
FIELD PERFORMANCE OF EXPOSED GEOSYNTHETIC 

COMPOSITE LINER SYSTEMS 
 

 

 

 

by 

Amy Kathleen Rentz 

 

 

 

 

 

A thesis submitted to the Department of Civil Engineering 

In conformity with the requirements for 

the degree of Doctor of Philosophy 

 

 

 

 

Queen’s University 

Kingston, Ontario, Canada 

(June, 2015) 

 

Copyright ©Amy Kathleen Rentz, 2015 



Abstract 

Geosynthetic clay liners (GCL) overlain by a geomembrane (GMB) in a geosynthetic 

composite liner system in landfill liner and other waste containment applications can be 

left exposed for weeks, months, or in some extreme cases, even years. Three known 

consequences of leaving a GMB-GCL composite liner system uncovered, namely 

geomembrane wrinkling, GCL panel shrinkage, and more recently down-slope erosion of 

bentonite from a GCL are investigated in a second field experiment at the Queen’s 

University Environmental Liner Test Site (QUELTS II). 

Wrinkles were quantified for black and high albedo white high-density 

polyethylene geomembranes (both smooth and textured). Relative to the black 

geomembrane, wrinkles in the white geomembrane formed later in the morning and 

reduced sooner in the evening. Wrinkles in the white geomembrane relative to the black 

were less frequent, smaller in height, and had much shorter maximum interconnected 

lengths. 

GCL panel shrinkage and solar-driven down-slope bentonite erosion were 

quantified for four GCLs (two powdered bentonite GCLs, one polymer enhanced 

bentonite GCL, and one multicomponent GCL with a polymer coating installed coating 

up) left covered only by a black geomembrane, and for one GCL (containing fine-grained 

granular bentonite) left covered by a black geomembrane, white geomembrane, or 0.3 m 

of gravel cover. 

All GCLs experienced some overlap reduction except the GCL covered by gravel, 

although no loss of panel overlap occurred during 28 months of monitoring. If immediate 
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cover is not possible, the choice of GCL type and the use of a white geomembrane can 

result in slower shrinkage rates. 

  In addition to timely covering, GCL selection can reduce bentonite susceptibility 

to down-slope erosion. The polymer coated GCL (coating up) was found to be the most 

resistant to down-slope erosion, while the polymer enhanced and powdered bentonite 

GCLs were all far more resistant to erosion than the fine-grained granular bentonite GCL, 

although no erosion features with bentonite loss were detected on any GCL within the 

first seven weeks of exposure following the May 2012 construction. The use of a white 

geomembrane reduces the thermal effects on the composite liner, but ultimately did not 

prevent solar-driven down-slope bentonite erosion. 

 

 

iii 

 



Co-Authorship 

Chapter 2: Comparison of wrinkles in white and black HDPE geomembranes 

A.K. Rentz, R.W.I. Brachman, W.A. Take, and R.K. Rowe  

Contributions: 

A.K. Rentz, R.W.I. Brachman, W.A. Take and R.K. Rowe conceived the wrinkle study. 

All authors participated in designing and constructing the field test site with insight and 

input from the industry partners. 

A.K. Rentz: collected field data; processed data using MATLAB code developed by 

W.A. Take; analyzed and interpreted the data; performed laboratory tests on 

geomembrane samples; outlined the chapter; made the figures for the chapter; wrote the 

first draft of the chapter; assisted in editing the chapter. 

R.W.I. Brachman: assisted in analyzing and interpreting the data; assisted in outlining the 

chapter; assisted in writing the chapter; edited the chapter. 

W.A. Take: assisted in collecting field data; developed a MATLAB code; reviewed the 

final draft of the chapter. 

R.K. Rowe: assisted in collecting field data; reviewed the final draft of the chapter. 

 

Chapter 3: Classification and quantification of down-slope erosion from a GCL  

when covered only by a black geomembrane 

R.W.I. Brachman, A.K. Rentz, R.K. Rowe, and W.A. Take 

Published in the Canadian Geotechnical Journal, (2015), Volume 52: 1-18. 

Contributions: 

A.K. Rentz, R.W.I. Brachman, W.A. Take and R.K. Rowe conceived the erosion study. 

All authors participated in designing and constructing the field test site with insight and 

input from the industry partners. All authors developed the erosion classification system. 

iv 

 



R.W.I. Brachman: assisted in developing field inspection method; assisted in collecting 

field data; assisted in analyzing and interpreting the data; assisted in outlining the journal 

paper; assisted in writing the paper; edited the paper. 

A.K. Rentz: assisted in developing field inspection method; manufactured the field 

inspection method equipment; coordinated and managed field inspections; collected field 

data; processed the data; interpreted the data; performed laboratory tests on GCL and soil 

samples; outlined the journal paper; made the figures for the journal paper; wrote the first 

draft of the journal paper; assisted in editing the paper. 

R.K. Rowe: assisted in collecting field data; assisted in analyzing and interpreting the 

data; reviewed the final draft of the journal paper. 

W.A. Take: assisted developing field inspection method; assisted in collecting field data; 

assisted in analyzing and interpreting the data; reviewed the final draft of the journal 

paper. 

 

Chapter 4: Effect of geomembrane colour and cover soil on solar-driven down-slope 

bentonite erosion from a GCL 

A.K. Rentz, W.A. Take, R.W.I. Brachman, and R.K. Rowe 

Submitted to, Geosynthetics International, in review.  

Contributions: 

A.K. Rentz, R.W.I. Brachman, W.A. Take and R.K. Rowe conceived the erosion study. 

All authors participated in designing and constructing the field test site with insight and 

input from the industry partners.  

A.K. Rentz: assisted in developing field inspection method; manufactured the field 

inspection method equipment; coordinated and managed field inspections; collected field 

data; processed the data; interpreted the data; performed laboratory tests on GCL and soil 

samples; outlined the journal paper; made the figures for the journal paper; wrote the first 

draft of the journal paper; assisted in editing the paper. 

v 

 



W.A. Take: assisted in collecting field data; assisted in analyzing and interpreting the 

data; assisted in outlining the journal paper; assisted in writing the journal paper; edited 

the paper. 

R.W.I. Brachman: assisted in collecting field data; assisted in analyzing and interpreting 

the data; assisted in outlining the journal paper; reviewed the final draft of the journal 

paper. 

R.K. Rowe: assisted in collecting field data; assisted in analyzing and interpreting the 

data; reviewed the final draft of the journal paper. 

 

Chapter 5: Effect of GCL type on down-slope erosion of bentonite from a GCL in 

an exposed composite liner: QUELTS II observations 

R.K. Rowe, A.K. Rentz, R.W.I. Brachman, and W.A. Take 

Contributions: 

A.K. Rentz, R.W.I. Brachman, W.A. Take and R.K. Rowe conceived the erosion study. 

All authors participated in designing and constructing the field test site with insight and 

input from the industry partners.  

R.K. Rowe: assisted in collecting field data; assisted in analyzing and interpreting the 

data; assisted in outlining the chapter; assisted in writing the chapter; edited the chapter. 

A.K. Rentz: assisted in developing field inspection method; manufactured the field 

inspection method equipment; coordinated and managed field inspections; collected field 

data; processed the data; interpreted the data; performed laboratory tests on GCL and soil 

samples; outlined the chapter; made the figures for the chapter; wrote the first draft of the 

chapter; assisted in editing the chapter. 

R.W.I. Brachman: assisted in collecting field data; assisted in analyzing and interpreting 

the data; assisted in outlining the chapter; reviewed the final draft of the chapter. 

W.A. Take: assisted in collecting field data; assisted in analyzing and interpreting the 

data; reviewed the final draft of the chapter. 

vi 

 



 

Chapter 6: Field observed GCL panel shrinkage for five GCLs left covered only by 

a black geomembrane  

A.K. Rentz, R.W.I. Brachman, R.K. Rowe, and W.A. Take  

Contributions: 

A.K. Rentz, R.W.I. Brachman, W.A. Take and R.K. Rowe conceived the shrinkage study. 

All authors participated in designing and constructing the field test site with insight and 

input from the industry partners.  

A.K. Rentz: coordinated and managed field inspections; collected field data; processed 

the data; interpreted the data; performed laboratory tests on GCL and soil samples; 

outlined the chapter; made the figures for the chapter; wrote the first draft of the chapter; 

assisted in editing the chapter. 

R.W.I. Brachman: assisted in collecting field data; assisted in analyzing and interpreting 

the data; assisted in outlining the chapter; assisted in writing the chapter; edited the 

chapter. 

R.K. Rowe: assisted in collecting field data; reviewed the final draft of the chapter. 

W.A. Take: assisted in collecting field data; reviewed the final draft of the chapter. 

 

vii 

 



Acknowledgements 

First, I would like to thank my professors, Richard Brachman, Kerry Rowe and Andy 

Take for their incredible support and guidance. It has been an honour. I am truly blessed 

to have had the opportunity to work with three successful, talented researchers who are 

world renowned in their field. All three of you have taught me so much over the past few 

years and for that I thank you. 

Next I would like to thank Lauren Ashe, Mohamed Hosney, Prabeen Joshi, Josh 

Potvin, and many others who willingly gave their time to assist me in the field and in the 

laboratory. I would also like to thank the amazing administrative staff and lab technicians 

of Ellis Hall for their help along the way. 

I would also like to thank the funding sponsors and industry partners involved in 

this project, without whom this research would not be possible. Funding for this work 

was provided by the Natural Science and Engineering Research Council of Canada 

(NSERC). This project was also financially supported by GSE Inc., Naue GmbH & Co. 

KG, TAG Environmental Inc., and Terrafix Environmental Technologies Inc., and 

Terrafix Geosynthetics Inc. with the test site built on land owned by Cruickshank 

Construction Ltd.   

Finally, on a personal note, I would like to thank my friends and family. To my 

parents: I am so grateful to have you in my life. You have been the most amazing parents 

anyone could ever ask for, supporting me whole heartedly in every decision I have made 

and for that I am eternally grateful. I can truly say that I would not be where I am today 

without your love and unwavering support. To my friends: thank you for being a shoulder 

viii 

 



to lean on and for always being there to pick me up when I was down. I couldn’t have 

done it without you.  

To all of you in my corner, thanks for believing in me. 

ix 

 



Statement of Originality 

I hereby certify that all of the work described within this thesis is the original work of the 

author.  Any published (or unpublished) ideas and/or techniques from the work of others 

are fully acknowledged in accordance with the standard referencing practices. 

 

Amy Kathleen Rentz 

June, 2015 

x 

 



Table of Contents 

Abstract .............................................................................................................................. ii 

Co-Authorship .................................................................................................................. iv 

Acknowledgements ........................................................................................................ viii 

Statement of Originality ................................................................................................... x 

List of Figures ................................................................................................................ xvii 

List of Tables .............................................................................................................. xxviii 

List of Abbreviations .................................................................................................... xxx 

List of Symbols ............................................................................................................ xxxii 

Glossary ...................................................................................................................... xxxiii 

Chapter 1 Introduction..................................................................................................... 1 

1.1 General ...................................................................................................................... 1 

1.2 Problem definition ..................................................................................................... 2 

1.3 Method ...................................................................................................................... 4 

1.4 Thesis outline and objectives .................................................................................... 5 

1.5 Original contributions ............................................................................................... 8 

1.6 References ............................................................................................................... 10 

Chapter 2 Comparison of wrinkles in white and black HDPE geomembranes ........ 16 

2.1 Introduction ............................................................................................................. 16 

2.2 Details ...................................................................................................................... 18 

2.2.1 Test site ............................................................................................................. 18 

2.2.2 Materials ........................................................................................................... 19 

2.2.3 Boundary conditions ......................................................................................... 20 

2.3 Thermal exposure .................................................................................................... 20 

2.4 Typical wrinkles ...................................................................................................... 23 

2.5 White versus black geomembrane wrinkling .......................................................... 25 

2.5.1 Aerial images .................................................................................................... 25 

2.5.2 Identified significant wrinkles (line drawings) ................................................. 26 

2.5.3 Wrinkle quantification ...................................................................................... 27 

2.5.4 Wrinkle dimensions........................................................................................... 31 

xi 

 



2.5.5 Effect of textured surface and slope ................................................................. 33 

2.6 Conclusions ............................................................................................................. 35 

2.7 References ............................................................................................................... 37 

Chapter 3 Classification and quantification of down-slope erosion from a GCL 

when covered only by a black geomembrane ............................................................... 57 

3.1 Introduction ............................................................................................................. 57 

3.2 Method .................................................................................................................... 59 

3.2.1 Site details ........................................................................................................ 59 

3.2.2 Light panel method ........................................................................................... 62 

3.3 Classification system of erosion .............................................................................. 65 

3.3.1 Approach .......................................................................................................... 65 

3.3.2 Features with no bentonite loss ........................................................................ 65 

3.3.3 Self-healing properties of a GCL...................................................................... 67 

3.3.4 Features with bentonite loss that likely will self-heal ...................................... 70 

3.3.5 Features with bentonite loss where self-healing is uncertain .......................... 71 

3.3.6 Features with bentonite loss that likely will not self-heal ................................ 71 

3.4 Quantification of erosion for a GCL beneath a black geomembrane ...................... 72 

3.4.1 Procedure ......................................................................................................... 72 

3.4.2 Up to 3.5 months exposure ............................................................................... 73 

3.4.3 After 6 months exposure ................................................................................... 75 

3.4.4 After 1 year exposure ........................................................................................ 76 

3.5 Summary and conclusions ....................................................................................... 80 

3.6 References ............................................................................................................... 84 

Chapter 4 Effect of geomembrane colour and cover soil on solar-driven down-slope 

bentonite erosion from a GCL ..................................................................................... 110 

4.1 Introduction ........................................................................................................... 110 

4.2 Method .................................................................................................................. 113 

4.2.1 Site description ............................................................................................... 113 

4.2.2 Instrumentation ............................................................................................... 115 

4.3 Thermal exposure of test sections ......................................................................... 116 

4.3.1 Exposure during liner installation and covering of Section 1 ........................ 116 

xii 

 



4.3.2 Seasonal variation in thermal exposure ......................................................... 118 

4.4 Moisture cycles due to thermal exposure .............................................................. 121 

4.5 Quantification of erosion ....................................................................................... 123 

4.5.1 Section 1 (cover) ............................................................................................. 126 

4.5.2 Section 2 (exposed white geomembrane) versus Section 3 (exposed black 

geomembrane) ......................................................................................................... 126 

4.5.2.1 Up to 6 months exposure.......................................................................... 126 

4.5.2.2 After 12 months exposure......................................................................... 128 

4.5.2.3 After 15 months exposure......................................................................... 129 

4.6 Summary and conclusions ..................................................................................... 131 

4.7 References ............................................................................................................. 135 

Chapter 5 Effect of GCL type on down-slope erosion of bentonite from a GCL in an 

exposed composite liner: QUELTS II observations ................................................... 158 

5.1 Introduction ........................................................................................................... 158 

5.2 Site description ...................................................................................................... 160 

5.3 Erosion inspection method, classification, and quantification with time .............. 163 

5.4 GCL5 and GCL6 with powdered bentonite below a black geomembrane ........... 167 

5.4.1 First 6 months exposure ................................................................................. 167 

5.4.2 After 12 months exposure ............................................................................... 168 

5.4.3 After 15 months exposure ............................................................................... 169 

5.4.4 After 28 months exposure ............................................................................... 171 

5.5 Polyacrylamide enhanced bentonite (GCL7) below a black geomembrane ......... 171 

5.5.1 First 15 months exposure ............................................................................... 171 

5.5.2 After 28 months exposure ............................................................................... 173 

5.6 Polypropylene coated GCL8 placed with coating facing up below a black 

geomembrane .............................................................................................................. 175 

5.6.1 Up to 28 months exposure .............................................................................. 175 

5.7 Relative humidity at GMB-GCL air gap for GCL2 and GCL8 ............................ 176 

5.8 Quantification of erosion for a fine-grained bentonite GCL beneath a white and a 

black geomembrane after 28 months exposure ........................................................... 178 

5.8.1 Up to 15 months exposure .............................................................................. 178 

xiii 

 



5.8.2 After 28 months exposure ............................................................................... 179 

5.9 Summary and conclusions ..................................................................................... 181 

5.10 References ........................................................................................................... 184 

Chapter 6 Field observed GCL panel shrinkage for five GCLs left covered only by a 

black geomembrane ...................................................................................................... 205 

6.1 Introduction ........................................................................................................... 205 

6.2 Method .................................................................................................................. 207 

6.2.1 Site description ............................................................................................... 207 

6.2.2 Materials ......................................................................................................... 207 

6.2.3 Measurement of overlap reduction ................................................................. 209 

6.3 Thermal exposure of test Sections 1 – 3 ............................................................... 210 

6.4 Shrinkage for GCL2 (up to 15 months) ................................................................ 212 

6.4.1 GCL2 beneath a black geomembrane ............................................................ 212 

6.4.2 GCL2 beneath a white geomembrane ............................................................ 215 

6.4.3 GCL2 beneath 0.3 m of gravel cover .............................................................. 218 

6.5 Effect of GCL type on shrinkage (up to 15 months) ............................................. 219 

6.5.1 Powdered bentonite GCLs 5 and 6 beneath a black geomembrane ............... 219 

6.5.2 Polyacrylamide enhanced bentonite GCL7 beneath a black geomembrane .. 221 

6.5.3 Polypropylene coated GCL8 (coating facing up) beneath a black geomembrane

 ................................................................................................................................. 222 

6.6 Shrinkage after 28 months exposure ..................................................................... 224 

6.6.1 On the slope .................................................................................................... 224 

6.6.2 On the base ..................................................................................................... 225 

6.7 QUELTS I versus QUELTS II shrinkage results .................................................. 228 

6.8 Summary and conclusions ..................................................................................... 231 

6.9 References ............................................................................................................. 234 

Chapter 7 Conclusions and recommendations ........................................................... 256 

7.1 General .................................................................................................................. 256 

7.2 Summary and conclusions ..................................................................................... 257 

7.2.1 Chapter 2: Comparison of wrinkles in white and black HDPE geomembranes

 ................................................................................................................................. 257 

xiv 

 



7.2.2 Chapter 3: Classification and quantification of down-slope erosion from a 

GCL when covered only by a black geomembrane ................................................. 257 

7.2.3 Chapter 4: Effect of geomembrane colour and cover soil on solar-driven down-

slope bentonite erosion from a GCL ........................................................................ 258 

7.2.4 Chapter 5: Effect of GCL type on down-slope erosion of bentonite from a GCL 

in an exposed composite liner: QUELTS II observations ....................................... 260 

7.2.5 Chapter 6: Field observed GCL panel shrinkage for five GCLs left covered 

only by a black geomembrane ................................................................................. 261 

7.3 Practical implications ............................................................................................ 263 

7.4 Recommendations for future work ........................................................................ 264 

7.5 References ............................................................................................................. 268 

Appendix A Supplemental material for Chapter 2 (Comparison of wrinkles in white 

and black HDPE geomembranes)................................................................................ 270 

Appendix A.1 Initial properties of geomembrane products tested at QUELTS II ...... 271 

Appendix A.2 Aerial images of wrinkle patterns on August 18th, 2012 of black and 

white smooth geomembrane base sections .................................................................. 274 

Appendix A.3 All wrinkle assessments, completed by hand, of significant wrinkles on 

August 18th and 24th, 2012 for the black and white smooth geomembrane base sections

 ..................................................................................................................................... 280 

Appendix A.4 Summary table of all wrinkle assessments, completed by hand, of 

significant wrinkles on August 18th and 24th, 2012 for the black and white smooth 

geomembrane base sections ........................................................................................ 295 

Appendix B Supplemental material for Chapters 3, 4 and 5 (Chapter 3: 

Classification and quantification of down-slope erosion from a GCL when covered 

only by a black geomembrane), (Chapter 4: Effect of geomembrane colour and 

cover soil on solar-driven down-slope bentonite erosion from a GCL)                                                                       

(Chapter 5: Effect of GCL type on down-slope erosion of bentonite from a GCL in 

an exposed composite liner: QUELTS II observations) ............................................ 298 

Appendix B.1 Aerial images of GCL surface streaking on slope and base of all test 

sections during field inspections ................................................................................. 299 

Appendix B.2 Procedure for capturing light panel photos in the field ....................... 306 

xv 

 



Appendix B.3 Laboratory versus field results for down-slope bentonite erosion ....... 311 

Appendix B.4 The effects of dry sieving versus wet sieving on soil characterization and 

spatial variability of soil properties across one particular test site (QUELTS II) ....... 317 

Appendix C Supplemental material for Chapter 6 (Field observed GCL panel 

shrinkage for five GCLs left covered only by a black geomembrane) ..................... 323 

Appendix C.1 Method for determining tolerance of overlap reduction hand 

measurements in the field ............................................................................................ 324 

Appendix C.2 Panel overlap reduction for all overlaps monitored, measured every two 

metres during each field inspection ............................................................................. 326 

Appendix C.3 Maximum overlap reduction on all base sections during each field 

inspection .................................................................................................................... 333 

  

  

xvi 

 



List of Figures 

Figure 2.1. Photograph of a wrinkle (approximately 65 mm high and 400 mm wide) in a 

black HDPE smooth geomembrane (GMB). ................................................. 42 

Figure 2.2. Photograph looking north at Queen’s University Environmental Liner Test 

Site II (QUELTS II) showing white geomembrane test Section 2 and black 

geomembrane test Section 3, taken June 28th at 8:18, air temperature 20˚C, 

white geomembrane 25˚C, black geomembrane 40˚C. .................................. 43 

Figure 2.3.  (a) North-south cross section (A-A), (b) plan view and (c) east-west cross-

section (B-B) of test Sections 2 and 3 at QUELTS II. ................................... 44 

Figure 2.4. Site conditions varying with time of day on Aug. 18th and 24th 2012 including: 

(a) air temperature, (b) solar radiation, (c) geomembrane surface temperature 

and (d) temperature between the GCL and geomembrane. Diamonds indicate 

times of hand traces shown in Figures 2.7 and 2.8. ....................................... 45 

Figure 2.5. (a) Wrinkle type 1 - “peaked” wrinkle; (b) wrinkle type 2 - smooth wrinkle 

and (c) wrinkle types and features observed in a 8.5 x 10 m region: 1) cross-

roll direction wrinkle, 2) roll direction wrinkle coincident with GCL overlap, 

3) roll direction peaked wrinkle, 4) roll direction wrinkle coincident with 

geomembrane seam, and 5) hydraulically connected wrinkles. ..................... 46 

