D-9 – GCL 7 nonwoven geotextile up shown at (a) cycle 1 (b) cycle 18 (c) cycle 32 

and (d) cycle 45 (Test 40, specimen 29) 

 

 

 

Figure D-10 – GCL 7 nonwoven geotextile up shown at (a) cycle 1 (b) cycle 24 (c) cycle 38 

and (d) cycle 45 (Test 41, specimen 30) 
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Figure D-11 – GCL 7 nonwoven geotextile up shown at (a) cycle 1 (b) cycle 10 (c) cycle 20 

and (d) cycle 28 (Test 42, specimen 35) 

 

 

 

Figure D-12 – GCL 7 composite woven/nonwoven geotextile up shown at (a) cycle 1 (b) cycle 

5 (c) cycle 12 and (d) cycle 30 (Test 43, specimen 43) 
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Figure D-13 – GCL 8 nonwoven geotextile up shown at (a) cycle 1 (b) cycle 3 (c) cycle 4 and 

(d) cycle 5 (Test 44, specimen 64) 

 

 

 

Figure D-14 – GCL 9 polymer coated geotextile up shown at (a) cycle 1 (b) cycle 10 (c) cycle 

20 and (d) cycle 30 (Test 46, specimen 32) 
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Figure D-15 – GCL 9 nonwoven geotextile up shown at (a) cycle 1 (b) cycle 10 (c) cycle 20 

and (d) cycle 45 (Test 47, specimen 45) 

 

 

 

Figure D-16 – GCL 10 nonwoven geotextile up shown at (a) cycle 1 (b) cycle 4 (c) cycle 6 

and (d) cycle 9 (Test 48, specimen 25) 
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Figure D-17 – GCL 10 nonwoven geotextile up shown at (a) cycle 1 (b) cycle 3 (c) cycle 4 

and (d) cycle 5 (Test 49, specimen 26) 

 

 

 

Figure D-18 – GCL 10 nonwoven geotextile up shown at (a) cycle 1 (b) cycle 3 (c) cycle 4 

and (d) cycle 5 (Test 50, specimen 34) 
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Figure D-19 – GCL 10 composite woven/nonwoven geotextile up shown at (a) cycle 1 (b) 

cycle 10 (c) cycle 15 and (d) cycle 25 (Test 51, specimen 42) 

 

 

  



 

151 

 

Appendix E 

Water Chemistry 

A chemical analysis of the water, with the concentrations of common constituents is included 

below.  The analysis was performed by the Analytical Services Unit (ASU) at Queen’s 

University.  Results 

E.1 Water Chemistry Analysis of Kingston Tap Water and Deionized Water 

Table E-1 Kingston Tap Water and Deionized Water Chemical Analysis* 

Sample Kingston Tap Water Deionized Water 

Ag <0.01 <0.01 

Al <1.0 <1.0 

As <0.03 <0.03 

B <1.0 <1.0 

Ba <0.05 <0.05 

Be <0.01 <0.01 

Ca 39.2 0.33 

Cd <0.025 <0.025 

Co <0.02 <0.02 

Cr <0.04 <0.04 

Cu <0.2 <0.2 

Fe <0.05 <0.05 

K 2.4 0.55 

Mg 9.5 <0.05 

Mn <0.05 <0.05 
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Sample Kingston Tap Water Deionized Water 

Mo <0.05 <0.05 

Na 18.6 1.6 

Ni <0.3 <0.3 

P <1.0 <1.0 

Pb <0.03 <0.03 

S 12.3 <1.0 

Sb <0.1 <0.1 

Se <0.1 <0.1 

Sn <0.01 <0.01 

Sr 0.2 <0.01 

Ti <0.01 <0.01 

Tl <0.025 <0.025 

U <0.2 <0.2 

V <0.02 <0.02 

Zn 0.44 0.01 

*Tests performed by Mohamed Hosney, Queen’s University 
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Table E-2 Synthetic Landfill Leachate Composition 

 Chemical Concentration (mg/L) 

Sodium Hydrogen Carbonate 3.012 

Calcium Chloride 2.882 

Magnesium Chloride 3.114 

Magnesium Sulfate Heptahydrate 0.319 

Ammonium Hydrogen Carbonate 2.439 

Urea 0.695 

Sodium Nitrate 0.05 

Potassium Carbonate 0.324 

Potassium Hydrogen Carbonate 0.312 

Potassium dihydrogenphosphate 0.03 

Main Components Concentration (mL/L) 

Sodium Hydroxide (15M) -> pH6 - 

Sodium Sulphide nonahydrate (3% w/v) -> eH~-120 mV 0.68182 

Igepal CA720 5 

H2SO4 to adjust pH ~6 0.7 

 

 

 

 