Figure 2.6. Aerial images showing wrinkles on base of black and white geomembrane 

sections on Aug. 18 2012: (a) black geomembrane - 8:45 at 30°C, (b) white 

geomembrane - 8:44 at 18°C, (c) black geomembrane - 12:33 at 49°C, (d) 

white geomembrane - 12:33 at 29°C, (e) black geomembrane - 17:14 at 43°C, 

and (f) white geomembrane - 17:14 at 28°C. ................................................. 47 

Figure 2.7. Wrinkles identified on base of black and white geomembrane sections on 

Aug. 18 2012: (a) black geomembrane - 8:10 at 26°C, (b) white 

geomembrane - 8:00 at 15°C, (c) black geomembrane - 12:08 at 49°C, (d) 

white geomembrane - 12:46 at 30°C, (e) black geomembrane - 17:00 at 45°C, 

and (f) white geomembrane - 17:30 at 27°C. ................................................. 48 

xvii 

 



Figure 2.8. Longest connected wrinkle on base of black and white geomembrane sections 

on Aug. 18 2012 indicated in green: (a) black geomembrane - 8:10 at 26°C, 

(b) white geomembrane - 8:00 at 15°C, (c) black geomembrane - 12:08 at 

49°C, (d) white geomembrane - 12:46 at 30°C, (e) black geomembrane - 

17:00 at 45°C, and (f) white geomembrane - 17:30 at 27°C. ........................ 49 

Figure 2.9. (a) Number of wrinkles on black base versus white base and (b) longest 

connected wrinkle on black versus white base on both Aug. 18th and 24th 

2012. ............................................................................................................... 50 

Figure 2.10. (a) Number of wrinkles on black base versus white base and (b) longest 

connected wrinkle on black versus white base for a given geomembrane 

surface temperature on both Aug. 18th and 24th 2012. ................................... 51 

Figure 2.11. Variation in percent area wrinkled (where wrinkle width assumed to be 200 

mm for all wrinkles) with variation in; (a) geomembrane surface temperature 

and (b) longest hydraulically connected wrinkle network on both Aug. 18th 

and 24th 2012. ................................................................................................. 52 

Figure 2.12. Wrinkle dimensions measured on June 21st, 2012 on both the black and 

white smooth geomembranes installed on the base including: (a) black 

geomembrane wrinkle heights, (b) white geomembrane heights, (c) black 

geomembrane widths, and (d) white geomembrane widths. .......................... 53 

Figure 2.13. Site conditions varying with time of day on June 21st 2012 including: (a) air 

temperature, (b) solar radiation, and (c) temperature between the GCL and 

geomembrane. ................................................................................................ 54 

Figure 2.14. Wrinkle patterns on the textured slope of black and white geomembrane 

sections on June 22nd: (a) black geomembrane - 12:09 at 66°C, (b) white 

geomembrane 12:08 at 42°C, (c) longest hydraulically connected wrinkle on 

black geomembrane for same time and geomembrane surface temperature 

and (d) longest hydraulically connected wrinkle on white geomembrane for 

same time and geomembrane surface temperature. ....................................... 55 

Figure 2.15. Wrinkle dimensions measured on June 21st, 2012 on both the black and 

white textured geomembranes installed on the slope including: (a) black 

xviii 

 



geomembrane wrinkle heights, (b) white geomembrane heights, (c) black 

geomembrane widths, and (d) white geomembrane widths. .......................... 56 

Figure 3.1. Moisture migration in a closed composite liner system: (a) moisture is 

evaporated from the GCL and converted to water vapour when the 

geomembrane heats up when exposed to solar energy and (b) water vapour 

condenses on the underside of the geomembrane upon cooling and can drip 

onto the GCL and migrate down-slope. ......................................................... 94 

Figure 3.2. Evidence of bentonite migration on the GCL surface along stream paths from 

water vapour condensing on the underside of the geomembrane and dripping 

onto the GCL surface and migrating down-slope. ......................................... 95 

Figure 3.3. Location of observed GCL erosion features (highlighted with orange paint) 

after 4.7 years of exposure beneath an exposed black geomembrane during 

the first experiment conducted at the Queen’s University Environmental 

Liner Test Site I (QUELTS I). ....................................................................... 96 

Figure 3.4. Photograph looking north at QUELTS II showing black geomembrane test 

section taken June 22th at 5:10pm, air temperature 20˚C, black geomembrane 

40˚C. ............................................................................................................... 97 

Figure 3.5. (a) North-south cross section (A-A) and (b) plan view of Test Section 3 at 

QUELTS II. .................................................................................................... 98 

Figure 3.6. Method for capturing light panel photos on site: (a) LED light panel (300 x 

300 mm) on aluminum tray inserted below GCL surface with pushing and 

pulling aluminum arms and (b) photo of GCL surface and frame (360 x 360 

mm) with embedded blue LED lights for scale in dark photos to indicate 

location of light panel and area inspected for erosion. .................................. 99 

Figure 3.7. Schematic of field setup for capturing light panel photos in mobile dark room 

to inspect GCL for signs of erosion once geomembrane is folded back. ..... 100 

Figure 3.8. Types of photos taken in the field: (a) GCL surface photo of a 300 x 600 mm 

region with corners indicated by black ink marks drawn on GCL surface, (b) 

mobile dark room photo of region from part “a” outlined by dashed square 

box with internal light on and light panel on, (c) mobile dark room photo with 

internal light off and light panel on and (d) X-ray image taken in the lab. All 

xix 

 



photos have same scale with the arrow identifying the same location on the 

GCL in all photos. ........................................................................................ 101 

Figure 3.9. Field examples of each erosion stage in the erosion classification system, with 

features seen on the black geomembrane slope section after 15 months of 

exposure, Aug. 2013 inspection: (a) hydrated rivulet ‘h’ and desiccated 

rivulet ‘d’, (b) onset erosion ‘o’, (c) early erosion ‘e’, (d) erosion ‘E’ and (e) 

irrecoverable erosion ‘EE’ all identified with arrows. Column (i) of photos 

are taken in the mobile dark room with the internal lights on and column (ii) 

of photos are taken in the mobile dark room with the internal lights off. 

Photos all have the same scale with inside dimensions of frame being 360 x 

360 mm. ....................................................................................................... 102 

Figure 3.10. GCL surface photos of the black geomembrane slope section showing an 

increase in streaking features with time due to moisture migration between 

the GCL and geomembrane interface; after (a) 1.6 months (July 2012 

inspection) and (b) 15 months (Aug. 2013 inspection) of exposure. Brown 

surface streak on west most panel is a path of silt sand foundation soil on 

GCL surface from construction.................................................................... 103 

Figure 3.11. Most significant erosion features observed on slope section beneath the 

black geomembrane after: (a) 3.5 months – early erosion ‘e’, Aug. 2012; (b) 6 

months - erosion ‘E’, Nov. 2012; and (c) 12 months - irrecoverable erosion 

‘EE’, May 2013 of exposure. ....................................................................... 104 

Figure 3.12. Bentonite slurry puddle observed after 15 months of exposure on the base 

section near the toe of the slope with depth approximately 2 cm. Evidence of 

down-slope bentonite migration on the GCL surface along moisture migration 

paths between the GCL and geomembrane.................................................. 105 

Figure 3.13. Locations of erosion features including ‘E’, ‘EE’ and ‘EEE’ on the slope 

section of the GCL beneath black geomembrane after 15 months exposure, 

August 2013 inspection. The rectangles are 300 x 600 mm marked areas that 

were inspected for erosion with the light panel method. ............................. 106 

xx 

 



Figure 3.14. One erosion feature changing with time, shown in Figure 3.11b, on the black 

geomembrane slope section after: (a) 6 months - Nov. 2012, (b) 12 months - 

May 2013 and (c) 15 months - Aug. 2013 of exposure. .............................. 107 

Figure 3.15. Largest erosion feature seen on slope section beneath black geomembrane, 

after 15 months of exposure, Aug. 2013 inspection, classified as irrecoverable 

extreme erosion ‘EEE’: (a) GCL surface photo with the rectangle identifying 

area shown in (b); and (b) dark room photo with internal light on and light 

panel on where the rectangles indicate cross sections cut into 2.54 x 2.54 cm 

squares to measure mass per unit area of bentonite remaining in the GCL, 

plots shown in Figure 3.16. .......................................................................... 108 

Figure 3.16. Quantifying the bentonite loss in major erosion feature shown in   Figure 

3.15, observed on the GCL beneath black geomembrane. Mass per unit area 

of bentonite for: (a) cross section I, (b) cross section II and (c) cross section 

III. ................................................................................................................. 109 

Figure 4.1. (a) Solar-driven thermal cycle within the air gap, between an exposed 

geomembrane and GCL, (b) reduced thermal cycle due to cover soil, and (c) 

reduce thermal cycle due to increased albedo of the white geomembrane. . 142 

Figure 4.2. (a) Photograph looking north at QUELTS II showing gravel covered section 

(Section 1), white geomembrane section (Section 2) and black geomembrane 

section (Section 3), taken June 28th at 8:18, air temperature 20°C; and (b) 

schematic of GCL2 panels at QUELTS II. .................................................. 143 

Figure 4.3. Daily variation in: (a) solar radiation and (b) air temperature and GMB-GCL 

interface temperature for GCL2 beneath a black geomembrane, a white 

geomembrane, and 0.3 m gravel cover for one day during construction of 

QUELTS II (May 18th 2012). ....................................................................... 144 

Figure 4.4. Weekly variation in: (a) solar radiation and (b) air temperature and GMB-

GCL interface temperature for GCL2 beneath a black geomembrane, a white 

geomembrane, and 0.3 m gravel cover for a two week period during 

construction of QUELTS II (May 18th 2012 to May 31st 2012). ................. 145 

Figure 4.5. Seasonal variation in, (a) air temperature, and GMB-GCL interface 

temperature during the 2012 and 2013 calendar years for: (b) Section 3, 

xxi 

 



GCL2 overlain by a black geomembrane; (c) Section 2, GCL2 overlain by a 

white geomembrane; and (d) Section 1, GCL2 overlain by a black 

geomembrane, white geotextile and 0.3 m gravel cover (the spike in August 

2013 was due to removal of gravel and geotextile to allow inspection of 

GCL). ........................................................................................................... 146 

Figure 4.6. Weekly variation in relative humidity at the GMB-GCL interface for GCL2 

overlain by: (a) a black geomembrane; (b) a white geomembrane; and (c) a 

black geomembrane, a white geotextile and 0.3 m gravel cover. ................ 147 

Figure 4.7. Aerial image of GCL2 surface after 15 months exposure, August 2013, 

showing a single GCL panel on the slope of: (a) Section 1, 0.3 m gravel 

cover; (b) Section 2, white geomembrane; and (c) Section 3, black 

geomembrane. Surface streaking and bentonite migration are visible on 

Sections 2 and 3, but not on Section 1. ........................................................ 148 

Figure 4.8. Aerial image of GCL2 surface after 15 months exposure, August 2013, 

showing a single GCL panel on the base of: (a) Section 2, white 

geomembrane; (b) Section 3, black geomembrane; and (c) close-up image of 

bentonite slurry puddle as a result of bentonite migration down-slope and 

deposition on the base. ................................................................................. 149 

Figure 4.9. Back-lit photo on Section 1 (0.3 m gravel cover) taken after 15 months 

exposure (August 2013). (a) Back-lit photo in dark room with light panel on 

and internal light source on and (b) back-lit photo in dark room with light 

panel on and internal light source off. No evidence of erosion, only signs of 

desiccation cracking not coincident with a GCL surface stream. ................ 150 

Figure 4.10. Erosion photos taken after 3.5 months exposure (August 2012) showing: (a) 

early erosion feature ‘e’ on GCL2 beneath a black geomembrane on the slope 

and (b) hydrated rivulet feature ‘h’ on GCL2 beneath a white geomembrane 

on the slope. The squares are 300 x 300 mm and indicate the location of the 

light panel. .................................................................................................... 151 

Figure 4.11. Erosion photos taken after 6 months exposure (November 2012) showing: 

(a) erosion feature ‘E’ on GCL2 beneath a black geomembrane on the slope 

and (b) early erosion feature ‘e’ on GCL2 beneath a white geomembrane on 

xxii 

 



the slope. The squares are 360 x 360 mm and indicate the location of the 

inside edges of the frame. ............................................................................ 152 

Figure 4.12. Erosion photos taken after 12 months exposure (May 2013) showing: (a) 

irrecoverable erosion feature ‘EE’ on GCL2 beneath a black geomembrane on 

the slope; (b) irrecoverable erosion feature ‘EE’ on GCL2 beneath a white 

geomembrane on the slope, a feature coincident with the cross-roll 

geomembrane patch seam; and (c) erosion feature ‘E’ on GCL2 beneath a 

white geomembrane on the slope, an erosion feature away from the cross-roll 

geomembrane patch seam. ........................................................................... 153 

Figure 4.13. Cross-roll direction geomembrane seam from the November 2012 

geomembrane patch, near the toe of the slope. The inset shows a schematic of 

the geomembrane patch and its up-slope lip. ............................................... 154 

Figure 4.14. Locations of erosion features including ‘E’, ‘EE’ and ‘EEE’ features on the 

slope section of GCL2 beneath a white geomembrane after 15 months 

exposure (August 2013). The rectangles are 300 x 600 mm marked areas that 

were inspected for erosion with the light panel method, each identified with a 

numbered photo ID. ..................................................................................... 155 

Figure 4.15. Close up of GCL2 surface beneath a white geomembrane showing the large 

linear erosion feature (shown in Figure 4.14) on the west most panel of 

Section 2 after 15 months exposure (August 2013). (a) The first half of the 

linear feature starting from the top of the slope [3-12 to 3-18] and (b) the 

second half of the linear feature [3-19 to 3-23], a continuation of the feature 

from Figure 4.15(a). ..................................................................................... 156 

Figure 4.16. The largest continuous zone with little to no bentonite remaining in the GCL 

observed on Section 2 (GCL2 beneath a white geomembrane) after 15 months 

exposure (August 2013) coincident with the large linear feature shown in          

Figure 4.15. (a) GCL surface photo with rectangle identifying the location of 

the inside edge of the frame in (b) and (c); (b) dark room photo with light 

panel on and internal light source on; and (c) dark room photo with light 

panel on and internal light source off........................................................... 157 

xxiii 

 



Figure 5.1. Photograph looking north at QUELTS II showing all test sections, taken June 

28th 2012 at 8:18. .......................................................................................... 191 

Figure 5.2. (a) North-south cross section (A-A) and (b) plan view of QUELTS II. ....... 192 

Figure 5.3. Back-lit erosion photos taken after 3.5 months exposure (August 2012): (a) 

onset erosion ‘o’ on GCL5, and (b) onset erosion ‘o’ on GCL6. The yellow 

squares are 300 x 300 mm and indicate the location of the light panel. ...... 193 

Figure 5.4. Back-lit erosion photos taken after 6 months exposure (November 2012): (a) 

early erosion ‘e’ on GCL5 and (b) early erosion ‘e’ on GCL6. The yellow 

squares are 360 x 360 mm identifying the location of inner edge of the frame 

shown in light panel photos. The upper photo is taken in normal daylight; the 

middle photo is taken from inside the portable dark-room with the internal 

light source on; the lower photo is taken from inside the portable dark-room 

with the internal light source off. ................................................................. 194 

Figure 5.5. Back-lit erosion photos taken after 12 months exposure (May 2013): (a) the 

feature indicated by the arrow on GCL5 was early erosion ‘e’ after 6 months 

exposure (Figure 5.4a) and is now hydrated and healed at the time of 

inspection, but a new early erosion ‘e’ feature has formed in the upper right 

corner of the framed area; and (b) the feature on GCL6 was early erosion ‘e’ 

after 6 months exposure (Figure 5.4b) and is still an ‘e’ feature. The yellow 

squares are 360 x 360 mm identifying the location of inner edge of the frame 

shown in light panel photos. ........................................................................ 195 

Figure 5.6. Back-lit erosion photos taken after 15 months exposure (August 2013): (a) 

this feature on GCL5 was hydrated rivulet ‘h’ after 12 months exposure 

(Figure 5.5a) and is still a hydrated rivulet ‘h’, and (b) this feature on GCL6 

was early erosion ‘e’ after 12 months exposure (Figure 5.5b) but has healed to 

onset erosion ‘o’. The yellow squares are 360 x 360 mm identifying the 

location of inner edge of the frame shown in light panel photos. ................ 196 

Figure 5.7. 50 mm length of GCL from side photos of 100 x 100 mm GCL coupon 

extracted from slope section of: GCL2, GCL5 and GCL6 beneath a black 

geomembrane after 12 months and 15 months exposure. [A] 2.5 mm wide 

slightly eroded desiccation crack; [B] widened desiccation crack. ............. 197 

xxiv 

 



Figure 5.8. Back-lit erosion photos taken after 28 months exposure (September 2014): (a) 

early erosion ‘e’ on GCL5 and (b) early erosion ‘e’ on GCL6. The yellow 

squares are 360 x 360 mm identifying the location of inner edge of the frame 

shown in light panel photos. ........................................................................ 198 

Figure 5.9. Large erosion feature seen for GCL7 beneath black geomembrane on 3H:1V 

slope, after 28 months exposure, September 2014 inspection, classified as 

irrecoverable erosion ‘EE’ with width 35 mm and length 60 mm: (a) GCL 

surface photo with the 360 x 360 mm square identifying the location of inner 

edge of the frame shown in (b) and (c); (b) field dark room photo with 

internal light source on and light panel on; (c) dark room photo with internal 

light source off and light panel on; and (d) X-ray image of 300 x 600 mm 

GCL sample. ................................................................................................ 199 

Figure 5.10. Largest erosion feature observed for GCL7 beneath black geomembrane on 

slope, after 28 months exposure, September 2014 inspection, classified as 

irrecoverable extreme erosion ‘EEE’ with width 130 mm and length 300 mm: 

(a) GCL surface photo with the rectangle identifying area shown in (b) and 

(c); (b) dark room photo with internal light on and light panel on; (c) dark 

room photo with internal lights off and light panel on; and (d) X-ray image of 

300 x 600 mm GCL sample. ........................................................................ 199 

Figure 5.11. No evidence of erosion on GCL8 beneath a black geomembrane after 28 

months exposure (September 2014). Light panel photos show largely uniform 

desiccation cracking with very narrow openings that do not let significant 

light through; compared to the photos of other GCLs. ................................ 200 

Figure 5.12. Plots of: (a) ambient air temperature and geomembrane surface temperature 

on Section 3 slope; (b) GMB-GCL interface temperature beneath a black 

geomembrane and above GCL2 and GCL8 on the slope; and (c) relative 

humidity at the GMB-GCL interface beneath a black geomembrane and 

above GCL2 and GCL8 on the slope from 18th to 31th May 2012 (two weeks 

after construction). Zoomed plots show (a) – (c) on 26th May 2012. .......... 201 

Figure 5.13. Largest erosion feature seen for GCL2 beneath black geomembrane on 

slope, after 28 months exposure, September 2014 inspection, classified as 

xxv 

 



irrecoverable extreme erosion ‘EEE’. View from crest of slope looking down-

slope. ............................................................................................................ 202 

Figure 5.14. Largest erosion feature seen for GCL2 beneath black geomembrane on 

slope, after 28 months exposure, September 2014 inspection, classified as 

irrecoverable extreme erosion ‘EEE’ with a maximum width of 270 mm and 

length of 2.2 m: (a) GCL surface photo with the black ink marks outlining the 

eroded zones; (b) dark room photo with internal light source on and light 

panel on; and (c) dark room photo with internal light source off and light 

panel on. ....................................................................................................... 203 

Figure 5.15. Location of observed erosion features ‘E’, ‘EE’ and ‘EEE’ (highlighted with 

orange paint) after 28 months exposure for GCL2 on the slope beneath: (a) a 

black geomembrane, and (b) a white geomembrane. ................................... 204 

Figure 6.1. (a) North-south cross section (A-A) and (b) plan view of Queen’s University 

Environmental Liner Test Site II. ................................................................ 242 

Figure 6.2. Photograph of GCL2 on the slope section with the black geomembrane folded 

back during the August 2013 inspection (15 months exposure). ................. 243 

Figure 6.3. Photograph of method of measuring shrinkage, measuring the distance 

between two screws used for taking movement of overlaps. ....................... 244 

Figure 6.4. Seasonal variation in, (a) air temperature, and GMB-GCL interface 

temperature during the 2012 and 2013 calendar years for: (b) Section 3, 

GCL2 overlain by a black geomembrane; (c) Section 2, GCL2 overlain by a 

white geomembrane; and (d) Section 1, GCL2 overlain by a black 

geomembrane, white geotextile and 0.3 m gravel cover. ............................. 245 

Figure 6.5. Maximum shrinkage observed for GCL2 at QUELTS II beneath a black 

geomembrane, a white geomembrane and 0.3 m of gravel cover after 15 

months exposure (August 2013). ................................................................. 246 

Figure 6.6. Slope section panel overlap reduction for two GCL panel overlaps of: (a) 

GCL2 beneath a black geomembrane, S6/S7 and S7/S8; and (b) GCL2 

beneath a white geomembrane, S3/S4 and S4/S5 measured every two metres 

during each field inspection, up to 15 months exposure (August 2013). ..... 247 

xxvi 

 



Figure 6.7. Maximum shrinkage observed for two powdered products, GCL5 and GCL6, 

beneath a black GMB at QUELTS II after 15 months exposure (August 

2013). ........................................................................................................... 248 

Figure 6.8. Slope section panel overlap reduction for two GCL panel overlaps of: (a) 

GCL5, S9/S10 and S10/S11; and (b) GCL6, S14/S15 and S15/S16 beneath a 

black geomembrane, measured every two metres during each field inspection, 

up to 15 months exposure (August 2013). ................................................... 249 

Figure 6.9. Maximum shrinkage observed for GCL7 and GCL8 beneath a black 

geomembrane, at QUELTS II after 15 months exposure (August 2013). ... 250 

Figure 6.10. Slope section panel overlap reduction for one GCL panel overlap of: (a) 

GCL7 (polymer enhanced bentonite product), S12/S13; and (b) GCL8 (a 

multicomponent GCL with a polypropylene coating installed coating up), 

S17/S18 beneath a black geomembrane, measured every two metres during 

each field inspection, up to 15 months exposure (August 2013). ................ 251 

Figure 6.11. Maximum shrinkage observed on the slope for all test sections at QUELTS 

II during each field inspection, up to 28 months exposure (September 2014).

 ...................................................................................................................... 252 

Figure 6.12. Maximum shrinkage observed on the base sections for all test sections at 

QUELTS II after 28 months exposure (September 2014). .......................... 253 

Figure 6.13. Base section panel overlap reduction for one GCL panel overlap of: (a) 

GCL2 beneath a black, B7/B8; and (b) GCL2 beneath a white geomembrane, 

B3/B4 measured every two metres during each field inspection, up to 28 

months exposure (September 2014). ............................................................ 254 

Figure 6.14. Base section panel overlap reduction for one GCL panel overlap of: (a) 

GCL5, B9/B10; (b) GCL6, B14/B15; (c) GCL7, B12/B13; and (d) GCL8, 

B17/B18 beneath a black geomembrane, measured every two metres during 

each field inspection, up to 28 months exposure (September 2014). .......... 255 

 

xxvii 

 



List of Tables 

Table 2.1. Geomembrane surface temperatures on Aug. 18th and 24th 2012 (°C). ........... 41 

Table 3.1. Thermal exposure conditions (°C). .................................................................. 89 

Table 3.2. Erosion classification. ...................................................................................... 90 

Table 3.3. Literature review of self-healing capacity of GCLs with localized bentonite 

loss. ................................................................................................................... 91 

Table 3.4. Frequency of erosion features detected beneath a black geomembrane on the 

slope section after 3.5, 6, 12 and 15 months of exposure. ................................ 93 

Table 4.1. Description of four needle-punched GCLs with granular Wyoming bentonite 

used at QUELTS I (modified from Take et al. 2015a). .................................. 140 

Table 4.2. Summary of erosion features observed. ......................................................... 140 

Table 4.3. Frequency of erosion features seen beneath the white and black geomembranes 

on the slope after 6, 12 and 15 months of exposure. ...................................... 141 

Table 5.1. Properties of GCL products tested at QUELTS. All GCLs were needle-

punched with a nonwoven (NW) cover geotextile (GTX). ............................ 188 

Table 5.2. Initial properties of GCL products tested at QUELTS. ................................. 189 

Table 5.3. Initial properties of GCL products tested at QUELTS. ................................. 189 

Table 5.4. Erosion features observed on each exposed test section (see text for definition 

of notation used in the table) for six inspections over 2.3 years. All GCLs 

covered by black geomembrane unless otherwise noted. ............................... 190 

Table 6.1. Properties of GCL products tested at QUELTS. All GCLs were needle-

punched with a nonwoven (NW) cover geotextile (GTX) (modified from 

Chapter 5). ...................................................................................................... 238 

Table 6.2. Initial properties of GCL products tested at QUELTS (modified from Chapter 

5). .................................................................................................................... 238 

Table 6.3. Initial properties of GCL products tested at QUELTS (modified from Chapter 

5). .................................................................................................................... 239 

Table 6.4. Assessment of overlap resistance completed during the August 2013 

inspection (15 months exposure). ................................................................... 240 

xxviii 

 



Table 6.5. Peak tensile force (N) from three replicates measured across 100 x 100 mm 

GCL overlap after one wet-dry cycle. ............................................................ 241 

xxix 

 



 List of Abbreviations 

ASTM  American Society for Testing and Materials 

Avg.  Average 

B  Base 

EDST  Eastern daylight savings standard time 

GCL  Geosynthetic clay liner 

GMB  Geomembrane 

GTX  Geotextile 

H  Horizontal  

ha  Hectares  

HDPE  High-density polyethylene 

hr.  Hour 

LED  Light emitting diode 

max.  Maximum 

min.  Minimum  

NW  Nonwoven geotextile 

QUELTS Queen’s University Environmental Liner Test Site (I & II) 

S  Slope 

SI  Swell index                (mL/2g) 

SR  Scrim-reinforced geotextile 

Std. dev. Standard deviation 

temp.  Temperature        (°C) 

UAV  Unmanned aerial vehicle 
xxx 

 



V  vertical 

vs.  Versus 

W  Woven geotextile 

yr.  Year 

  

xxxi 

 



List of Symbols 

Ca+  Calcium 

‘d’  Desiccated rivulet 

‘e’  Early erosion 

‘E’  Erosion 

‘EE’  Irrecoverable erosion 

‘EEE’  Irrecoverable extreme erosion 

‘h’  Hydrated rivulet  

Na2+  Sodium 

‘o’  Onset erosion   

w  Water content       (%) 

wref  Reference water content      (%) 

 

 

 

xxxii 

 



Glossary 

Bentonite  Absorbent clay consisting mostly of montmorillonite, formed 
from weathered volcanic ash in the presence of water that can 
be powdered, fine granular or coarse granular. 
 

Cation exchange Replacement of ions in bentonite clay for ions in the 
surrounding soil (typically the replacement of sodium ions 
Na+ for calcium ions Ca2+ in the case of sodium bentonite). 
 

Coated  GCL Multicomponent GCL with a polymer coating implemented 
on the outer surface of the woven geotextile. 
 

Condensate Low ionic strength water (essentially distilled water) that 
forms as water vapour condenses upon cooling. 
 

Cross-roll direction Direction perpendicular to the plane of the manufacturing 
direction.  
 

Desiccation cracking Tension cracks that form in GCL bentonite clay upon drying. 
 

Desiccated rivulet , ‘d’ Desiccation cracking coincident with a surface streak. 
 

Down-slope bentonite 
erosion 

The destabilization and washing out of bentonite clay within 
a GCL due to down-slope flow of low ionic strength 
condensate water in the air space at the GMB-GCL interface 
due to solar-driven moisture cycles. 
 

Early erosion, ‘e’ Widened desiccation cracks with GCL thinning, coincident 
with a surface streak, evidence of bentonite loss,                
width ≤ 1.5 cm, likely will self-heal1. 
 

Erosion, ‘E’ GCL thinning coincident with a surface streak, evidence of 
bentonite loss, 1.5 < width ≤ 2.5 cm, self-healing uncertain. 
 

Exposed liner A geosynthetic composite liner system that has been installed 
and left uncovered, against the manufacturers’ 
recommendation of timely covering. 
 
 
 
 

1 For most practical cases.  Provided no further down-slope or internal erosion occurs.  Based on 
available literature. 
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GCL panel shrinkage The development of irrecoverable strains in a GCL due to 
solar-driven moisture cycles, resulting in GCL panel overlap 
reduction and potentially loss of panel overlap. 
 

Geomembrane (GMB) A polymeric synthetic membrane with very low permeability, 
effective as a liquid and vapour barrier, commonly used in 
combination with a GCL.  
 

Geomembrane wrinkle Out-of-plane buckling caused by thermal expansion of a 
geomembrane when exposed to solar heating, also known as 
geomembrane “waves”. 
 

Geomembrane wrinkle 
connectivity  

Geomembrane wrinkles that are hydraulic connected and 
would allow leachate to migrate between wrinkles with 
virtually no resistance. 
 

Geomembrane wrinkle 
length 

The distance along a geomembrane wrinkle along which 
leachate can migrate with virtually no resistance. 
 

Geomembrane wrinkle 
width 

The distance across a geomembrane wrinkle along which 
leachate can migrate with virtually no resistance, measured 
as the distance between two points on either side of the 
wrinkle where the geomembrane and GCL are in completed 
contact (no air gap beneath the geomembrane). 
 

Geosynthetic A polymeric material that can be synthetic or natural. 
 

Geosynthetic clay liner 
(GCL) 

Manufactured material consisting of bentonite clay that is 
either secured to or between geotextiles and/or 
geomembranes by needle-punching, stitching or adhesion, 
effective as a hydraulic barrier, commonly used in 
combination with an overlying geomembrane. 
 

Geosynthetic composite 
liner system 

A barrier system to limit fluid flow or contaminant migration, 
typically consisting of a low hydraulic conductivity GCL 
overlain by a geomembrane, where the purpose of the GCL is 
to limit leakage through any imperfections in the 
geomembrane (e.g., holes) and act as a diffusion barrier for 
organic contaminants. 
 

Geotextile (GTX) A polymeric synthetic permeable textile material that can 
either be woven, nonwoven or knit. 
 

High-density 
polyethylene (HDPE)  

Type of polyethylene thermoplastic made from petroleum 
with a high standard density of 0.941 g/cm3 or greater. 
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Hydrated rivulet, ‘h’ Hydrated GCL coincident with surface streak. 
 

Hydraulic conductivity, 
k 

Rate at which liquid passes through a solid medium. 
 
 

Irrecoverable erosion, 
‘EE’ 

GCL thinning coincident with a surface streak, evidence of 
significant bentonite loss, width > 2.5 cm and length < 30 cm, 
likely will not self-heal. 
 

Irrecoverable extreme 
erosion, ‘EEE’ 

GCL thinning coincident with a surface streak, evidence of 
significant bentonite loss, width > 2.5 cm over length > 30 
cm, likely will not self-heal. 
 

Leachate Liquid waste produced in a landfill due to the degradation 
and breakdown of solid waste.  
 

Municipal solid waste 
landfill 

An engineered storage facility to properly dispose of 
domestic, commercial and industrial waste (excluding 
hazardous waste) to prevent contamination of the 
surrounding environment 
 

Needle-punched Mechanical bonding of the upper and lower geotextiles in a 
GCL by staple fibres pushed from the upper nonwoven 
geotextile through to the lower geotextile with barbed 
needles.  
 

Nonwoven geotextile 
(NW GTX) 

A geotextile that is manufactured by bonding or interlocking 
fibres by mechanical, thermal or chemical means. 
 

Onset erosion,  ‘o’ GCL thinning coincident with a surface streak, evidence of 
bentonite loss, likely will self-heal1.  
 

Overlap adhesion Bonding of adjacent GCL panels that can develop after the 
supplemental bentonite at the overlaps experiences a wet-dry 
cycle which can resist but not necessarily prevent overlap 
reduction.  
 

Polymer enhanced 
bentonite  

Bentonite that has been impregnated with polymer to resist 
cation exchange of sodium bentonite for calcium bentonite 
from the surrounding material (e.g., foundation soil). 
 

Roll direction Direction parallel to the plane of the manufacturing direction.  
 

Scrim-reinforced 
geotextile (SR GTX) 

A nonwoven geotextile that is reinforced with a woven 
geotextile. 
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Solar radiation Radiate energy passing through the atmosphere from the sun 
that can degrade a landfill liner when left uncovered. 
 

Supplemental bentonite Bentonite applied at the GCL overlaps to prevent 
preferentially leakage through the overlaps, can either be 
field applied or factory applied, typically within a 150 to 500 
mm wide zone from each panel end depending on the overlap 
width specified. 
 

Thermally treated (TT) Additional bonding technique during GCL manufacturing 
where needle-punched fibres from the cover geotextile are 
fused to the carrier geotextile by heat, creating a stronger 
bond between the cover and carrier geotextiles, also known 
as “thermal locking”. 
 

Woven geotextile        
(W GTX) 

A geotextile that is manufactured from fibres that are 
interlaced at right angles. 
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Chapter 1 

Introduction 

1.1 General   

It is common for a geomembrane (GMB), generally black in colour, to be used in 

combination with a geosynthetic clay liner (GCL) as a low hydraulic conductivity layer 

to form a geosynthetic composite liner system (Rowe 1998, 2005, 2012; Bonaparte et al. 

2002). The GCL is installed beneath the geomembrane to limit the leakage – defined 

herein as fluid flow under a hydraulic gradient – through any imperfections in the 

geomembrane (e.g., a hole). These composite liner systems have been widely used as 

municipal solid waste landfill barriers for the past two decades and are now increasing in 

popularity as a liner system in mining heap leach applications (Koerner 2012; Giroud and 

Bonaparte 2001; Rowe et al. 2004, 2013; Lupo and Morrison 2007).  

 A geomembrane is typically a thin (1.5 - 2.5 mm) high-density polyethylene 

(HDPE) sheet that can either be smooth or textured. A GCL is a manufactured product 

that most commonly consists of a thin layer (5 - 10 mm) of high swelling clay (typically 

sodium bentonite) contained between an upper and lower geotextile. It is common for the 

fibres of the upper geotextile to be needle-punched through to the lower geotextile and 

then thermally fused for two reasons (i) improve the shear strength of the GCL (Fox and 

Stark 2004, 2015; Zornberg et al. 2005), and (ii) decrease the void ratio during swelling 

to improve the hydraulic conductivity (Lake and Rowe 2000; Beddoe et al. 2011; 

Rayhani et al. 2011). GCLs can be manufactured with different types of geotextiles (e.g., 

woven, nonwoven, scrim-reinforced) of varying thicknesses (Koerner 2012). The 
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bentonite clay can have varying granularity (e.g., coarse grained, fine grained, powdered) 

and can also be enhanced with polymers to improve the GCLs performance for various 

purposes (Hosney and Rowe 2010). As well, some GCLs can be multicomponent 

products containing a polymer coating or film on one of the geotextiles (von Maubeuge et 

al. 2011).  

GCLs (panel widths typically between 4.4 – 4.8 m) and geomembranes (panel 

width typically 6.8 m) are manufactured and delivered on site in rolls. Adjacent GCL 

panels are typically overlapped at a width between 150 mm to 300 mm possibly with 

either field applied or factory applied supplemental bentonite at the overlaps to prevent 

preferential leakage through the overlap (ASTM D6102). Adjacent geomembrane panels 

are connected using seaming techniques (e.g., Rollin and Fayoux 1991; Stressel and 

Boggs 1998) to create a continuous geomembrane liner with as few imperfections (e.g., 

holes) as possible, typically assumed 2.5 to 5 holes/ha after installation (Giroud and 

Bonaparte 2001). 

 

1.2 Problem definition  

Composite liners have proven to be effective leakage barriers to contaminants when the 

manufacturers’ recommendations for installation and quality control procedures have 

been followed including timely covering of the composite liner with at least 0.3 m of 

cover soil or ballast material (Richardson et al. 2002). However, it is not uncommon in 

some jurisdictions in North America and elsewhere for GMB-GCL composite liners to be 

left exposed for weeks, months, and in more extreme cases even years after installation as 

the result of operational and/or cost considerations (Thiel et al. 2006). There are three 
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known consequences of leaving a GMB-GCL composite liner uncovered and exposed to 

solar energy, namely geomembrane wrinkling (Giroud and Morel 1992; Giroud 2005; 

Chappel et al. 2012a, 2012b; Rowe et al. 2004, 2012a, 2012b), GCL panel shrinkage 

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

Bostwick et al. 2010; Rowe et al. 2011; Brachman et al. 2014), and more recently down-

slope erosion of bentonite from a GCL (Ashe et al. 2014a, 2014b; Rowe et al. 2014; Take 

et al. 2015). 

It is now well recognized that significant daily variations in geomembrane surface 

temperatures (up to 70°C for a black geomembrane observed by Rowe et al. 2012a) lead 

to thermal expansion, buckling of the geomembrane, and the creation of networks of 

wrinkles (Giroud 2005; Chappel et al. 2012a, 2012b; Rowe et al. 2012a, 2012b). Take et 

al. (2012) and Gudina and Brachman (2006) observed that an air gap can remain in the 

liner if wrinkles are present at the time of covering, which pose a risk of higher leakage 

rates if a hole in the geomembrane were to develop on or near a wrinkle due to poor 

contact between the geomembrane and underlying GCL (Brachman and Gudina 2008; 

Rowe et al. 2012a, 2012b).  

A consequence of geomembrane wrinkling in an uncovered liner has also been 

observed where the air gap beneath a wrinkle permits a solar-driven condensation cycle 

producing distilled water that has been observed to cause the migration of bentonite from 

a GCL down-slope. This newly identified mechanism of down-slope erosion was recently 

observed after 3.7 years of field exposure at the original Queen’s University 

Environmental Liner Test Site (QUELTS I) by Rowe et al. (2014) and Take et al. (2015). 

Solar heating of the air space during the day encourages moisture to evaporate from the 
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GCL into the GMB-GCL air space, while some moisture is driven back into the 

foundation soil. As the geomembrane cools more rapidly than the air space during the 

evening, condensation forms on the underside of the cooling geomembrane, creating 

water droplets which tend to migrate down-slope under the pull of gravity. These droplets 

travel along the underside of the geomembrane (verified by field investigations with 

moisture streaks visible on the underside of the geomembrane when folded back) until 

they are transferred to the surface of the GCL at points of contact caused by 

geomembrane wrinkles, local high points in the foundation soil or, due to GCL panel 

overlaps, and geomembrane surface discontinuities such as geomembrane seams (Rowe 

et al. 2014; Take et al. 2015). As a result, distilled water is applied to localised areas of 

the GCL surface which has been observed to cause bentonite erosion in the field (Rowe 

et al. 2014; Take et al. 2015) and in laboratory tests (Ashe et al. 2014a, 2014b; Rowe et 

al. 2014).  

Additionally prolonged solar-driven moisture cycles have been observed to result 

in the accumulation of irrecoverable shrinkage strains in the GCL, GCL panel shrinkage, 

and the potential loss of panel overlap in field exhumations (Koerner and Koerner 2005a, 

2005b; Thiel and Richardson 2005) and laboratory studies (Thiel et al. 2006; Bostwick et 

al. 2010; Rowe et al. 2011).    

 

1.3 Method  

A new field study, QUELTS II, was constructed to study the three known consequences 

of exposure, discussed above, on a composite liner system left exposed. QUELTS II, 

completed in May 2012, is located 40 km north-northwest of Kingston Ontario at a 
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latitude 44°34’15’’N and a longitude 76°39’44’’W (i.e., the same location as QUELTS I; 

Brachman et al. 2007; Take et al. 2015). The lined region was 80 m wide, comprised of a 

22 m long slope inclined at 3H:1V (H = horizontal and V = vertical) and a 20 m long 

gently sloped  (3%) base. Both the slope and base face almost due south (168o azimuth). 

The lined region consisted of seven different test sections. Sections 3 - 7 each had a 

composite liner with a different GCL covered only by a black geomembrane, to 

investigate the effects of different GCL types. Sections 1 - 3 was used to investigate the 

performance of one GCL type overlain by a black geomembrane, a white geomembrane, 

and 0.3 m of gravel cover. A weather tower and data acquisition system was installed just 

outside the western anchor trench, with the objective to capture the solar exposure at the 

site, geomembrane surface temperature and the magnitude of the thermal and moisture 

cycles in the air gap beneath the geomembrane. The field study was complimented by 

laboratory index testing of the GCL and geomembrane products and the foundation soil 

on site to properly characterize the materials being studied.  

 

1.4 Thesis outline and objectives 

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

University School of Graduate Studies. In addition to this introduction (Chapter 1), five 

original manuscripts have been included (Chapters 2 to 6), as well as a summary and 

conclusion chapter of the research completed (Chapter 7). Chapter 1 provides a general 

background and identifies the problem definition, thesis objectives and the methods used. 

Chapters 2 to 6 are the main body chapters of this thesis and are each comprised of an 

introduction, method, results and conclusion sections as well as relevant tables and 
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figures for each. Supplemental material for each manuscript is included in the 

appendices. Chapter 7 provides an overall summary and conclusion of the research 

completed in the thesis as well as recommendations for future research in this field of 

study.   

The overall objective of this thesis is to examine the field performance of a 

geosynthetic composite liner system, involving a geosynthetic clay liner overlain by a 

geomembrane, when left uncovered against manufacturers’ recommendations and 

exposed for weeks, months and up to 2.3 years. The field performance is examined in 

terms of the three known consequences of exposure (i) geomembrane wrinkling, (ii) 

down-slope bentonite erosion, and (iii) GCL panel shrinkage. 

Geomembrane wrinkling in a black geomembrane has been extensively quantified 

by Chappel et al. (2012a, 2012b) and Rowe et al. (2012a, 2012b) but no work has been 

done prior to this study to quantify wrinkling in a higher albedo white geomembrane. The 

objective of Chapter 2, “Comparison of wrinkles in a white and black HDPE 

geomembrane,” is to examine the extent to which the use of a white geomembrane 

instead of a black geomembrane can reduce the frequency, size, and duration of 

wrinkling in a 1.5-mm-thick HDPE geomembrane both smooth and textured.  

Down-slope bentonite erosion was first identified in the field by Take et al. (2015) 

but was only first noted after 3.7 years due to the nature of the field study. As a result, the 

onset and rate of progression of down-slope erosion was unknown. The objective of 

Chapter 3, “Classification and quantification of down-slope erosion from a GCL when 

covered only by a black geomembrane,” is to quantify the onset and progression of 

down-slope bentonite erosion for one type of GCL beneath a black geomembrane also 
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studied at the first QUELTS experiment. Additionally, a nondestructive field method for 

investigating erosion as well as a new classification system to define the onset, 

progression and severity of erosion features are proposed.  The paper version of this 

chapter has been published in the Canadian Geotechnical Journal (Brachman et al. 

2015). 

The objectives of Chapter 4, “Effect of geomembrane colour and cover soil on 

solar-driven down-slope bentonite erosion from a GCL,” are to confirm that covering a 

composite liner in a timely manner prevents down-slope bentonite erosion from occurring 

and to see if the use of a white geomembrane prevents or slows the onset of down-slope 

erosion. The paper version of this chapter has been submitted to Geosynthetics 

International.  

The objectives of Chapter 5, “Effect of GCL type on down-slope erosion of 

bentonite from a GCL in an exposed composite liner: QUELTS II observations,” are to 

investigate whether or not other GCL types are less susceptible to down-slope erosion 

and to quantify the erosion progression for seven different test configurations for up to 28 

months exposure (2.3 years). 

GCL panel shrinkage was quantified in the field for two types of GCLs left 

covered only by a black geomembrane during the first QUELTS experiment by 

Brachman et al. (2014). The objectives of Chapter 6, “Field observed GCL panel 

shrinkage for four GCLs left covered only by a black geomembrane,” are to observe GCL 

panel overlap shrinkage with time for four different types of GCLs not studied at 

QUELTS I beneath a black geomembrane and additionally for one GCL type beneath a 

black geomembrane, a white geomembrane, and 0.3 m gravel cover. 

7 

 



 

1.5 Original contributions  

The original contributions of this thesis are as follows: 

• Observations of the effect of using a high albedo white geomembrane instead of a 

conventional black geomembrane on the wrinkle behaviour of the geomembrane 

at a large-scale field test site. In addition, comparing the wrinkle behaviour of a 

textured white geomembrane to that of a smooth white geomembrane.  

• Development of a new nondestructive field inspection method (light panel 

method) to detect and assess GCL erosion features in the field. This field 

inspection method is supplemented by a newly developed classification system 

containing seven different identifiers that are used to describe the onset, 

progression and severity of the down-slope bentonite erosion features observed in 

the field. 

• Employed the new light panel method and classification system to quantify the 

onset and progression of down-slope bentonite erosion with increasing exposure 

time for one GCL type beneath a black geomembrane at a large-scale field test 

site. In addition, quantify the progression of down-slope bentonite erosion for the 

same GCL type but beneath a white geomembrane and additional beneath 0.3 m 

of gravel cover. 

• Quantification of down-slope bentonite erosion with increasing exposure time for 

one fine granular bentonite GCL, two powdered bentonite GCLs, one polymer 

enhanced bentonite GCL and one multicomponent GCL with a polymer coating 

(installed coating up) all left covered only by a black geomembrane.  
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• Quantification of GCL panel shrinkage at a large-scale field test site on both a 

slope and a base section for (i) one fine granular bentonite GCL studied during the 

QUELTS I experiment but left covered only by a white geomembrane and   0.3 m 

of gravel cover, and (ii) GCLs not studied during the QUELTS I experiment 

including two powdered bentonite GCLs, one polymer enhanced bentonite GCL 

and one multicomponent GCL with a polymer coating (installed coating up) left 

covered only by a black geomembrane.  
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Chapter 2 

Comparison of wrinkles in white and black HDPE geomembranes 

2.1 Introduction 

Wrinkles (waves) are out-of-plane buckling (i.e., normal to the ground surface) that occur 

in polyethylene geomembranes due to thermal expansion when subjected to solar 

radiation when the geomembrane is exposed (Giroud and Morel 1992; Pelte et al. 1994; 

Rowe et al. 2004; Giroud 2005). Figure 2.1 shows typical wrinkles that have developed 

in a smooth, black, HDPE geomembrane. Below the wrinkle there is no contact between 

the geomembrane and underlying material (e.g., compacted clay or a geosynthetic clay 

liner). The consequences of this air space are twofold. Firstly, during solar exposure, this 

air gap permits a solar-driven condensation cycle (acting within the air space beneath a 

wrinkle) producing distilled water that has been observed to result in down-slope 

bentonite erosion if the period of exposure was sufficiently long (Take et al. 2015a; Rowe 

et al. 2014). Secondly, assuming the liner was covered in a timely fashion as per 

manufacturers’ recommendations, but the geomembrane contains a hole at or near a 

wrinkle, then leakage (i.e., flow through the geomembrane under a hydraulic gradient) 

can be much larger than without the wrinkle (Rowe 1998; Giroud and Bonaparte 2001; 

Rowe 2012) because flow beneath the wrinkle is essentially unobstructed over the width 

and the length of the wrinkle.  Thus, a small hole in the geomembrane can result in flow 

over a much larger area of the material beneath the geomembrane if a wrinkle is present. 

 The width and, more importantly, the connected length of the wrinkle (wrinkle 

network) will affect the magnitude of any resulting leakage and the frequency of wrinkles 
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will affect the probability that a hole in the geomembrane coincides with a wrinkle; 

hence, it is important to have some quantification of the wrinkles that may develop in the 

geomembrane.  Large wrinkles in a 1.5-mm-thick, smooth, black, HDPE geomembrane 

have been described to be 5 to 10 cm high and up to 30 m long by Pelte et al. (1994) in a 

30 m by 30 m area and 5 to 13 cm high, but most with a length less than 4 m within a   

7.5 m by 7.5 m test plot by Touze-Foltz et al. (2001) for a 2-mm-thick, smooth, black, 

HDPE geomembrane. Recognizing the length of wrinkles will depend on area, recently a 

low level aerial image technique was developed to permit large field-scale measurements 

of wrinkles by Take et al. (2007) and the effects of smooth vs. rough geomembranes, 

underlying material (geosynthetic clay liner, compacted clay liner, sand), time of day, and 

time of year on wrinkling were investigated by Chappel et al. (2012a, b) and Rowe et al. 

(2012a, b).  The existing data base is such that there is a sense of how many and how big 

the wrinkles may be for black HDPE geomembranes and is sufficient that one can 

provide guidance on limiting times of day for placing cover soil on the geomembranes to 

limit wrinkles. 

 This paper focuses on the wrinkles that may develop in white HDPE 

geomembranes.  Intuitively, a geomembrane with a white surface would be expected to 

have lower surface temperatures than for a black geomembrane due to its higher albedo 

where albedo is the fraction of solar radiation reflected.  Koerner and Koerner (1995) 

have reported a 13°C difference between the black and white 1.5-mm-thick HDPE 

geomembranes but very little difference between the smooth and textured 

geomembranes, with only a slightly lower temperature response for the textured relative 

to the smooth HDPE geomembrane. At an ambient temperature of 30°C, a maximum 
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geomembrane temperature of 57°C was observed for the white and 69 - 70°C for the 

black. The objective of this paper is to quantify wrinkles in a white HDPE geomembrane 

and directly compare them with an adjacent and otherwise identical section with a black 

geomembrane (Figure 2.2) to examine the effectiveness of a co-extruded white surface at 

reducing wrinkles due to solar heating. 

 

2.2 Details 

2.2.1 Test site 

A new test site, Queen’s University Environmental Liner Test Site II (QUELTS) was 

constructed in May 2012, 40 km north-northwest of Kingston Ontario at a latitude of 

44°34’15’’N and longitude 76°39’44’’W to conduct a large-scale field study of 

geomembrane wrinkling (i.e., the same location and therefore the same solar exposure as 

QUELTS I; Brachman et al. 2007, Rowe et al. 2012a, Take et al. 2015b). The full test site 

consists of seven different test sections with varying GCL and geomembrane product 

combinations but for the purpose of this study, wrinkles are only quantified for two test 

sections. The adjacent white and black geomembrane test sections are shown in Figures 

2.2 and 2.3. To allow a direct comparison of wrinkle geometries in a white geomembrane 

versus a black geomembrane, both test sections were constructed with the same type of 

GCL and natural subgrade, varying only the geomembrane product.  

Each south (168° azimuth) facing section had a 22 x 13.3 m slope inclined at 

3H:1V and a 20 x 13.3 m base gently sloped at 3%.  Each section was comprised of three 

adjacent GCL panels and two geomembrane panels (Figure 2.3c). The GCL panels, of 

width 4.72 m, were overlapped by 0.3 m (with supplemental bentonite installed at the 
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overlaps according to manufacturers’ installation guidelines) and overlain by two double 

wedge seamed panels of smooth geomembrane on the base and double-sided textured 

geomembrane on the slope with all products installed in the north-south direction (Figure 

2.3c). Both the GCL overlaps and geomembrane seams are geometric imperfections 

where wrinkles may form, as noted by Chappel et al. (2012a, b).  

2.2.2 Materials 

The GCL used was a needle-punched and thermally treated product comprised of a 

scrim-reinforced nonwoven carrier geotextile and a nonwoven cover geotextile (installed 

with the carrier geotextile in contact with the foundation soil). The geomembranes on 

both the white and black sections were 1.5-mm-thick high-density polyethylene (HDPE). 

The white geomembrane was comprised of an approximately 0.15-mm-thick white layer 

co-extruded to a 1.35-mm-thick black layer.  

The black smooth geomembrane had tensile strengths at yield and break of 23 and 

47 kN/m in the roll direction and 26 and 51 kN/m in the cross-roll direction (measured by 

the manufacturer, ASTM D6693). The white smooth geomembrane had tensile strengths 

at yield and break of 24 and 52 kN/m in the roll direction and 25 and 53 kN/m in the 

cross-roll direction. The black textured geomembrane had tensile strengths at yield and 

break of 30 and 36 kN/m in the roll direction and 31 and 32 kN/m in the cross-roll 

direction. The white textured geomembrane had tensile strengths at yield and break of 30 

and 32 kN/m in the roll direction and 30 and 25 kN/m in the cross-roll direction. The 

black smooth and textured geomembranes had resin densities of 0.937 g/cm3 and the 

white smooth and textured geomembranes had resin densities of 0.936 and 0.938 g/cm3 

(measured by the manufacturer, ASTM D1505). The black textured geomembrane had 
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asperity height of 0.56 – 0.58 mm and the white textured geomembrane had asperity 

height of 0.64 – 0.66 mm (measured by the manufacturer).  

2.2.3 Boundary conditions 

The boundary conditions were such that two isolated areas were created to compare black 

versus white wrinkle patterns. An anchor trench was constructed on the south edge of the 

base section and at the top of the slope section as depicted in Figure 2.3a.  A continuous 

line of sandbags was used to separate the white and black test sections.  Lines of 

sandbags were also placed along the eastern edge of the black section and at the transition 

between the slope and the base. The western edge of the white section was anchored by a 

0.3-m-thick layer of gravel cover which is part of another test section of relevance to 

other aspects of the wider study at QUELTS II (Figure 2.2).  

 

2.3 Thermal exposure 

Wrinkles were measured on two summer days, August 18th and 24th 2012, for which the 

weather conditions and liner temperatures were measured. A weather tower containing a 

Campbell Scientific CR1000 datalogger (logging every 10 minutes), attached to a solar 

panel charged power supply, continuously monitored the weather conditions on site, 

geomembrane surface temperatures and thermal conditions in the air gap at the GMB-

GCL interface.  The ambient air temperature was measured with a Vaisala HMP45-C 

probe surrounded by a radiation shield. A pyranometer mounted on a levelling plate 

measured the solar radiation. The geomembrane surface temperatures were measured 

mid-slope and mid-base of both the white and black geomembrane test plots with thermal 

couples secured to the geomembrane with painted epoxy (where the painted epoxy was 
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effective at measuring the geomembrane temperature (Take et al. 2014)). Infrared 

thermography of the geomembrane liner during the QUELTS I experiment illustrated that 

the geomembrane surface temperature can vary widely over short distances due to 

differences in thermal contact between the geomembrane and GCL (Take et al. 2014). 

Therefore, for QUELTS II, effort was undertaken to measure geomembrane surface 

temperatures at two locations within 10 cm of each other, one with an air gap at the 

GMB-GCL interface (i.e., geomembrane wrinkles) and one with good GMB-GCL 

contact. The temperature variation between these two geomembrane locations was 

typically < 3°C and was not considered significantly different. Therefore, the values 

reported herein were measured at one location, where the geomembrane and GCL were in 

good contact (slightly lower temperature values), keeping in mind that other locations on 

the geomembrane could be slightly hotter. The thermal conditions in the GMB-GCL air 

space were measured using a 107BAM waterproof soil/water thermistors installed mid-

slope on the GCL surface. 

The air temperature was cooler on the 18th than on the 24th, where the mean 

temperature on the 18th (20°C) being 8°C lower than that on the 24th (28°C) between 

12:00 - 16:00 (eastern daylight savings time, EDST), Figure 2.4a.  The air temperature on 

the 18th ranged from 10 to 23°C and ranged from 13 to 30°C on the 24th. The smooth 

solar radiation curve on August 18th indicates a clear sunny day with a peak solar 

radiation of 850 W/m2, whereas August 24th was mostly sunny, with temporary cloud 

cover at 13:00 and 14:20 as shown by the abrupt decreases in solar radiation (Figure 

2.4b). The maximum solar radiation observed on both days occurred at 13:00 since the 

time axis is in daylight savings time.  
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Although the warmer air temperatures on the 24th resulted in slightly hotter 

geomembrane surface temperatures, the geomembrane surface temperature of the white 

geomembrane was consistently lower than that observed on the black geomembrane, with 

mean geomembrane surface temperatures on the white 19 - 22°C less than that on the 

black on both Aug. 18th and 24th (Figure 2.4c and Table 2.1). This difference between the 

black and white geomembrane surface temperatures is more pronounced as the solar 

intensity increases. Table 2.1 indicates that the temperature difference between the white 

and black geomembranes is 12 to 13°C at 8:45 and increases to a difference of 20°C at 

12:33 when the geomembrane temperatures are high.  

The peak geomembrane surface temperature was 21 to 23°C cooler on the white 

geomembrane than on the black geomembrane, where the peak geomembrane surface 

temperatures on the white geomembrane were 32 and 39°C on the 18th and 24th and 55 

and 60°C on the black. This significant temperature difference is critical in explaining the 

wrinkle geometries observed in both the black and white geomembranes. 

The temperatures in the air space at the GMB-GCL interface were slightly lower 

than those measured on the geomembrane surface (Figures 2.4c and 2.4d). These lower 

values can be attributed to some heat transfer from the geomembrane to the GCL and 

subgrade below, especially in areas of good contact (Pelte et al. 1994), as the heat 

propagates from the geomembrane into the silty sand below. Therefore, the composite 

liner as a whole cools down slower than the geomembrane. As a result, it is expected that 

wrinkles will dissipate slightly slower than they form. The peak interface temperatures on 

the white geomembrane (29 and 32°C) were 18°C cooler than on the black geomembrane 

(47 and 50°C). The daily thermal cycle in the GMB-GCL air space for the exposed white 
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geomembrane (Section 2) was typically 16 to 34°C in the summer (June, July, August) 

and 20 to 45°C for the black geomembrane (Chapter 4, Rentz et al. 2015), where the two 

days in this study were on the hotter end of the summer interface temperature range.  

 

2.4 Typical wrinkles 

From the aerial photograph in Figure 2.5, it is evident that wrinkles can form in either the 

direction of the geomembrane roll, “roll direction wrinkles,” or perpendicular to the roll 

direction, “cross-roll direction wrinkles.” Often wrinkling can preferentially occur at 

locations of geomembrane imperfections or areas with undulations in the subgrade (Rowe 

et al. 2004, 2012a) as identified in Figure 2.5c. Both products tested in this study were 

manufactured using the blown-film extrusion manufacturing process, where the material 

was folded and unfolded in two locations during the cooling process, leaving slight 

creases in the geomembrane. Although virtually unnoticeable when the geomembrane is 

cool, it has been shown that – in blown-film geomembranes – wrinkles can form 

preferentially along this crease when the geomembrane heats up (Take et al. 2007; 

Chappel et al. 2012a). When a wrinkle develops at this type of imperfection, the 

geomembrane experiences a more abrupt change in geometry and forms a “peaked” 

wrinkle (e.g., Figure 2.5a and Feature 3 in Figure 2.5c). There tends to be two of these 

wrinkles per geomembrane sheet due to the two crease locations (Figures 2.3c and 2.5c).  

It should be noted that geomembranes manufactured using a flat die process (as opposed 

to the blown-film extrusion process) can still develop wrinkles mid-panel in the roll 

direction. For example, Rowe et al. (2004) observed long mid-panel roll direction 

wrinkles in a geomembrane manufactured using a flat die with the wrinkles occurring 
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more randomly. Therefore the folds in blown-film manufactured geomembranes do not 

result in more wrinkles but create preferential and predictable places for wrinkles to form.  

More typically, wrinkles that are not formed along a geomembrane blown-film 

crease have a more gradual change in curvature (e.g., Figure 2.5b and Feature 1 in Figure 

2.5c). In addition, wrinkles can form due to unevenness in the layer below the 

geomembrane such as GCL overlaps (Chappel et al. 2012b) or other undulations in the 

subgrade (Pelte et al. 1994). The slightly thicker zone beneath the geomembrane at a 

GCL overlap (as schematically shown in Figure 2.3c) creates a possible place for the 

geomembrane to buckle upwards (e.g., Feature 2 in Figure 2.5c).  

The installation of the geomembrane is another factor that may affect wrinkle 

geometry. Feature 4 in Figure 2.5c shows a roll direction wrinkle that preferentially 

formed along a geomembrane seam. Construction-induced wrinkles can also form, if 

parallel geomembrane panels are seamed at different temperatures and experience 

tugging due to differential heating and cooling.  

Predicting and understanding the wrinkle geometries that can form in a liner 

system is important when considering wrinkle connectivity. Less wrinkle connectivity is 

better in terms of the potential hydraulic performance of a composite liner if a hole 

occurs at or near a wrinkle. Intersecting wrinkles were identified as connected wrinkles if 

the geomembrane buckling was continuous from one wrinkle to the other (e.g., Feature 5 

in Figure 2.5c). Although there may be no visible direct contact, wrinkles were also 

considered connected if they were close enough (< 20 mm) such that they could be 

hydraulically connected by flow along the interface between the geomembrane and 
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underlying material (i.e., by flow through the wetted perimeter of the wrinkle; Rowe 

1998). 

 

2.5 White versus black geomembrane wrinkling 

2.5.1 Aerial images 

The wrinkle patterns on Aug. 18th in the black and white smooth geomembranes, at 

essentially the same time of day (within 1 min), were compared early in the morning, 

midday and early in the evening (Figure 2.6). The wrinkle pattern photographs were 

taken using a Canon 5D Mark III digital single lens reflex camera attached to an 

unmanned aerial vehicle (UAV) at a height of approximately 30 m above the base 

section.  

The aerial images were successful at capturing the wrinkle patterns on both the 

black and white geomembranes but not all of the features visible in the photographs are 

considered to be “significant” wrinkles. A significant wrinkle is one that likely will 

remain in the liner if present at the time of covering. The gap between the geomembrane 

and GCL can be reduced under vertical stress but may remain depending on the initial 

wrinkle height and width (Stone 1984; Soong and Koerner 1999; Koerner et al. 1999; 

Gudina and Brachman 2006; Brachman and Gudina 2008; Take et al. 2012). Take et al. 

(2012) observed that wrinkles in a geomembrane overlying a GCL with a height greater 

than 20 mm were reduced but still remained when covered with 230 mm of sand. 

Following the choice made by Take et al. (2007), wrinkles of height 30 mm or larger 

were considered to likely remain in the liner and therefore were considered significant 

wrinkles. 
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2.5.2 Identified significant wrinkles (line drawings) 

Detailed hand inspections of every wrinkle feature were conducted to identify the 

significant wrinkles in the aerial images. Hand surveys/traces were completed on August 

18th to correspond with the aerial images captured on this day, as well as on August 24th. 

Seven to eight different surveys for each section were conducted at intervals between 1 

and 1.5 hours on Aug. 18th 2012 from 8:10 - 17:30. Twelve surveys for each section were 

conducted on August 24th at one-hour intervals from 7:07 - 18:20. Each trace took 

anywhere from 5 to 20 min to complete, with some wrinkles changing slightly (< 5 mm) 

in size during the duration of the survey. To maintain consistency of the time between 

measurements of each wrinkle, the wrinkles in each test plot were monitored in the same 

order for each hand trace. Wrinkle connectivity was also observed.     

Figure 2.7 shows the corresponding wrinkle patterns of just the significant 

wrinkles for each aerial photograph shown in Figure 2.6 during the early morning, 

midday and early evening. There are fewer significant wrinkles in the white 

geomembrane than in the black geomembrane for all times of day. In the early morning, 

8:00, the only wrinkles present in the white geomembrane were inclined to the roll 

direction (Figure 2.7b). These wrinkles are likely present as a result of tugging due to 

differential heating and cooling of adjacent geomembrane panels during and after 

seaming. Nevertheless, they are significant wrinkles and were thus included in this 

particular quantification. It is possible that this inclusion is an overestimate of the number 

of wrinkles in a white geomembrane relative to a case with no such installation wrinkles.  

If the liner has more significant wrinkles, there is a higher probability for wrinkle 

connectivity and therefore higher leakage rates if a geomembrane hole were to develop 
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on or near the wrinkle network. As a result, the largest wrinkle network was identified for 

each detailed hand inspection, highlighted in dark green (Figure 2.8). The longest 

connected wrinkle was shorter for the white geomembrane than the black geomembrane 

at any given time. Often the longest connected wrinkle network in the white 

geomembrane was the length of a single “peaked” wrinkle (e.g., see Figure 2.8f). The 

number of connected wrinkles in the black geomembrane was greater than that in the 

white geomembrane with more cross-roll direction wrinkles intersecting roll direction 

wrinkles. This can be attributed to the increased geomembrane surface temperature on the 

black geomembrane compared to that on the white geomembrane, resulting in more 

thermal expansion and therefore more wrinkles in all directions.  

2.5.3 Wrinkle quantification 

Figure 2.9a is a plot of the number of wrinkles in the black and white smooth 

geomembranes counted during each hand survey completed on Aug. 18th and 24th. The 

black geomembrane had a maximum of 145 wrinkles on Aug. 24th (~5,500 wrinkles/ha) 

where the geomembrane surface temperature was 59°C. Conversely, the white 

geomembrane had a maximum of only 57 wrinkles on Aug. 24th (~2,100 wrinkles/ha), 

2.5 times less than for the black geomembrane, where the geomembrane surface 

temperature was 23°C less than on the black (white geomembrane 36°C). This significant 

difference in wrinkle number between the black and white geomembranes was not only 

observed during the hottest period of the day but also early in the day, as early as 10:00 

when the black geomembrane had 80 wrinkles while the white geomembrane had only 25 

wrinkles, when their surface temperatures were 14°C different.  
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The air temperature difference between the 18th and 24th (8°C hotter on the 24th) , 

in combination with the solar energy, had an effect on the number of wrinkles and 

resulted in slightly lower wrinkle numbers recorded on the 18th, due to lower liner 

temperatures. The maximum number of wrinkles in the black geomembrane on Aug. 18th 

was 120, ~20% less than the maximum number (145) of wrinkles on Aug. 24th, where the 

geomembrane surface temperature (50°C) was 9°C cooler than on the 24th at peak 

wrinkling. The maximum number of wrinkles in the white geomembrane on the 18th was 

45, ~20% less than the maximum number of wrinkles on Aug. 24th (57), where the 

geomembrane surface temperature (31°C) was 5°C cooler than on the 24th at peak 

wrinkling. Therefore, the reduced liner temperatures observed on the 18th had a similar 

effect on the number of wrinkles in both the black and the white geomembranes.  

Wrinkle connectivity was also quantified for each detailed hand survey (Figure 

2.9b). As the number of wrinkles increased, the wrinkle connectivity increased for both 

the black and white geomembranes. The longest hydraulically connected wrinkle for the 

black section was observed on Aug. 24th at 12:00 (53°C) with a length of 280 m, and 

involved interconnection of 82% of the total wrinkles. The longest hydraulically 

connected wrinkle network for the white section was observed on Aug. 24th at 15:21 

(36°C) with a length of ~60 m, and involved interconnection of 30% of the total wrinkles.  

Therefore, if a hole was to occur in the 280 m long wrinkle observed on the black 

geomembrane, theoretically the leakage rate would be nearly five times larger than if a 

hole were to develop in the ~60 m long wrinkle observed in the white geomembrane, as 

leakage through a hole in a wrinkle is proportional to wrinkle length once the wrinkle is 

more than a few metres long (Rowe et al. 2004).   
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 The number of wrinkles increased in both the black and white smooth 

geomembranes, almost linearly, with increasing geomembrane surface temperature 

(Figure 2.10). The number of wrinkles in both geomembranes is essentially the same for 

similar geomembrane surface temperatures (black geomembrane: 53 wrinkles at 37°C, 

white geomembrane: 51 wrinkles at 36°C), as expected, since they are essentially the 

same material other than the pigment in the white co-extruded layer. However, there is a 

substantial difference in the time of day that these surface temperatures are reached, 9:00 

for the black geomembrane and 12:20 for the white geomembrane. During the two 

inspection days, the white geomembrane did not exceed a maximum surface temperature 

of 40°C and 57 wrinkles while the black geomembrane was up to 20°C hotter and had 

two and a half times as many wrinkles (i.e., 145 wrinkles).  

Wrinkle connectivity also increases with a rise in liner temperature due to the 

increase in both size (length and width) and number of wrinkles (Figure 2.10b). Similar 

wrinkle connectivity is observed for both the black and white geomembranes for surface 

temperatures below 40°C. However, above 40°C, the wrinkle connectivity on the black 

geomembrane increases dramatically due to smaller more frequent wrinkles intersecting 

larger adjacent wrinkles. The longest wrinkle network observed on the white 

geomembrane did not exceed 60 m while on the black geomembrane it was up to 280 m, 

almost five times as long as on the white geomembrane. 

 To express wrinkle frequency in terms of the area investigated, an average 

wrinkle width of 200 mm was used to plot the percent area wrinkled versus surface 

temperature and connected wrinkle length (Figure 2.11). This average wrinkle width 

chosen follows the lower bound of wrinkle widths observed by Chappel et al. (2012a) for 
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a field exposed 1.5-mm-thick HDPE smooth black geomembranes, and additionally is 

similar to the final wrinkle widths observed by Gudina and Brachman (2006) when a 1.5-

mm-thick HDPE smooth black geomembrane on top of a compacted clay liner was 

subjected to 250 kPa of overburden stress. The wrinkle width chosen for calculating the 

percent area wrinkled is smaller than the actual wrinkle widths measured in the field, 

discussed later in the chapter, since it has been shown that the wrinkle width decreases 

after cover placement (Gudina and Brachman 2006; Take et al. 2012). This reduced 

width better represents the percent area wrinkled after covering, which has practical 

implications in terms of potential leakage through a geomembrane hole coincident with a 

wrinkle or wrinkle network. The percent area wrinkled increased linearly with 

geomembrane surface temperature. At most, the wrinkles occupied 24% of the black 

geomembrane (at geomembrane surface temperature = 59°C) and only 12% in the white 

geomembrane (at geomembrane surface temperature = 36°C) (Figure 2.11). The longest 

hydraulically connected wrinkle network does not follow the same linear trend. As the 

percent area wrinkled increases to above approximately 15%, the longest connected 

wrinkle increased more rapidly again due to smaller more frequent wrinkles forming in 

the black geomembrane at higher surface temperatures, creating more frequent wrinkle 

connections. 

 The percent area wrinkled can be used to examine how a black geomembrane 

compared to a white geomembrane may affect the probability and consequences of a hole 

encountering a wrinkle. For the purposes of this argument, 2.5 holes per hectare 

randomly distributed in the geomembrane are assumed, taken from the lower bound 

suggested by Giroud and Bonaparte (2001) for geomembranes installed with strict 
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construction quality assurance. In the most extreme case for the black geomembrane, for 

the two days studied, if there are 2.5 randomly distributed holes per hectare and 24% of 

the entire area is occupied by wrinkles, there is a 50% probability that at least one of 

those holes is coincident with a wrinkle. If 12% of the area is wrinkled, corresponding to 

the most extreme case observed for the white geomembrane, there is a 27% probability 

that at least one of those holes is coincident with a wrinkle. But, it should also be noted 

that geomembrane defects could form preferentially on a wrinkle due to stress 

concentrations along the wrinkle or due to wrinkle deformation and folding during 

construction, causing the geomembrane to crack. Therefore, the probability calculation of 

a randomly distributed hole being coincident with a wrinkle is likely a conservative 

estimation.  

As previously stated, an increase in wrinkled area results in a much longer 

wrinkle network, as observed on the black geomembrane with the longest wrinkle 

network being 280 m when 24% of the lined region was wrinkled. Therefore, not only 

does the probability of a hole intersecting a wrinkle increase as the area wrinkled 

increases, but the wrinkle network through which this leakage can flow also increases. 

Covering the geomembrane when wrinkles are few, for both black and white 

geomembranes, can be expected to reduce leakage rates through the composite liner.   

2.5.4 Wrinkle dimensions 

Wrinkle heights and widths were compared for the black and white smooth 

geomembranes installed on the base (Figure 2.12). These measurements were made on 

June 21st 2012, which had a peak air temperature of 32°C and peak GMB-GCL interface 

temperatures of 58°C for the black geomembrane and 42°C for the white geomembrane 
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(Figure 2.13). The geomembrane surface temperature sensors were not functioning at this 

time, but black and white surface temperatures of 63°C and 38°C were inferred from site 

specific correlations obtained from Chapter 3 (Rentz et al. 2015). Wrinkle measurements 

were made by hand using a carpenter’s level and measuring tape to ± 5 mm. The wrinkle 

height was taken as an average of two height measurements made on either side of the 

wrinkle and the width measurement was the distance between the two points on either 

side of the wrinkle where the geomembrane was in completed contact with the 

underlying GCL (no air gap beneath the geomembrane) similar to one definition of 

wrinkle width defined by Take et al. (2012). The wrinkles selected for measurement were 

larger more prominent wrinkles mostly in the roll and cross-roll directions and were 

found to capture the largest wrinkle in each section.  

The maximum wrinkle height on the smooth base section was 128 mm for the 

black geomembrane and 100 mm for the white, recorded when the interface temperatures 

were 57°C and 41°C. Initially the wrinkle heights on the black geomembrane ranged 

from 30 to 58 mm in the morning (at 6:50) while the white geomembrane had wrinkle 

heights ranging from 10 to 40 mm (at 6:30), with the exception of one white wrinkle 

having an anomalously high initial height of 68 mm. This particular wrinkle was a 

construction induced wrinkle that resulted from adjacent geomembrane panels 

experiencing tugging due to differential heating and cooling (i.e., one of the inclined 

features previously referred to in Figure 2.7b). During the hottest part of the day, wrinkle 

heights ranged from 103 to 128 mm on the black geomembrane and 73 to 100 mm on the 

white geomembrane. 
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Unlike wrinkle heights, wrinkle widths did not vary as much with time of day. 

The wrinkle widths in the black geomembranes ranged from 350 to as much as 700 mm. 

The widest wrinkle had formed in the cross-roll direction and was distant from other 

winkles or perimeter sandbags. White wrinkle widths varied from 400 to 600 mm. White 

Wrinkle 3 in Figures 2.12b and 2.12d was a smaller wrinkle that was initially flat until 

9:10 and then grew at this location to form similar dimensions as the other measured 

white wrinkle features.   

2.5.5 Effect of textured surface and slope 

All previous results have been for smooth geomembranes on a gently sloped base (3%). 

Wrinkle patterns observed on the 3H:1V side slope for the black and white double-sided 

textured geomembranes were also evaluated on a clear summer day, June 22nd 2012. 

Figure 2.14 shows the wrinkle patterns on the textured slope during the hottest part of the 

day, when the geomembrane surface temperature was approximately 66°C on the black 

and 42°C on the white geomembrane. This 22°C difference in surface temperatures is 

consistent with the observations made on Aug. 18th and 24th. The textured black 

geomembrane had 218 significant wrinkles while the white had 138 wrinkles – 1.5 times 

less than black, while the smooth black geomembrane had 2.6 times more wrinkles than 

the smooth white on Aug. 24th. The textured white geomembrane still wrinkles less than 

the textured black geomembrane but not to the same extent as the smooth geomembranes 

(installed on the base).   

The length of the wrinkle network on the black textured geomembrane was 395 m 

and 217 m for the white textured geomembrane, 1.8 times longer in the black than in the 

white (Figure 2.14). While on the smooth base, the longest network was 7.1 times longer 
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in the black than in the white on Aug. 24th at noon. This increase in wrinkle frequency 

and connectivity in the white geomembrane on the slope can be attributed to the textured 

material which has an increased frictional resistance with the GCL below, causing more 

wrinkles to form at closer intervals (Giroud and Morel 1992). This can also be said for 

the textured black geomembrane on the slope but the scale at which this occurs appears to 

be less on the black geomembrane than seen on the white. This may be due to higher 

frequency of wrinkles forming in the black geomembrane in comparison to the white 

geomembrane, and therefore the difference between the number of wrinkles observed on 

the black textured (slope section) geomembrane versus black smooth (base section) 

geomembrane is reduced.  

Wrinkle heights and widths were also measured for textured geomembranes 

installed on the 3H:1V slope section (on June 21st 2012), Figure 2.15. The peak 

geomembrane surface temperatures on the slope section of the black and white 

geomembranes were approximately 65°C and 44°C. Due to the south-facing orientation 

of the slope, the peak geomembrane surface temperatures on the slope were only 2 - 6°C 

warmer than the base section on this day, such that the difference in wrinkles between the 

base and slope is largely from the difference in interface roughness between the 

geomembrane and underlying GCL. 

The maximum wrinkle height on the textured slope section was 110 mm for the 

black geomembrane and 90 mm for the white geomembrane, recorded when the interface 

temperatures were 57°C and 38°C. These peak wrinkle heights were 10 - 20 mm smaller 

than those observed on the base. The tallest wrinkle in the white section started at a 

height of 28 mm early in the morning (6:40) and increased to 90 mm by 13:00 while the 
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other wrinkles reached a height of no more than 75 mm, whereas the tallest wrinkle in the 

black geomembrane also started at a height of 28 mm (7:00) and then increased to 110 

mm by 13:20. Wrinkle widths were slightly wider than those observed for the smooth 

geomembranes.   

Overall, the observation that more frequent wrinkles but smaller in height, 

developed in the textured geomembranes relative to the smooth geomembranes is 

consistent with the theoretical calculations of Giroud and Morel (1992).  

 

2.6 Conclusions 

Wrinkles in white and black 1.5-mm-thick, HDPE geomembranes were quantified and 

compared within 20-m-long and 13-m-wide control sections at the Queen’s 

Environmental Liner Test Site.  On the two particular sunny, August days when wrinkles 

were monitored in the smooth geomembrane test sections, the peak temperatures of the 

white geomembrane were 21 - 23°C cooler than that for the black geomembrane.  

Relative to the black geomembrane, wrinkles in the white geomembrane formed later in 

the morning and went away sooner in the evening. Thus if cover materials can only be 

placed when there are minimal wrinkles, the use of a white surface can potentially extend 

the time of day for cover material placement. Also for the smooth geomembranes, at the 

hottest part of the day, wrinkles in the white geomembrane were less frequent 

(approximately 12% vs. 24% of the area), were smaller in height, and had much shorter 

maximum interconnected lengths relative to the black geomembrane (maximum white 

length = 21% of maximum black length). If both geomembranes were covered at the 

same time of day, based on the quantifications reported in this paper, the probability that 
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at least one out of 2.5 randomly distributed holes per hectare would be reduced by almost 

one-half (27% vs. 50% at the hottest part of the day) by using a white geomembrane 

rather than a black. Further, if that hole was coincident with the longest interconnected 

wrinkle for each geomembrane, the implications of leakage through that hole would be 

reduced by a factor of five as the maximum wrinkle length in the black section was five 

times greater than with the co-extruded white surface. The use of a textured 

geomembrane, increased the frequency of wrinkles but reduced the wrinkle size in both 

the black and white geomembranes. The textured white wrinkled less than the textured 

black but not to the same extent as the smooth geomembranes, with the longest connected 

wrinkle 1.8 times longer in the black textured than in the white textured compared to 7.1 

times longer in the black smooth than in the white smooth geomembrane. 
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Table 2.1. Geomembrane surface temperatures on Aug. 18th and 24th 2012 (°C). 
 

 Air temp. (°C)  

Black GMB 
surface temp. 

(°C)  

White GMB 
surface temp. 

(°C)  

Difference btw 
black & white 
surface temp. 

(°C) 
Aug. 
18 

Aug. 
24  

Aug. 
18 

Aug. 
24  

Aug. 
18 

Aug. 
24  

Aug. 
18 

Aug. 
24 

Peak 23 29  55 60  32 39  23 21 

8:45 15 22  30 36  18 23  12 13 

12:33 19 27  49 57  29 37  20 20 

17:14 22 28  43 46  28 32  15 14 

12:00-16:00 
Mean 20 28  52 55  30 36  22 19 

Std. dev. 1 1  2 3  1 2  1 1 
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Figure 2.1. Photograph of a wrinkle (approximately 65 mm high and 400 mm wide) 
in a black HDPE smooth geomembrane (GMB). 
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Figure 2.2. Photograph looking north at Queen’s University Environmental Liner 
Test Site II (QUELTS II) showing white geomembrane test Section 2 and black 
geomembrane test Section 3, taken June 28th at 8:18, air temperature 20˚C, white 
geomembrane 25˚C, black geomembrane 40˚C. 
 
 

Black GMBWhite GMB
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Figure 2.3.  (a) North-south cross section (A-A), (b) plan view and (c) east-west 
cross-section (B-B) of test Sections 2 and 3 at QUELTS II. 
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Figure 2.4. Site conditions varying with time of day on Aug. 18th and 24th 2012 
including: (a) air temperature, (b) solar radiation, (c) geomembrane surface 
temperature and (d) temperature between the GCL and geomembrane. Diamonds 
indicate times of hand traces shown in Figures 2.7 and 2.8. 
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Figure 2.5. (a) Wrinkle type 1 - “peaked” wrinkle; (b) wrinkle type 2 - smooth 
wrinkle and (c) wrinkle types and features observed in a 8.5 x 10 m region: 1) cross-
roll direction wrinkle, 2) roll direction wrinkle coincident with GCL overlap, 3) roll 
direction peaked wrinkle, 4) roll direction wrinkle coincident with geomembrane 
seam, and 5) hydraulically connected wrinkles. 
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Figure 2.6. Aerial images showing wrinkles on base of black and white 
geomembrane sections on Aug. 18 2012: (a) black geomembrane - 8:45 at 30°C, (b) 
white geomembrane - 8:44 at 18°C, (c) black geomembrane - 12:33 at 49°C, (d) 
white geomembrane - 12:33 at 29°C, (e) black geomembrane - 17:14 at 43°C, and (f) 
white geomembrane - 17:14 at 28°C. 

(a) (b)

(c) (d)

(e) (f)
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Figure 2.7. Wrinkles identified on base of black and white geomembrane sections on 
Aug. 18 2012: (a) black geomembrane - 8:10 at 26°C, (b) white geomembrane - 8:00 
at 15°C, (c) black geomembrane - 12:08 at 49°C, (d) white geomembrane - 12:46 at 
30°C, (e) black geomembrane - 17:00 at 45°C, and (f) white geomembrane - 17:30 at 
27°C.   

(a) (b)

(c) (d)

(e) (f)
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Figure 2.8. Longest connected wrinkle on base of black and white geomembrane 
sections on Aug. 18 2012 indicated in green: (a) black geomembrane - 8:10 at 26°C, 
(b) white geomembrane - 8:00 at 15°C, (c) black geomembrane - 12:08 at 49°C, (d) 
white geomembrane - 12:46 at 30°C, (e) black geomembrane - 17:00 at 45°C, and (f) 
white geomembrane - 17:30 at 27°C.   

(a) (b)

(c) (d)

(e) (f)
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Figure 2.9. (a) Number of wrinkles on black base versus white base and (b) longest 
connected wrinkle on black versus white base on both Aug. 18th and 24th 2012. 
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Figure 2.10. (a) Number of wrinkles on black base versus white base and (b) longest 
connected wrinkle on black versus white base for a given geomembrane surface 
temperature on both Aug. 18th and 24th 2012. 
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Figure 2.11. Variation in percent area wrinkled (where wrinkle width assumed to be 
200 mm for all wrinkles) with variation in; (a) geomembrane surface temperature 
and (b) longest hydraulically connected wrinkle network on both Aug. 18th and 24th 
2012. 
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Figure 2.12. Wrinkle dimensions measured on June 21st, 2012 on both the black and 
white smooth geomembranes installed on the base including: (a) black 
geomembrane wrinkle heights, (b) white geomembrane heights, (c) black 
geomembrane wrinkle widths, and (d) white geomembrane wrinkle widths. 
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Figure 2.13. Site conditions varying with time of day on June 21st 2012 including: (a) 
air temperature, (b) solar radiation, and (c) temperature between the GCL and 
geomembrane. 
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Figure 2.14. Wrinkle patterns on the textured slope of black and white 
geomembrane sections on June 22nd: (a) black geomembrane - 12:09 at 66°C, (b) 
white geomembrane 12:08 at 42°C, (c) longest hydraulically connected wrinkle on 
black geomembrane for same time and geomembrane surface temperature and (d) 
longest hydraulically connected wrinkle on white geomembrane for same time and 
geomembrane surface temperature. 
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Figure 2.15. Wrinkle dimensions measured on June 21st, 2012 on both the black and 
white textured geomembranes installed on the slope including: (a) black 
geomembrane wrinkle heights, (b) white geomembrane heights, (c) black 
geomembrane wrinkle widths, and (d) white geomembrane wrinkle widths. 
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Chapter 3 

Classification and quantification of down-slope erosion from a GCL 

when covered only by a black geomembrane 

3.1 Introduction 

Use of a composite geosynthetic liner consisting of a geomembrane overlying a 

geosynthetic clay liner (GCL) can result in very low leakage (i.e., hydraulic flow through 

holes in the geomembrane under a gradient) as demonstrated by theoretical calculations 

(e.g., Rowe et al. 2004; El-Zein et al. 2012; Rowe 2012), experimental studies (e.g., 

Barroso et al. 2006; Rowe and Abdelatty 2012), and field measurements (Bonaparte et al. 

2002; Rowe 2005).  Following GCL manufacturers’ requirements to promptly cover the 

GMB-GCL liner with at least 0.3 m, if not more, of ballast (e.g., gravel) such that the 

GCL does not experience excessive wet-dry cycles from thermal exposure is important to 

obtain good field performance.  Timely covering of the composite liner is important such 

that the GCL, or even a compacted clay liner, is not allowed to desiccate (Hewitt and 

Philip 1999; Rowe et al. 2004; Rowe 2012), and that the GCL overlapped seams do not 

open up (Koerner and Koerner 2005; Thiel and Richardson 2005; Bostwick et al. 2010) 

whilst experiencing shrinkage driven by thermal exposure.  However, often because of a 

time lag between geosynthetic and earth work contractors during construction or for 

operational reasons, geomembranes on slopes have been left exposed for months to 

several years (Thiel and Richardson 2005; Thiel et al. 2006). 

If a composite liner is left uncovered, the GCL may be subjected to moisture 

migration due to thermal exposure cycles (Figure 3.1). During the portion of the day that 
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the geomembrane and GCL are hotter than the subsoil, the thermal gradient can be 

expected to drive some moisture from the GCL and soil below the GCL to greater depth 

in the unsaturated subsoil (e.g., Southen and Rowe 2005; Azad et al. 2011, 2012; Hoor 

and Rowe 2013; Rowe and Verge 2013).  However, unlike the buried composite liners 

where the geomembrane is in direct and intimate contact with the GCL, as examined by 

the authors cited above, for an exposed geomembrane the development of wrinkles 

creates a much more significant volume of air space for the water vapour to accumulate 

than the unsaturated pore space in soil below the GCL. Thus, in this case the GCL loses 

most of the moisture due to evaporation to the air space that develops between the 

geomembrane and GCL as the geomembrane expands and wrinkles. For example, in a 

laboratory simulation of thermal cycles on an uncovered GCL, Rowe et al. (2013) found 

that both a geotextile-encased GCL and uppermost 150 mm of soil beneath the GCL lost 

moisture (mostly to the air space above the GCL) when subjected to 50 thermal cycles. 

Later in the day, as the geomembrane cools faster than the GCL and subsoil, the water 

vapour condenses on the underside of the geomembrane and can then drip on the GCL 

and migrate down-slope.  Figure 3.2 shows evidence of surficial moisture flow on top of 

a GCL when it was covered only by a black geomembrane after 15 months of exposure.   

Recently, Take et al. (2015a) reported field observations of local zones without 

bentonite in the GCL that were coincident with these sort of surficial flow features at 

Queen’s University Environmental Liner Test Site (QUELTS), while Ashe et al. (2014) 

recreated the loss of bentonite observed at these features in the laboratory by trickling 

deionized water on the surface of a inclined specimen of GCL that had been previously 

subjected to a wet-dry cycle. These features are caused by the cumulative effects of 
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bentonite being transported by small quantities of condensed water vapour flowing on top 

of the GCL and hence are termed as down-slope bentonite erosion (Rowe et al. 2014; 

Take et al. 2015a;).  It could be hypothesized that the extreme exposure conditions that 

cause these features are only encountered if the composite liner is not adequately covered 

in a timely manner. Figure 3.3 shows the extent of these features observed in the field 

after 4.7 years of exposure. They were first detected at this site after >3 years of 

exposure; however, given that Take et al. (2015a) were not looking for such features, 

they were unable to say when erosion was first initiated or became significant. Further, 

they were only able to detect these features using tactile and destructive inspection (i.e., 

by feeling and cutting the GCL). 

The objectives of this chapter are to (i) describe the development of a 

nondestructive, light-transmission technique to better detect down-slope erosion of 

bentonite from field-exposed GCLs; (ii) present a classification system that defines the 

type of erosion features that have been observed; and (iii) quantify the onset, progression, 

and severity of down-slope erosion for one particular GCL when covered only by a black 

geomembrane for exposure periods of between 7 weeks and 1.3 years.   

 

3.2 Method 

3.2.1 Site details 

A large-scale test site, QUELTS II, was constructed in May 2012 to study the field 

progression of down-slope bentonite erosion from a geosynthetic clay liner if left covered 

only by a geomembrane (introduced in Chapter 2). The entire lined region is 80 m wide 

and has seven different test sections. This study focuses on one of those sections, Figure 
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3.4, which replicated one configuration from the original QUELTS I study. The section 

consists of a 22 m long slope inclined at 3H:1V that faces south and a 20 m long base 

with a slight (3%) slope to the south (Figure 3.5). The section is comprised of a GCL 

covered only by a black geomembrane. Both products were installed with their roll 

direction oriented in the slope direction (i.e., essentially north-south).  

The particular GCL examined in this chapter is a needle-punched and thermally-

treated geotextile-encased product made with fine granular Wyoming sodium bentonite.  

It had a 226 g/m2 nonwoven needle-punched cover geotextile and a 252 g/m2 scrim-

reinforced nonwoven carrier geotextile, made by needling a nonwoven needle-punched 

geotextile to a slit-film woven geotextile. Thermal treatment involves melting the needle-

punched fibres from the cover to the carrier geotextile, and has been shown to provide 

better confinement at low stress than similar nonthermally treated GCLs (Lake and Rowe 

2000; Beddoe et al. 2011). The GCL had an average dry mass of 4256 g/m2 and the 

bentonite had an initial swell index (ASTM D5890) of 32 mL/2g. It was placed with the 

carrier geotextile in contact with the foundation soil.  

The test section was composed of three adjacent GCL panels of width 4.72 m that 

were overlapped by 0.3 m resulting in a section width of 13.3 m (Figure 3.5b). As per the 

manufacturers’ recommendations, supplemental bentonite was applied at a rate of          

0.8 kg/m within the 300 mm overlapped area between adjacent panels (Brachman et al. 

2010).   

The geomembrane in this test section was a black, 1.5-mm-thick, high-density 

polyethylene geomembrane. The section was composed of two double-wedge seamed 

panels of textured geomembrane on the slope and smooth geomembrane on the base. 
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Both the GCL and geomembrane panels were secured at the top of the slope and end of 

the base by anchor trenches (Figure 3.5a). To eliminate the potential for seepage of 

moisture from the top anchor trench, a rain cap was constructed at the top of the slope 

(see Figure 3.5a). The cap consisted of a 1.5-mm-thick smooth geomembrane secured to 

the geomembrane panels at the crest of the slope with extrusion welding and anchored    

2 m back from the crest of the slope to divert any precipitation moisture away from the 

anchor trench and down the north slope which also had a GCL liner with a 0.7 m thick 

sand cover. The section was separated from adjacent sections by a continuous line of 

sand bags (Figures 3.4 and 3.5b) to limit moisture migration between adjacent test 

sections.  

The subgrade beneath the GCL is a silt and sand foundation. The soil composition 

was obtained from a number of surficial soil samples obtained across the site. The soil 

was predominantly silty sand with occasional locations of sandy silt.  The initial 

gravimetric water content at the time of placing the GCL in QUELTS II was 11% on 

average (based on 33 surficial samples collected across the slope for this section with 

minimum and maximum water contents of 7% and 16%). The initial dry density of the 

foundation soil was approximately 1600 kg/m3, which was obtained from a sample 

extracted mid-slope at a depth of 50 mm below the soil surface where the gravimetric 

water content was 11% (ASTM D4643). 

Table 3.1 gives the mean monthly values of ambient air and GMB-GCL interface 

temperatures recorded every 10 minutes at the site weather station located on the west 

edge of the lined region. The GMB-GCL interface is hotter than the ambient air 

principally due to additional heating from the black geomembrane, but with some 
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buffering effect from the underlying soil (see Pelte et al. 1994; Take et al. 2015b). The 

reported mean monthly maximum and minimum temperatures are the arithmetic means 

of the individual daily high and low temperatures and provide, on average, the thermal 

cycle experienced by the exposed composite liner over the month. To provide an 

indication of the thermal cycle in the GMB-GCL interface that drives the cyclic 

movement of moisture in this interface, the difference between the mean monthly 

maximum and minimum values and the maximum difference between the daily high and 

low temperatures (i.e., the largest daily thermal cycle observed on any one day in that 

month) are also reported in Table 3.1. Over the exposure period for which results are 

presented in this chapter, the daily thermal cycle was from 21 to 47°C on average over 

two summers (June, July, and August). However, in any month (including winter) there 

can be a significantly larger thermal cycle than the average cycle and, in particular, in the 

summer months (June-August) the thermal cycle can be up to 40°C on a given day.     

3.2.2 Light panel method 

A nondestructive field method was developed to investigate down-slope bentonite 

erosion from a GCL while minimizing disturbance to the liner system. The method 

involves a thin light emitting diode (LED) light panel, 300 x 300 x 8 mm, that is fixed to 

an aluminium tray and slid beneath the GCL panel with access obtained at the GCL panel 

overlaps (see Figure 3.6a). Once the LED light panel was in its desired location, a frame 

with embedded blue LED lights and inner dimensions 360 x 360 mm was placed on top 

of the GCL surface above the light panel to both identify the area being inspected for 

erosion and provide a scale in photos with low lighting (Figure 3.6b). With the light panel 

and frame in their appropriate locations, a mobile dark room was placed on the GCL to 
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surround the light panel (Figure 3.7). A camera mounted to a tripod was placed in the 

mobile dark room that has internal lights which can be switched on and off to capture (i) 

a photo of the GCL surface and frame with the internal lights on and the light panel on; 

and (ii) a photo with the same field of view, but with the mobile dark room internal lights 

off. The first photo is used to capture the surface streaking pattern on the GCL above the 

light panel, while the second photo is used to capture any light passing through zones in 

the GCL where there is no remaining bentonite from the light panel below. These 

different types of photos taken in the field are shown in Figure 3.8 where: Figure 3.8a is a 

GCL surface photo of a 300 x 600 mm region, with its corners indicated by black ink 

marks on the GCL surface, where a potential erosion feature is suspected from visual and 

gentle tactile inspection (with a light touch and feel so as to not disturb or extrude 

bentonite); Figure 3.8b is a dark room photo, with internal lights on, of the area outlined 

by the dashed box shown in Figure 3.8a; and Figure 3.8c is a photo of the same area 

shown in Figure 3.8b, but with the internal lights off in the mobile dark room. The 

erosion feature visible in Figure 3.8c has a maximum width of 3 cm and length of 12 cm.  

In addition to the GCL photos taken in the field, X-ray images of the GCL 

samples extracted from the field were taken in the laboratory. X-ray imaging was used to 

confirm the effectiveness of the light panel method at both detecting erosion features in 

the field and identifying the amount of erosion that has occurred. The GCL X-rays were 

completed using a 1 kV Faxitron sealed X-ray imager cabinet that is designed to produce 

high resolution radiographs (resolution = 170 pixels per 25 mm). An example of one of 

these X-ray images is shown in Figure 3.8d for the same erosion feature shown in Figures 

3.8a, 3.8b, and 3.8c (the dashed square indicates the location of the frame shown in 
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Figures 3.8b and 3.8c). Figures 3.8a - 3.8d all have the same scale with the arrow 

indicating the same location on the GCL surface. The lighter-coloured region in      

Figure 3.8d corresponds to attenuated X-rays passing through the bentonite, whereas the 

dark colour corresponds to unattenuated X-rays passing through the erosion feature with 

essential no bentonite remaining (Take et al. 2015a). Both the field-based light panel 

method and laboratory X-ray capture the main erosion features where loss of bentonite 

was suspected based on light tactile inspection of the sample (conducted as per Take et al. 

2015a). The dark feature in the X-ray image of Figure 3.8d appears to be slightly larger 

than the zone of light visible from the light panel photo shown in Figure 3.8c potentially 

due to the improved imagining ability of an X-ray versus a light panel in the field. The X-

ray image also shows dark grey zones with partial X-ray attenuation surrounding the 

bentonite-free region, suggesting GCL thinning and partial bentonite erosion in these 

areas, which is not visible in the light panel photo. As the X-ray detects contrasts in 

density whereas the light panel transmits light through voids in the GCL, the X-ray 

appears to be more sensitive in detecting partial loss of bentonite (i.e., local thinning, but 

no through-thickness voids that could transmit light). Thus, while the light panel method 

may slightly underestimate the amount of erosion or bentonite loss in a GCL, this 

comparison confirms the ability of the light panel method to detect zones of the GCL 

with little to no bentonite. 
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3.3 Classification system of erosion 

3.3.1 Approach 

A classification system was developed to help define the onset, progression, and severity 

of down-slope erosion of bentonite from a GCL in an exposed composite liner, with the 

objective of providing a consistent system for describing what was observed in the field 

and to propose nomenclature that others could use to define and describe similar 

observations. The classification system involves seven different categories (Table 3.2) 

where each identifies a type of erosion feature seen in the field ranging from potential 

future erosion features to the worst erosion features observed in the field as reported by 

Take et al. (2015a). The classification system consists of four subsections referring to (i) 

features that have not experienced readily observable bentonite loss; (ii) features that 

have experienced bentonite loss, but are considered likely to self-heal under many 

practical conditions; (iii) features that have experienced bentonite loss, but self-healing is 

considered uncertain; and (iv) features that have experienced bentonite loss and are 

considered unlikely to self-heal under many practical conditions.  

3.3.2 Features with no bentonite loss 

A hydrated rivulet, ‘h’ (Figure 3.9a), corresponds to a hydrated GCL coincident with a 

GCL surface streak. A GCL surface streak is a moisture path, either hydrated or dried, 

that is visible by the discoloration of the upper geotextile of the GCL. These streaks are 

evidence of down-slope moisture migration between the geomembrane and GCL after 

water vapour has condensed on the underside of the geomembrane. This condensate can 

drip or transfer to the GCL surface at a touchdown or transfer point between the 

geomembrane and GCL, and this condensate (distilled water) then flows down-slope on 
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the GCL. With time, this flow can destabilize and wash out the bentonite through the 

upper geotextile of the GCL. A hydrated rivulet is the first detectable evidence of this 

down-slope bentonite erosion mechanism. The hydrated rivulet shown in Figure 3.9a(i) is 

a dark grey down-slope surface streak running down from the tip of the arrow (point h). 

The lighter grey areas adjacent to this streak are areas where bentonite has dried on the 

surface although the bentonite in the GCL is still sufficiently hydrated here to prevent the 

passage of light. The presence of moisture along this surface streak is confirmed by the 

mobile dark room photo in Figure 3.9a(ii) where no light is visible along this stream path 

from the LED light panel below the GCL, indicating that the bentonite is continuous, 

uncracked, and hydrated. 

A desiccated rivulet, ‘d’ (Figure 3.9a),  is similar to an ‘h’, but the bentonite 

locally beneath the surface streak is dried and cracked. A desiccated rivulet feature is a 

previously hydrated rivulet that, at the time of inspection, is drier and has some 

desiccation cracks coincident with a GCL surface streak. Desiccation cracks form due to 

tension in the bentonite as it contracts upon drying. Desiccated rivulets were observed to 

revert back to hydrated rivulets if moisture again flows along this path. Based on a tactile 

inspection, there is no apparent local thinning of the GCL along this feature. If moisture 

continues to flow along a GCL streak between intermittent drying periods, it is likely that 

the GCL will experience bentonite erosion at this location. In Figure 3.9a(i), a desiccated 

rivulet appears as a down-slope surface streak, starting at the tip of the arrow (point d), 

where light can pass through the bentonite from the LED panel beneath the GCL. The 

light passing through this surface streak is more clearly shown in the mobile dark room 

photo (Figure 3.9a(ii)). This light is an indication that the GCL is dried and cracked with 
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the light passing through the desiccation cracks in the bentonite.  Both features identified 

in Figure 3.9a are very narrow, with a maximum width less than 0.5 cm. By definition, a 

tactile inspection would not detect any local thinning of the GCL along either an ‘h’ or 

‘d’ feature. 

3.3.3 Self-healing properties of a GCL 

Once bentonite has been lost from down-slope erosion, there is a question whether that 

loss of bentonite is sufficient to compromise the function of the GCL as a hydraulic 

barrier.  If the eroded zone (effectively a hole in the GCL) is small enough, swelling of 

bentonite upon re-hydration and lateral movement of bentonite when subject to vertical 

stress are two potential self-healing mechanisms that may be expected to alleviate the 

effects of bentonite erosion without compromising the hydraulic conductivity of the 

GCL. But how small is “small enough”?  

The self-healing capacity may be influenced by the type, mass (per unit area) and 

swell capacity of the bentonite component of the GCL. There may be differences in the 

amount of self-healing depending on whether the bentonite is initially fine or coarse 

granular, or powdered. The mass of bentonite may also be important and greater self-

healing may be postulated for greater amounts of bentonite (other things being equal).  In 

terms of the swell capacity of the bentonite, self-healing will depend on whether the 

dominate cation in a natural bentonite is sodium or calcium (Egloffstein 2001) and 

possibly if it is a sodium-activated bentonite or enhanced bentonite. Even for one 

particular natural sodium bentonite, a difference in self-healing may be expected 

depending of the amount of cation exchange (e.g., with calcium or other divalent cations 
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in the underlying foundation soil) that has occurred (Mazzieri and Pasqualini 2000; 

Egloffstein 2001).  

 The method of manufacture of the GCL, whether geotextile-encased and needle-

punched, adhesive-bonded or stich-bonded may also impact the size of a hole (i.e., 

erosion feature) that may eventually self-heal (Sivakumar Babu et al. 2001). The type and 

mass of geotextiles as well as the density and possibly pattern of needle-punched fibres 

may also play a role in the lateral mobility of bentonite and hence self-healing of erosion 

features. 

 In terms of stress, greater self-healing has been measured under greater effective 

stress (Mazzieri and Pasqualini 2000; Sari and Chai 2013). However, another 

complicating factor may be the degree of hydration of the GCL when the stress is 

significantly increased beyond that imposed by a minimal protective soil layer. There 

may be greater lateral extrusion of bentonite into an erosion feature if the stress was 

increased on a GCL that had previously reached greater hydration (and hence is more 

likely to move laterally) than if stress was increased on a GCL with lesser hydration.  

Here, the type and water content of the underlying foundation soil may also become 

important factors - as well as time - affecting the degree of GCL hydration. The grain size 

of the underlying foundation layer may also be important because if it is too coarse, self-

healing may be supressed by loss of bentonite to the underlying soil (Mazzieri and 

Pasqualini 2000). Just like internal erosion of GCLs (Rowe and Orsini 2003), the grain 

size of the foundation soil, the type and opening size of the bottom geotextile of the GCL 

in contact with the foundation soil, and hydraulic gradient may all impact self-healing of 

down-slope erosion features. 
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 There is no available data regarding the extent to which field-exposed GCLs that 

have experienced down-slope erosion may exhibit self-healing. It is hypothesised, as 

indicated above, that there may be many product- and site-specific factors that play a 

role. However, some limited insight into the size of the hole (erosion feature) that may 

self-heal can be gained from the literature summarized in Table 3.3. In all of these 

controlled laboratory studies, bentonite was removed over a well-defined circular area 

from off-the-roll virgin GCL specimens, some were allowed to hydrate and swell, and 

then all were permeated to assess the hydraulic performance.  In additional to GCL 

properties, potentially important experimental conditions are summarized in Table 3.3. 

Based on the available experimental data, it appears that circular holes with a diameter no 

greater than 2.5 cm were able to self-heal under the conditions tested; holes with a 

diameter of 3 cm healed, but exhibited an increased permittivity; whereas 4 cm and larger 

holes did not self-heal. From the foregoing, it is inferred that erosion features with a 

width of 1.5 cm or smaller likely can self-heal if the GCL is made of natural fine-grained 

or powdered sodium bentonite and provided that (i) the thermal cycles driving moisture 

migration are eliminated, (ii) the mass of bentonite is not less than those tested in      

Table 3.3, (iii) any cation exchange is sufficiently small that the GCL still has a swell 

index ≥ 22 mL/2g and (iv) the confining stress is not less than those tested in Table 3.3. 

Additional testing of actual field-exposed GCLs that have experienced down-slope 

erosion is required to confirm this inference. Given many possible differences between 

controlled laboratory specimens and conditions versus field conditions for down-slope 

erosion (including potential thinning of bentonite around an erosion feature as in     

Figure 3.6d versus a well-defined experimental hole), self-healing of erosion features 
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with a width between 1.5 and 2.5 cm is considered uncertain, and self-healing of features 

with a width greater than 2.5 cm is considered unlikely (Table 3.2). 

3.3.4 Features with bentonite loss that likely will self-heal    

Onset erosion, ‘o’ (Figure 3.9b), describes a feature coincident with a GCL surface streak 

either hydrated or dried, similar to ‘h’ and ‘d’, but where the GCL has also experienced 

bentonite loss with local thinning detectable by tactile inspection. Onset erosion is the 

smallest feature in the erosion classification system where loss of bentonite is detected. 

Although there is some loss of bentonite, the feature likely will self-heal if covered 

before further erosion can occur and likely will not compromise the hydraulic 

performance of the GCL. Figure 3.9b shows an example of onset erosion. A light grey 

down-slope surface streak, indicated by the arrow, is visible on the surface of the GCL. 

Small amounts of light are visible around the perimeter of the streak indicating that the 

feature has started to dry and crack, but at the time of inspection, some bentonite was still 

hydrated in the centre. The maximum width of the light transmitting feature in         

Figure 3.9b is 1 cm.    

Early erosion, ‘e’ (Figure 3.9c), is used to describe a feature that is coincident 

with a GCL surface streak and has experienced GCL thinning, but in addition, the 

desiccation cracks have widened. Early erosion has a feature width of 1.5 cm or less, 

where the feature width refers to the narrow (typically cross-slope) dimension of a light-

transmitting feature. An early erosion feature likely will self-heal if properly covered 

before further erosion can occur. The early erosion feature shown in Figure 3.9c starts at 

the arrow and is coincident with a light grey surface streak.  It is characterized by light 

passing through a small bentonite-free zone (i.e., a distinct hole) with a width of 
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approximately 0.5 cm and a length of 3 cm. There is some remaining bentonite at the end 

of the feature (Figure 3.9c(ii)) where desiccation cracks are visible, but most of the 

bentonite has been eroded.  

3.3.5 Features with bentonite loss where self-healing is uncertain 

Erosion, ‘E’ (Figure 3.9d), corresponds to thinning of the GCL coincident with a GCL 

surface streak and evidence of bentonite loss over a width between 1.5 and 2.5 cm. The 

difference between an ‘e’ feature and an ‘E’ feature is the dimension of the feature width 

and its potential healing capacity. The self-healing capacity of an ‘E’ feature is 

considered uncertain. Figures 3.9d(i) and 3.9d(ii) show an example of an erosion ‘E’ 

feature. The maximum width is approximately 2 cm and length 14 cm. This feature 

shows substantially more light than any of the previous features shown in Figure 3.9. 

There appears to be some small discontinuous zones of bentonite remaining in the feature 

(isolated dark spots visible in the stream), but most of the bentonite in this zone has been 

eroded. Although they have not yet been observed at QUELTS, it is conceivable that two 

‘E’ features, whose spacing is the order of the feature width, could interact and make 

self-healing more unlikely.    

3.3.6 Features with bentonite loss that likely will not self-heal 

Irrecoverable erosion, ‘EE’ (Figure 3.9e), is a feature with GCL thinning coincident with 

a surface streak having bentonite loss over a width greater than 2.5 cm, but a length less 

than 30 cm. Irrecoverable erosion features likely will not self-heal when covered. The 

irrecoverable erosion feature shown in Figure 3.9e is longer and wider than the ‘E’ 

feature shown in Figure 3.9d, with width 4 cm and length 28 cm. Similar to the ‘E’ 

71 

 



 

feature, there are areas with no bentonite remaining, along the right-hand side of the 

feature, and areas with some bentonite, but desiccated, along the left-hand side of the 

feature. As most of the bentonite from this zone has been eroded, it is considered highly 

doubtful that this type of feature could self-heal.  

An irrecoverable extreme erosion, ‘EEE’, feature is one with GCL thinning 

coincident with a surface streak with a width greater than 2.5 cm (i.e., like  an ‘EE’ 

feature), but where the width is consistently greater than 2.5 cm over a length greater than 

30 cm. It is considered highly unlikely that an irrecoverable extreme erosion feature will 

self-heal when covered. Examples of irrecoverable extreme erosion are the long linear 

erosion features observed by Take et al. (2015a) at QUELTS I after 4.7 years of exposure 

shown in Figure 3.3. The difference between ‘EE’ and ‘EEE’ is related to the 

implications on leakage rates if a hole were to develop in the geomembrane at or near one 

of these features, with much greater leakage being expected for the longer ‘EEE’ 

features.  

 

3.4 Quantification of erosion for a GCL beneath a black geomembrane 

3.4.1 Procedure 

Following the construction of the test site, field inspections were conducted after 1.6, 3.5, 

6, 12 and 15 months of exposure to quantify the time when GCL erosion features were 

first observed and the rate at which they then progressed at this particular site. During 

each field inspection the geomembrane was cut and folded back to expose the entire three 

panels of GCL. This was deemed to be necessary as erosion features were not detected 

with small (less than 0.6 m) local inspection windows cut in the geomembrane at 
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QUELTS I, but were only discovered after a much more intrusive inspection that exposed 

the entire GCL panel (Take et al. 2015a). With the GCL panels exposed, photos were 

taken of the full section to capture GCL surface streaking images followed by a visual 

and tactile inspection of the GCL. If a surface streak feature of interest was observed, a 

300 x 600 mm area was marked on the GCL with ink and then inspected with the light 

panel. After the light panel method was employed, the feature was classified according to 

Table 3.2 and documented.  

3.4.2 Up to 3.5 months exposure 

The first field inspection was completed in early July 2012, 1.6 months after the site was 

constructed. This inspection date was selected to investigate the GCL 7 weeks after 

construction, which is within the maximum exposure time frame permitted by some 

engineers.  The magnitude of the daily thermal cycle on average measured at the GMB-

GCL interface prior to this inspection was 29°C and the maximum daily cycle was 41°C 

in June 2012 with a mean daily interface temperature of 31°C (Table 3.1). After 1.6 

months exposure, the GCL had some light-to-dark grey discolouration from moisture 

streaks on the surface of the GCL (Figure 3.10a), providing evidence of moisture 

migration down-slope between the GCL and geomembrane. A brown soil streak is visible 

in Figure 3.10a running from the top to the bottom of the slope with some discrete 

locations of brown soil on the middle GCL panel. This brown streak is from foundation 

soil that ended up on the GCL surface during construction when some soil stuck to the 

underside of the geomembrane that had been temporarily folded over one GCL panel due 

to a threat of precipitation. While this brown streak catches the eye in Figure 3.10, it has 

nothing to do with the issue of down-slope migration of bentonite. 
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GCL surface streaks were observed, both hydrated and dried desiccated streaks, 

which are evidence of potential future erosion features if the composite liner were to 

remain uncovered. These features are referred to as hydrated rivulets ‘h’ and desiccated 

rivulets ‘d’ according to the newly developed erosion classification system described 

earlier. No features worse than ‘h’ or ‘d’ were observed after 1.6 months of exposure 

beneath a black geomembrane. None of the features showed any indications of bentonite 

loss (i.e., local GCL thinning) and hence no features were inspected with the light panel. 

There were no observations to suggest that good performance of the composite liner 

would not be expected if it were covered at this point with enough soil to eliminate any 

further daily thermal cycling. 

 The second inspection was conducted in August 2012, after 3.5 months of 

exposure. This inspection date was selected to provide an end of summer investigation of 

the GCL, after experiencing the hottest interface temperatures (Table 3.1). The magnitude 

of the average and maximum daily GMB-GCL interface thermal cycle between 

inspections was 27 and 35°C in July and 25 and 36°C in August, slightly reduced 

compared to June. The most significant feature observed during the 3.5 month inspection 

was the early erosion feature ‘e’ shown in Figure 3.11a. Figure 3.11a(i) shows a close-up 

view of the GCL surface with a  300 x 600 mm area indicated by the black ink marks 

drawn on the GCL. The dashed square identifies the area in Figure 3.11a(ii) that was 

inspected with the light  panel having  dimensions  300 x 300 mm. The arrows point to 

the same location on the GCL surface in both Figures 3.11a(i) and 3.11a(ii). The arrow is 

pointing to a narrow light grey surface streak shown in Figure 3.11a(i). This streak is 

dried and has visible desiccation cracks shown in Figure 3.11a(ii). GCL thinning was also 
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observed along this streak, indicating some loss of bentonite. In summary, this feature 

had desiccation cracks with GCL thinning, coincident with a surface streak and a width 

of less than 1.5 cm and was therefore classified as an early erosion ‘e’ feature. In addition 

to this early erosion feature shown in Figure 3.11a, other smaller erosion features were 

also observed including onset erosion ‘o’ and potential future erosion features including 

hydrated rivulets ‘h’ and desiccated rivulets ‘d’.  Thus, while there is some down-slope 

movement of bentonite from the condensed water vapour flowing on the GCL, there was 

no evidence of any GCL erosion features with a width greater than 1.5 cm that would be 

expected to compromise the performance of the composite liner if it were covered at this 

point with enough soil to eliminate any further daily thermal cycling. 

3.4.3 After 6 months exposure 

The third field inspection was completed in November 2012, 6 months after construction. 

This inspection date was selected to examine the GCL towards the end of the cooler 

autumn season, but before the arrival of the much colder winter weather. The magnitude 

of the average and maximum daily thermal cycle measured at the GMB-GCL interface 

during the additional 2.5 months of exposure since the August inspection was, 27 and 

38°C in September and 19 and 31°C in October (Table 3.1). The most significant feature 

observed was erosion ‘E’ (Figure 3.11b). Figure 3.11b(i) is a photo of the GCL surface 

with the dashed square identifying the location of the inner edge of the frame shown in 

Figures 3.11b(ii) and 3.11b(iii). There are two features observed in Figure 3.11b, both 

identified by arrows. The smaller feature, near the left inner edge of the frame, is 

coincident with a darker grey zone on the GCL surface in Figure 3.11b(i) indicating that 

this area has been exposed to moisture in the past. Figure 3.11b(ii) is a photo of the GCL 
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surface in the mobile dark room with the inner lights on and Figure 3.11b(iii) is a photo 

of the GCL surface in the mobile dark room with the inner lights off. The eroded zone 

has little to no bentonite remaining in an area of approximately 1.5 cm in diameter as is 

visible in Figures 3.11b(ii) and 3.11b(iii) with the light from the LED light panel being 

unobstructed by bentonite in this area. The GCL surrounding this erosion feature appears 

to be partly hydrated as shown in Figure 3.11b(iii) by the darker region surrounding the 

erosion feature. As this feature had evidence of bentonite loss coincident with a surface 

streak and had a width up to 1.5 cm, it was classified as early erosion ‘e’ as described in 

Table 3.2.  

The second erosion feature in Figure 3.11b, identified by the horizontal arrows, is 

coincident with a moisture flow path on the GCL surface and has a more elongated shape. 

This feature is larger than the first with an overall edge-of-feature to edge-of-feature 

width ranging between 1 and 4 cm. There appears to be some bentonite remaining in the 

GCL, as suggested by the darker region in the middle of the feature shown in           

Figure 3.11b(iii); consequently, the maximum width of the light transmitting feature is 

just less than 2.5 cm and this was classified as an erosion feature ‘E’, where the self-

healing is uncertain.  

3.4.4 After 1 year exposure 

The fourth field inspection was completed in May 2013, 1 year after installation. Since 

the November 2012 inspection, the monthly average interface temperature was as cold as 

-3°C during the winter months of January and February (Table 3.1). Snow cover on top 

of the composite liner provided insulation against the colder ambient air conditions 

during the winter.  Stored heat from the foundation soil also buffered the temperature 
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experienced by the GCL. Snow melt occurred largely in March and April when the 

interface was then again subject to significant daily thermal cycles (average and 

maximum of 13 and 32°C in March and 20 and 33°C in April 2013, respectively).  

After 12 months of exposure, the most significant feature detected was a single 

irrecoverable erosion feature ‘EE’. Figure 3.11c(i) shows the GCL surface at the location 

of this feature with the arrow indicating the start of the feature. This feature is coincident 

with a light coloured zone on the GCL surface surrounded by a darker grey zone 

indicating a previously hydrated streak. The feature had no bentonite remaining in the 

GCL over a width 3 cm and length 10 cm (Figures 3.11c(ii) and 3.11c(iii)). It is likely 

this feature would not self-heal if it were to be covered before any additional erosion 

occurred.   

The fifth field inspection was completed in August 2013 after 15 months of 

exposure and at the end of the second summer following construction. The second 

summer was slightly cooler than the first summer with the mean monthly maximum air 

temperature of 27°C observed in July 2013 being 2°C cooler than the maximum air 

temperature of 29°C observed in July 2012 (Table 3.1). Likewise the average and 

maximum daily thermal cycles in June, July and August of 2013 were slightly lower than 

in the same months in 2012 (Table 3.1). The amount of streaking seen after 15 months of 

exposure was more than the amount of streaking seen after 1.6 months of exposure 

(Figure 3.10b). The increased amount of surface streaking on the GCL is indicative of 

increased moisture migration between the GCL and geomembrane as well as increased 

potential for down-slope bentonite migration causing erosion. Evidence of this bentonite 

migration from the slope was seen near the toe of the slope in the form of bentonite slurry 
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puddles. An example of one of these bentonite slurry puddles is shown in Figure 3.12. 

After 15 months of exposure the depth of the bentonite in this puddle was approximately 

2 cm.  

At the time of this inspection there were 11 erosion features identified with 

classification ‘E’ or worse (Figure 3.13). The locations of these features are indicated in 

Figure 3.13 with the rectangles identifying the 300 x 600 mm marked locations on the 

GCL surface. The top of picture in Figure 3.13 corresponds to the top of the slope.  Three 

of these features on the middle GCL panel towards the toe of the slope were adjacent to 

each other, suggesting they may be forming a long feature like those observed at 

QUELTS I after more than 3 years of exposure.  All three of these locations were 

coincident with a down-slope (roll direction) wrinkle in the overlying geomembrane.  

The two adjacent (but not yet connected) features on the third panel from the left were 

also coincident with a down-slope wrinkle.  In addition to down-slope wrinkles, Take et 

al. (2015a) observed erosion features coinciding with cross-slope wrinkles and other 

irregularities like welds in the geomembrane and small undulations in the foundation soil.  

These types of local irregularities likely can act as collection and transfer points for 

moisture on the underside of the geomembrane to flow onto the GCL. 

The frequency of each type of erosion feature seen after 15 months is identified in 

Table 3.4. Six of the features identified in Figure 3.13 were ‘E’ features, four were ‘EE’ 

features, and one was an ‘EEE’ feature. Table 3.4 also includes the frequency of each 

type of erosion feature observed during the previous inspections. No erosion features ‘E’ 

or larger were observed after 3.5 months.  Only one erosion feature ‘E’ was observed 

after 6 months of exposure (Figure 3.14a). After 12 months, partial self-healing was 
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observed at this erosion feature (from some local swelling due to increased local 

hydration, see Figure 3.14b) while four new ‘E’ features and one ‘EE’ feature were 

detected. After 15 months of exposure, a total of six ‘E’ features were detected. One of 

the ‘E’ features seen during the 12 month inspection remained an ‘E’ feature, the feature 

in Figure 3.14b that had demonstrated partial self-healing experienced further erosion and 

reverted back to a definite ‘E’ (Figure 3.14c) in addition to four new ‘E’ features. A total 

of four ‘EE’ features were detected after 15 months of exposure, comprised of three new 

features in addition to the one ‘EE’ feature detected after 12 months of exposure.  

The one ‘EEE’ feature detected after 15 months was at a location that had been 

previously inspected with the light panel after 12 months, but had not experienced 

erosion at that time (it was classified as ‘h’ after 12 months). This shows that once the 

GCL has had an opportunity to hydrate (as occurred in the winter-early spring), 

irrecoverable extreme erosion could develop within as little as 3 months. This highlights 

the critical role of both hydration and thermal cycles in the development of down-slope 

erosion.  The evident effect of the period of hydration prior to the second summer 

compared to the absence of this period for the first summer suggests that other conditions 

that may accelerate hydration before significant thermal cycles are imposed could result 

in faster development of down-slope erosion. Factors that could affect GCL hydration 

include weather, and the grain size distribution and the initial moisture content of the 

subgrade (Rayhani et al. 2011; Rowe et al. 2011; Anderson et al. 2012; Chevrier et al. 

2012; Siemens et al. 2012). 

The irrecoverable extreme erosion feature ‘EEE’ observed after 15 months 

exposure (Figure 3.15) was the largest feature seen for this GCL beneath a black 
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geomembrane. The GCL surface is shown in Figure 3.15a with the dashed rectangle 

identifying the area shown in Figure 3.15b and arrows pointing to the start of the erosion 

feature. The feature was coincident with a light grey surface streak. Figure 3.15b shows 

the photo of the erosion feature in the mobile dark room with the inner lights on. The 

feature had a width 7 cm and a length 43 cm with only bentonite remaining in some 

localized areas.  

To quantify the bentonite loss in this feature, three cross-sectional samples 

(indicated in Figure 3.15b) were extracted from the GCL to measure the mass per unit 

area of bentonite remaining in 2.54 x 2.54 cm specimens. The variation of dry bentonite 

mass per unit area for each GCL cross section is plotted in Figure 3.16 for sections I, II, 

and III. All cross sections have limited bentonite remaining in the areas coincident with 

the erosion feature, with cross section III having no more than 0.7 kg/m2 bentonite 

remaining across a 10 cm width.  The remaining bentonite was not uniformly distributed 

with some locations having virtually no bentonite. Although much of the eroded zone had 

virtually no bentonite remaining, the mass per unit area of the 2.54 x 2.54 cm was above 

zero due to the size of the specimens and their intersection with regions where bentonite 

was still remaining. 

 

3.5 Summary and conclusions   

Take et al. (2015a) reported significant down-slope erosion of four different field-

exposed geotextile-encased, needle-punched geosynthetic clay liners (GCLs) that were 

covered only by a black geomembrane and left exposed with no soil cover for more than 

3 years at the Queen’s University Environmental Liner Test Site I (QUELTS I). 
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However, as that study was focused on monitoring wrinkle development and GCL 

shrinkage and the down-slope erosion phenomenon was previously unknown, the 

development of down-slope erosion with time was not monitored for this composite liner 

even though it was left exposed for much longer than recommended by GCL 

manufacturers. Consequently, prior to this current study there was no information 

regarding how long it might take for down-slope erosion to develop.  This present chapter 

presents the results from a new field experiment (QUELTS II) designed to specifically 

detect the onset and monitor the progress of down-slope erosion for one particular 

geotextile-encased, needle-punched GCL when installed on top of a sand and silt 

foundation layer along a 22 m long slope inclined at 3H:1V, covered only by a black 

geomembrane and left exposed with no soil cover for up to 1.3 years.  

A field inspection method was developed to detect and assess the progression of 

down-slope erosion of bentonite from a GCL. The method involves a camera mounted on 

a tripod which is placed in a mobile dark room to capture images of light passing through 

erosion features in the GCL from a LED light panel inserted beneath the GCL. The field 

light panel was successful in detecting erosion features with images comparable to 

laboratory-based X-ray imaging and destructive inspection. This method and dissection 

of GCL samples brought back to the laboratory were employed to develop a new 

classification system that was then used to describe the onset, progression, and severity of 

down-slope bentonite erosion features. 

At QUELTS II, no erosion features with loss of bentonite were detected after 1.6 

months of exposure following construction in May 2012. At this time, there were only 

signs of moisture movement along the upper surface of the GCL.  After 3.5 months of 
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exposure, only early erosion ‘e’ features were detected. These features only showed 

evidence of minor bentonite loss and would be likely to self-heal as a result of bentonite 

swelling if covered at this time with enough soil to eliminate the effects of further 

thermal cycling. After 6 months of exposure, one erosion ‘E’ feature, with an uncertain 

potential self-healing capacity, was observed. After 12 months of exposure, the first 

irrecoverable erosion ‘EE’ feature was observed, considered unlikely to self-heal if  

covered at this time, in addition to four ‘E’ features. After 15 months, most of the erosion 

features seen during the 12 month inspection were noticeably larger, but were still 

classified as erosion ‘E’ or irrecoverable erosion ‘EE’. One irrecoverable extreme erosion 

‘EEE’ feature, with a width of 7 cm and length 43 cm, was observed during the 15 month 

inspection.  This was the largest erosion feature observed for this GCL beneath a black 

geomembrane. The majority of this feature had no bentonite remaining. This ‘EEE’ 

feature developed at a location where there was no erosion (just a hydrated GCL 

coincident with surface streak) at the time of the 12 month inspection. Thus, once the 

GCL had had an opportunity to hydrate in the winter-early spring prior to the 12 month 

inspection, irrecoverable extreme erosion developed in 3 months during the summer. This 

highlights the critical role of both hydration and thermal cycles in the development of 

down-slope erosion and suggests that other conditions that may accelerate hydration 

before significant thermal cycles are imposed could result in faster development of down-

slope erosion than is reported in this chapter. 

These findings highlight the need to follow the manufacturers’ recommendations 

for timely covering of a composite liner involving a geomembrane over a geotextile-
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encased GCL resting on the subsoil with either a suitable layer of drainage gravel or soil 

following liner installation. 
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Table 3.1. Thermal exposure conditions (°C). 
 

Year Month 

Mean monthly 
air temperature 

Mean monthly GMB-
GCL interface 
temperature 

Range in GMB-GCL 
interface temperature 

Mean Max. Min. Mean Max. Min. 

Mean 
monthly 

(max. - min.) 

Max. 
daily 
range 

2012 

June 19 24 13 31 48 19 29 41 
July 22 29 15 35 51 24 27 35 
August 20 26 14 31 47 22 25 36 
September 16 22 10 25 42 15 27 38 
October 10 14 5 16 29 10 19 31 
November 2 6 -3 7 20 1 19 29 
December -3 1 -7 2 7 0 7 22 

2013 

January -6 -1 -11 -1 4 -3 7 25 
February -6 -2 -11 -2 1 -3 4 24 
March -1 4 -5 4 12 -1 13 32 
April 5 10 0 12 24 4 20 33 
May 14 21 8 23 38 13 25 34 
June 17 23 12 27 41 18 23 35 
July 21 27 16 32 48 22 26 34 
August 19 25 13 29 46 20 26 35 
September 14 20 8 24 38 15 23 32 
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Table 3.2. Erosion classification. 
 

Abbreviation Nomenclature Description Dimensions 
Implication 
if covered 

h hydrated 
rivulet 

hydrated GCL 
coincident with surface 
streak 

- - 

d desiccated 
rivulet 

desiccation cracking 
coincident with surface 
streak 

- - 

o onset erosion 

GCL thinning 
coincident with surface 
streak, evidence of 
bentonite loss 

- likely will 
self-heal1 

e early erosion 

widened desiccation 
cracks with GCL 
thinning, coincident 
with surface streak, 
evidence of bentonite 
loss 

width ≤ 1.5 cm likely will 
self-heal1 

E erosion 

GCL thinning 
coincident with surface 
streak, evidence of 
bentonite loss  

1.5 < width ≤  
2.5 cm 

self-healing 
uncertain 

EE irrecoverable 
erosion 

GCL thinning 
coincident with surface 
streak, evidence of 
significant bentonite 
loss  

width > 2.5 cm 
length < 30 cm 

likely will 
not self-heal 

EEE 
irrecoverable 
extreme 
erosion 

GCL thinning 
coincident with surface 
streak, evidence of 
significant bentonite 
loss  

width > 2.5 cm 
over 

length > 30 cm 

likely will 
not self-heal 

1 For most practical cases. Provided no further down-slope or internal erosion occurs.  
  Based on available literature and provided GCL has similar properties to those in Table   
  3.3. See text for specific details. 
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Table 3.3. Literature review of self-healing capacity of GCLs with localized bentonite loss. 
 

Reference Sari and Chai (2013) 
Sivakumar Babu 

et al. (2001) Didier et al. (2000) 
Mazzieri and 

Pasqualini (2000) 
Shan and Daniels 

(1991) 

GCL type 
Geotextile-encased, 

needle-punched, 
thermally treated 

"needle-punched" 4 
Geotextile-

encased, needle- 
punched 5 

Geotextile-
encased, adhesive-

bonded 

Geotextile-
encased, adhesive-

bonded 
GCL properties      

 Carrier Slit-film woven 
geotextile Not reported Woven geotextile 5 Slit-film woven 

geotextile 
Slit-film woven 

geotextile 

 Cover Nonwoven 
geotextile Not reported Nonwoven 

geotextile 5 
Open-weave 

geotextile 
Open-weave 

geotextile 
 Total mass (kg/m2) 5 Not reported 5.25 Not reported Not reported 

 Mass of bentonite Not reported 1 Not reported 4.9 kg/m2 min. 5 kg/m2 4.9 kg/m2 
 Bentonite "granular bentonite" "sodium bentonite" Not reported "sodium bentonite" "sodium bentonite" 

 Swell index 
(mL/2g) 22 24 30 > 25 Not reported 

Test details      
 Fluid Tap water 2 Deionized water Not reported Tap water 7 Water 

 Stress Normal stress up to 
200 kPa 

Normal stress of 
200 kPa 

Normal stress of 10 
kPa 

50 kPa isotropic 
stress 

14 kPa isotropic 
stress 

 Gradient 32 cm head 30 cm head See note 6 50-100 cm head gradient ≈ 20 

Finding 

3 cm diam. hole 
"almost filled with 
bentonite" at 200 
kPa 3 ; 4 and 5 cm 
diam. holes did not 

self-heal. 

self-healing is 
"likely" for 3 cm 

diam. holes. 

1, 2, 3 & 4 cm 
diam. holes 

observed to be 
"healed". 

1, 1.5, 2, 2.5 & 3 
cm diam. holes 
observed to be 

"completely filled 
with bentonite". 8 

1.2 and 2.5 cm 
diam. holes self-

healed 9 ; 
a 7.5 cm diam. hole 

did not self-heal. 
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1 4.5 kg/m2 from personal communication.  
2 Only results with tap water summarized here. 
3 Permittivity increased by a factor of 15 relative to a specimen with no hole. 
4 No additional details reported, but most likely geotextile-encased. 
5 Not reported, but inferred from Technical Data Sheet of reported product type. 
6 Head increased until failure by internal erosion. 
7 [Ca2+] = 93 mg/L; [Na+] = 17 mg/L. 
8 Hydraulic conductivity of 10 cm diam. specimen increased by factors of 1.3, 1.5, 2.6, 3.3 and 15, respectively, relative to a specimen  
  with no hole. 
9 Hydraulic conductivity increased by factors of 1.5 and 2.5, respectively, relative to a specimen with no hole.
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Table 3.4. Frequency of erosion features detected beneath a black geomembrane on 
the slope section after 3.5, 6, 12 and 15 months of exposure. 
 

Type of 
erosion feature 

Exposure length and date 
3.5 months, 
Aug. 2012 

6 months, 
Nov. 2012 

12 months, 
May 2013 

15 months, 
Aug. 2013 

E 0 1 4 6 

EE 0 0 1 4 

EEE 0 0 0 1 
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Figure 3.1. Moisture migration in a closed composite liner system: (a) moisture is 
evaporated from the GCL and converted to water vapour when the geomembrane 
heats up when exposed to solar energy and (b) water vapour condenses on the 
underside of the geomembrane upon cooling and can drip onto the GCL and 
migrate down-slope. 
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Figure 3.2. Evidence of bentonite migration on the GCL surface along stream paths 
from water vapour condensing on the underside of the geomembrane and dripping 
onto the GCL surface and migrating down-slope. 
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Figure 3.3. Location of observed GCL erosion features (highlighted with orange 
paint) after 4.7 years of exposure beneath an exposed black geomembrane during 
the first experiment conducted at the Queen’s University Environmental Liner Test 
Site I (QUELTS I). 
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Figure 3.4. Photograph looking north at QUELTS II showing black geomembrane 
test section taken June 22th at 5:10pm, air temperature 20˚C, black geomembrane 
40˚C. 
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Figure 3.5. (a) North-south cross section (A-A) and (b) plan view of Test Section 3 at 
QUELTS II. 
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Figure 3.6. Method for capturing light panel photos on site: (a) LED light panel (300 
x 300 mm) on aluminum tray inserted below GCL surface with pushing and pulling 
aluminum arms and (b) photo of GCL surface and frame (360 x 360 mm) with 
embedded blue LED lights for scale in dark photos to indicate location of light panel 
and area inspected for erosion. 

Pushing/pulling tray arms LED light panel 
300 x 300 mm

(a)

360 x 360 mmFrame

Embedded blue 
LED lights for 
scale in dark 
photos

(b)
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Figure 3.7. Schematic of field setup for capturing light panel photos in mobile dark 
room to inspect GCL for signs of erosion once geomembrane is folded back. 
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Figure 3.8. Types of photos taken in the field: (a) GCL surface photo of a 300 x 600 
mm region with corners indicated by black ink marks drawn on GCL surface, (b) 
mobile dark room photo of region from part “a” outlined by dashed square box with 
internal light on and light panel on, (c) mobile dark room photo with internal light 
off and light panel on and (d) X-ray image taken in the lab. All photos have same 
scale with the arrow identifying the same location on the GCL in all photos. 
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Figure 3.9. Field examples of each erosion stage in the erosion classification system, 
with features seen on the black geomembrane slope section after 15 months of 
exposure, Aug. 2013 inspection: (a) hydrated rivulet ‘h’ and desiccated rivulet ‘d’, 
(b) onset erosion ‘o’, (c) early erosion ‘e’, (d) erosion ‘E’ and (e) irrecoverable 
erosion ‘EE’ all identified with arrows. Column (i) of photos are taken in the mobile 
dark room with the internal lights on and column (ii) of photos are taken in the 
mobile dark room with the internal lights off. Photos all have the same scale with 
inside dimensions of frame being 360 x 360 mm. 
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Figure 3.10. GCL surface photos of the black geomembrane slope section showing 
an increase in streaking features with time due to moisture migration between the 
GCL and geomembrane interface; after (a) 1.6 months (July 2012 inspection) and 
(b) 15 months (Aug. 2013 inspection) of exposure. Brown surface streak on west 
most panel is a path of silt sand foundation soil on GCL surface from construction. 
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Figure 3.11. Most significant erosion features observed on slope section beneath the 
black geomembrane after: (a) 3.5 months – early erosion ‘e’, Aug. 2012; (b) 6 
months - erosion ‘E’, Nov. 2012; and (c) 12 months - irrecoverable erosion ‘EE’, 
May 2013 of exposure. 
 
 
 
 
 
 
 
 
 
 
 
 
 

(i)

(ii)

(a)

(i)

(ii)

(iii)

(b)

(i)

(ii)

(iii)

(c)

104 

 



 

 
  
Figure 3.12. Bentonite slurry puddle observed after 15 months of exposure on the 
base section near the toe of the slope with depth approximately 2 cm. Evidence of 
down-slope bentonite migration on the GCL surface along moisture migration paths 
between the GCL and geomembrane. 
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Figure 3.13. Locations of erosion features including ‘E’, ‘EE’ and ‘EEE’ on the slope 
section of the GCL beneath black geomembrane after 15 months exposure, August 
2013 inspection. The rectangles are 300 x 600 mm marked areas that were inspected 
for erosion with the light panel method. 
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Figure 3.14. One erosion feature changing with time, shown in Figure 3.11b, on the 
black geomembrane slope section after: (a) 6 months - Nov. 2012, (b) 12 months - 
May 2013 and (c) 15 months - Aug. 2013 of exposure. 
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Figure 3.15. Largest erosion feature seen on slope section beneath black 
geomembrane, after 15 months of exposure, Aug. 2013 inspection, classified as 
irrecoverable extreme erosion ‘EEE’: (a) GCL surface photo with the rectangle 
identifying area shown in (b); and (b) dark room photo with internal light on and 
light panel on where the rectangles indicate cross sections cut into 2.54 x 2.54 cm 
squares to measure mass per unit area of bentonite remaining in the GCL, plots 
shown in Figure 3.16. 
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Figure 3.16. Quantifying the bentonite loss in major erosion feature shown in   
Figure 3.15, observed on the GCL beneath black geomembrane. Mass per unit area 
of bentonite for: (a) cross section I, (b) cross section II and (c) cross section III.   
  

109 

 



 

Chapter 4 

Effect of geomembrane colour and cover soil on solar-driven down-slope 

bentonite erosion from a GCL 

4.1 Introduction 

It is common for a geomembrane (GMB), generally black in colour, and a geosynthetic 

clay liner (GCL) to be used in combination as a low hydraulic conductivity composite 

liner system (Rowe 1998, 2005, 2012; Bonaparte et al. 2002). Composite liner systems 

have been widely used as municipal solid waste landfill barriers for the past two decades 

and are now increasing in popularity as a liner system in mining applications. These liners 

have proven to be highly effective barriers to contaminants when the manufacturers’ 

recommendations for installation and quality control procedures have been followed.  

These recommendations include timely covering of the composite liner with cover soil.  

However, it is not uncommon in some jurisdictions in North America and elsewhere for 

GMB-GCL composite liners to be left exposed to solar radiation for weeks, months, and 

(not infrequently) for years after installation as the result of operational and/or cost 

considerations (Thiel et al. 2006; Chapter 3, Brachman et al. 2015).  

With the advent of additives to protect against ultraviolet rays, this duration of 

solar exposure does not pose significant risk to the geomembrane itself. However, solar 

exposure of composite liners has been reported to degrade the effectiveness of the 

composite barrier system through three other mechanisms. It is well recognized that 

significant daily variations in geomembrane surface temperatures lead to thermal 

expansion, out-of-plane buckling of the geomembrane, and the creation of networks of 
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wrinkles (Giroud and Morel 1992; Pelte et al. 1994; Giroud 2005; Chappel et al. 2012; 

and Rowe et al. 2012a, 2012b) that pose a risk of higher leakage rates due to poor contact 

between the geomembrane and underlying GCL (Rowe 1998; Brachman and Gudina 

2008; Rowe et al. 2012a, 2012b; Take et al. 2012). Prolonged solar exposure also drives 

GCL moisture cycles which have been observed to result in the accumulation of 

irrecoverable strains (shrinkage) in the GCL, overall GCL panel shrinkage, and the 

potential loss of panel overlap in field exhumations (Koerner and Koerner 2005a, 2005b; 

Thiel and Richardson 2005) and laboratory studies (Thiel et al. 2006; Bostwick et al. 

2010; and Rowe et al. 2011b).    

A third negative implication of prolonged solar exposure relates to the newly 

identified mechanism of down-slope bentonite erosion recently observed for four 

different GCLs (denoted GCL1-GCL4, Table 4.1) below a black 1.5-mm-thick HDPE 

geomembrane after 3.7 years of field exposure at the Queen’s University Environmental 

Liner Test Site (QUELTS I) by Take et al. (2015a). The mechanism believed to cause this 

erosion is presented in Figure 4.1. Solar heating of the air gap under a black 

geomembrane during the heat of the day can encourage moisture to evaporate from the 

GCL surface into the air gap at the GMB-GCL interface (Figure 4.1a). As the 

geomembrane cools more rapidly than the air gap later in the day, condensation will form 

on the underside of the geomembrane forming droplets which tend to migrate down-slope 

under the force of gravity. These droplets can travel along the underside of the 

geomembrane until they are transferred to the surface of the GCL at points of contact 

caused by geomembrane wrinkles, local high points in the foundation soil or, due to GCL 

panel overlaps, and geomembrane surface discontinuities such as geomembrane seams 
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(Chapter 3, Brachman et al. 2015; Rowe et al. 2014a, 2014b, 2014c; Take et al. 2015a) or 

they can drip onto the surface of the GCL and migrate down-slope. As a result, very low 

ionic strength water due to solar stilling (essentially distilled water, refer to Rowe et al. 

(2014a) for further explanation of significance)  is applied to localised areas of the GCL 

surface which has been observed to cause bentonite erosion in the field (Chapter 3, 

Brachman et al. 2015; Take et al. 2015a) and in laboratory tests (Ashe et al. 2014a, 

2014b; Rowe et al. 2014a).  

The likely solution to the problem of down-slope bentonite erosion is to follow the 

manufacturers’ recommendations and cover the GMB-GCL composite liner in a timely 

manner. It is hypothesised that the cover soil performs three functions which suppress the 

mechanism of down-slope bentonite erosion (Figure 4.1b). Firstly, the cover soil provides 

confining stress which almost entirely eliminates the volume of the air gap between the 

geomembrane and GCL. Secondly, the higher albedo (the fraction of solar energy 

reflected) of the confining soil will result in lower surface temperatures than a black 

geomembrane. And finally, even at a minimum thickness that cover soil could be 

practically placed using construction equipment (taken here to be 0.3 m), this layer will 

provide significant thermal insulation from the exposed surface, resulting in a much lower 

daily thermal (and therefore moisture) cycle. 

A second possible solution to the down-slope bentonite erosion mechanism is to 

seek methods to reduce the magnitude of the thermal cycle. One such method is to use a 

co-extruded white geomembrane to take advantage of its higher albedo to reduce the 

magnitude of the daily thermal cycle. Following the thermal exposure observations of 

Koerner and Koerner (1995), this strategy has the potential to reduce the magnitude of 
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daily thermal cycles by approximately 20°C over an exposed black geomembrane and 

thus reducing the amount of GCL drying and evaporative moisture loss to the air sapce. 

However, this strategy does not eliminate the air gap between the geomembrane and 

GCL. As a result, it is unclear whether a white geomembrane can eliminate or reduce the 

time to onset of erosion. 

 The objective of this chapter is therefore to report the findings of a newly 

constructed field test site (QUELTS II) which has been designed to (i) examine whether 

0.3 m of gravel cover can effectively suppress the mechanism of down-slope bentonite 

erosion, and (ii) investigate whether the lower thermal cycle provided by the higher 

albedo of a co-extruded white geomembrane can significantly eliminate or reduce the rate 

of down-slope bentonite erosion. 

 

4.2 Method 

4.2.1 Site description 

The Queen’s University Environmental Liner Test Site (QUELTS) was located 40 km 

North of Kingston, Ontario, Canada at latitude 44°34’15’’N and longitude 76°39’44’’W 

(Brachman et al. 2007). QUELTS II was the second experiment to be conducted on this 

site and was constructed in May 2012 following the completion of the original QUELTS I 

study that first identified the mechanism of down-slope bentonite erosion (details first 

introduced in Chapters 2 and 3). The QUELTS II field experiment consisted of seven 

different test sections with different GMB-GCL combinations; however, this study 

focuses on the first three sections which investigate the impact of timely covering and the 

use of a white geomembrane to eliminate or reduce bentonite erosion in a product (GCL2; 
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Table 4.1) that was observed to be susceptible to down-slope bentonite erosion at 

QUELTS I (Figure 4.2). Section 1 included two panels of GCL2 overlain by a black 

geomembrane, a protective geotextile, and 0.3 m of gravel to assess the performance of an 

erosion susceptible GCL if covered soon after installation as per the manufacturers’ 

recommendations. Sections 2 and 3 were similar, containing three panels of GCL covered 

only by a geomembrane, but were constructed with different coloured geomembranes 

(Section 2 a co-extruded white geomembrane and Section 3 a black geomembrane). 

Section 2 was designed to observe whether or not a white geomembrane improves erosion 

resistance if immediate cover is not possible. Section 3 was designed with the same 

product configuration as one test section from the QUELTS I experiment to act as a 

control section for the QUELTS II experiment. 

 GCL2 was a geotextile-encased needle-punched and thermally treated product 

composed of fine granular Wyoming sodium bentonite with an average initial swell index 

of (ASTM D5890) of 32 mL/2g (Chapter 3, Brachman et al. 2015). It was composed of a 

nonwoven cover geotextile of 226 g/m2 dry mass per unit area and a scrim-reinforced 

nonwoven carrier geotextile of 252 g/m2  (ASTM D5261). GCL2 had an average dry 

mass per unit area of 4256 g/m2 (ASTM D5993) and a dry bentonite mass per unit area of  

3778 g/m2. GCL2 was installed with its carrier geotextile in contact with the foundation 

soil and overlapped by 0.3 m with supplemental bentonite installed at the overlaps as per 

the manufacturers’ recommendations. The geomembranes, white and black, were 1.5-

mm-thick high-density polyethylene, double-sided textured on the slope and smooth on 

the base. The protective geotextile installed on the 0.3 m gravel cover section was 6.5 mm 
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thick and had an average dry mass per unit area of 1490 g/m2. All products were installed 

with the roll direction oriented down-slope (Chapter 3, Brachman et al. 2015). 

The foundation soil was mostly silty sand with some locations of sandy silt with 

an average grain size of 0.095 mm based on 21 sieve analyses. The soil had an average 

gravimetric water content of 11% (standard deviation of 3%, minimum of 4%, and 

maximum of 18%) based on 373 surface samples collected across the entire lined region 

just before the installation of the GCL panels. The foundation soil had an initial dry 

density of approximately 1.6 g/cm3, obtained from a sample extracted mid-slope at a 

depth of 50 mm below the soil surface where the gravimetric water content was 11%.  

4.2.2 Instrumentation 

Prior to the placement of the geosynthetics, a data acquisition system tower was installed 

along the western anchor trench. This tower consisted of an approximately 3 m high 

aluminium structure fitted with two waterproof enclosures containing a Campbell 

Scientific CR1000 datalogger, a regulated 30 W solar panel for trickle charging the 

electrical power supply battery, and mobile data communication hardware and antenna. 

The objective of the data acquisition system was to capture the solar exposure at the site 

and the magnitude of the thermal and moisture cycles induced in each of the three test 

sections. Solar radiation was measured using a Kipp and Zonen CMP3 pyranometer 

mounted on a levelling arm to measure shortwave global solar radiation in the spectral 

range from 300 to 2800 nm. Air temperature was measured using a Vaisala HMP45-C 

probe installed within a RM Young multi-plate radiation shield to protect the readings 

from error-producing exposure to solar radiation and precipitation. The thermal cycle in 

the air gap underneath the geomembrane was measured using Campbell Scientific 
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107BAM waterproof soil/water thermistors attached to the GCL. As a result, when a 

wrinkle forms, the thermistor remains attached to the GCL and is largely monitoring the 

temperature in the air gap between the geomembrane and GCL (which may be less than 

or greater than the local geomembrane temperature depending on the degree of contact as 

illustrated by Take et al. 2014, 2015b). Finally, the moisture cycle in the air gap in each 

test section was measured using Vaisala HMP45-A relative humidity sensors with ± 3% 

accuracy installed 2 m down from the crest of the slope in each of the three test sections. 

The probe, 2.5 cm in diameter, was placed in a 3.8 cm diameter PVC conduit to prevent 

damage to the sensor, either from direct contact with pooling water on the GCL surface or 

damage from being stepped on. It should be noted that the PVC conduit, even in the 

absence of geomembrane wrinkles, creates a localised air gap (minimum of 3.8 cm 

diameter) around the sensor. The relative humidity reading, dependent on temperature and 

pressure, will vary as the size of this air gap increases and decreases when geomembrane 

wrinkles form and dissipate.  

 

4.3 Thermal exposure of test sections 

4.3.1 Exposure during liner installation and covering of Section 1 

The GCL and geomembrane material for Sections 1, 2 and 3 was placed on May 15th and 

16th with all geomembrane welding completed on May 18th 2012. The objective of 

Section 1 was to cover the composite liner as soon as possible as per the manufacturers’ 

recommendations. Following the installation of the GCL and geomembrane, a white 

protective geotextile was placed on Section 1 on May 18th and left uncovered for five 
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days prior to placement of gravel to observe the exposure conditions for an exposed white 

geotextile. Section 1 was then covered with 0.3 m of gravel cover on May 23rd.  

Typical daily thermal extremes (daily minimum to maximum temperatures) 

are shown in Figure 4.3 for the day that the geotextile was installed (May 18th 2012). This 

day was mostly sunny with clear skies from sunrise at approximately 6:00 until sunset at 

approximately 20:00, with a short cloudy period at 9:30 indicated by the dip in solar 

radiation. The air temperature ranged from an unseasonally cold 2°C in the morning to 

21°C on this particular sunny day. The interface temperatures on Section 1 (pre-cover) 

closely followed those recorded on Section 3 (exposed black geomembrane) before the 

white geotextile was installed at 11:20. After the installation of the white geotextile, the 

interface temperatures on Section 1 dropped rapidly from 50 to 27°C due the lighter 

colour of the white geotextile. The interface temperature on Section 2 (exposed white 

geomembrane) ranged from 4 to 34°C. This 30°C daily thermal cycle experienced by 

Section 2 is significantly lower than the 48°C thermal cycle (6 to 54°C) observed on 

Section 3 (exposed black geomembrane). The white geomembrane had a peak interface 

temperature 20°C lower than observed for the exposed black geomembrane while the 

white geotextile had a peak interface temperature 27°C lower than observed for the black 

geomembrane. Thus both the white geomembrane and the white geotextile were effective 

at reducing the amplitude of the daily thermal cycle.  

Figure 4.4 shows the liner exposure across the first two weeks after liner 

installation and during the time the white geotextile and 0.3 m of gravel was placed on 

Section 1 (May 18th to 31st 2012). The first four days during which Section 1 was covered 

by the white geotextile were very clear sunny days evident by the smooth curves and high 
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solar radiation values. The fifth day was overcast with low solar radiation values. The 

next nine days were sunny with periods of partial cloudiness. The air temperature ranged 

from 2 to 31°C with an average daily temperature cycle of 13 ± 4°C and maximum daily 

temperature cycle amplitude of 21°C across this first two week period of exposure.  

The effectiveness of the white geomembrane and the white geotextile at reducing 

the thermal cycle are evident in Figure 4.4b. After the installation of the white geotextile 

on the 18th, the interface temperature on the cover section reached a peak of only 28°C 

(compared to 60°C on the exposed black geomembrane) with the maximum temperature 

cycle amplitude of 12°C. The white geomembrane interface temperature reached a peak 

of 41°C during this two week period and had maximum temperature cycle amplitude of 

30°C. The white geotextile reduced the solar heating of the liner more than the white 

geomembrane (Figure 4.4b) during the hotter periods of the day since the white geotextile 

is brighter and has a higher albedo than the white geomembrane. The black geomembrane 

interface temperature reached a peak of 60°C during the two week period and had 

maximum temperature cycle amplitude of 47°C. When the 0.3 m of gravel cover was 

placed over the white geotextile on May 23rd, it reduced the amplitude of the daily 

thermal cycle to 2°C, essentially eliminating this cycle. This indicates that both cover soil 

and the use of white geomembranes can reduce the amplitude of the daily thermal cycle 

experienced by a composite liner. However, only the 0.3 m gravel cover can essentially 

eliminate the daily thermal cycle. 

4.3.2 Seasonal variation in thermal exposure 

The amplitude of the daily thermal cycle driving evaporation and condensation in the air 

gap at the GMB-GCL interface varies seasonally (Figure 4.5). Data collection began at 
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the time of liner installation in May 2012 and ended in October 2013. There are four 

distinct seasons in this region including (i) spring (March 21 - June 21), (ii) summer (June 

22 - September 21), (iii) fall (September 22 - December 20), and (iv) winter (December 

21 - March 20). The construction date (May 2012) selected exposed the liner initially to a 

month of spring weather followed by a full summer of exposure, a full fall, winter, 

spring and finally a full second summer of exposure.  During this monitoring period, field 

inspections were conducted every few months to assess the performance of the GCL after 

increasing lengths of solar exposure and during different seasonal periods. Each field 

investigation involved cutting open the overlying geomembrane and folding it back to 

expose the full extent of the underlying GCL panels to permit inspection of the GCL for 

down-slope bentonite erosion. 

 The climate at the QUELTS test site during the monitoring period consisted of an 

average daily high and low air temperature values ranging from 16 to 27°C in the hottest 

month (July) to -12 to -3°C in the coldest month (February). In addition to air 

temperature, solar exposure also varied seasonally. Depending on the time of year, the 

angle of incidence of the sun acting on the liner changes seasonally with the liner being 

exposed to more direct sunlight and therefore more intense solar energy in the summer 

than in the winter (Take et al. 2015b). Additionally the reduction in sunlight hours during 

the winter months reduces the daily solar energy acting on the liner.  

The seasonal variation in solar exposure and air temperature resulted in a 

significant seasonal variation of the temperature in the air space at the GMB-GCL 

interface. The daily thermal cycle in the air space for the exposed black geomembrane 

(Section 3) was typically 20 to 45°C in the summer (June, July, August), 9 to 30°C in the 
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fall (September, October, November), -2 to 4°C in the winter (December, January, 

February), reducing to 0°C with snow cover, and 5 to 25°C in the spring (March, April, 

May). The maximum daily temperature cycle amplitude was 41°C in the summer and 

virtually 0°C in the winter, indicating that the daily thermal cycle amplitude varied 

seasonally and 3 months of summer exposure did not equate to 3 months of fall, spring or 

winter exposure. 

As expected from the findings of Koerner and Koerner (1995), the white 

geomembrane reduced the daily thermal cycle, where the cycle was typically 16 to 34°C 

in the summer (June, July, August), 6 to 18°C in the fall (September, October, 

November), 0 to 4°C in the winter (December, January, February), and 2 to 16°C in the 

spring (March, April, May). The maximum daily temperature cycle amplitude was 31°C 

in the summer, 10°C less than that observed on the exposed black geomembrane.  

 The 0.3 m gravel cover section (Section 1) was effective at virtually eliminating 

the daily temperature cycle with maximum cycle amplitude of 5°C in the summer (June 

2013) and 1°C in the winter. The maximum daily temperature cycle in the summer was 

36°C less than that observed on the exposed black geomembrane and 26°C less than that 

observed on the exposed white geomembrane. A seasonal trend is evident as the 

shallowly buried liner tracks the mean temperature of the environment. A spike in the 

liner temperature in August 2013, identified in Figure 4.5d, was a result of removing the 

gravel cover to inspect the underlying GCL. 
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4.4 Moisture cycles due to thermal exposure  

It is evident in Figures 4.3 to 4.5 that the geomembrane colour and 0.3 m gravel cover 

significantly affected the daily, monthly and seasonal thermal cycles experienced by the 

liner. These differences will in turn resulted in different cycles of evaporation and 

condensation in the air space located at the GMB-GCL interface.  

 The relative humidity measured at the GMB-GCL interface in the black 

geomembrane, white geomembrane and cover sections for the first two weeks during and 

after construction (May 18th to 31st 2012) is presented in Figure 4.6. The weather 

conditions (sunny, rainy and overcast, or partially cloudy) are indicated in Figure 4.6a. 

The first four days of exposure were clear and sunny. As the temperature of the air space 

at the GMB-GCL interface increased each day, its relative humidity decreased (as low as 

30% on Section 3) since the air has a higher capacity to retain moisture vapour at higher 

temperatures. During each evening, a drop in the air space temperature resulted in the 

relative humidity increasing. If the geomembrane liner is sufficiently cooler than the air 

space, droplets of condensation may begin to form on the underside of the geomembrane. 

On rainy and overcast days (e.g., May 22nd), the lack of solar heating of the exposed 

geomembrane greatly reduces the daily relative humidity cycle observed in the air space. 

The following nine days were partially cloudy and had reduced relative humidity during 

the day, but with fluctuating relative humidity values due to periods of cloud cover. These 

same trends were observed on Section 2 (exposed white geomembrane), but with less 

reduction in relative humidity during the day. Since the white geomembrane is cooler 

than the black geomembrane, the temperature in the air space is cooler during the day and 

therefore the relative humidity is higher than that observed on Section 3 (50% to 60% 
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during the sunny days). On the fifth day of exposure (overcast day), the relative humidity 

varied very little and on the partially cloudy days (e.g., May 23rd to 31st) the relative 

humidity reached a low of approximately 60%. The relative humidity daily variation was 

observed on Section 1 (cover) after the installation of the white geotextile. When the 

white geotextile was exposed (during the sunny period), the relative humidity did not 

decrease as much as on Section 2 (exposed white geomembrane) due to its higher albedo 

and insulating effects. During the day the relative humidity dropped to only 70% and then 

increased to approximately 95% in the cooler evenings. After the 0.3 m of gravel cover 

was placed on May 23rd, the relative humidity cycle was almost eliminated with an 

approximate 5% fluctuation in relative humidity.   

This illustrates that the relative humidity cycle in the air space below exposed 

black and white geomembranes are significantly different, with the air space under the 

exposed black geomembrane experiencing a more extreme variation in relative humidity. 

The differences in these relative humidity cycles are largely due to the temperature cycles 

experienced by the liner and not necessarily indicative of the amount of condensate 

available in the air gap, where hotter air can hold more moisture than cooler air. In 

contrast, the relative humidity sensor placed at the same GMB-GCL interface under the 

cover section experienced a more or less constant high relative humidity. It is important to 

note that this high relative humidity reading beneath the 0.3 m of gravel cover not be 

interpreted as being more susceptible to condensation; rather, this section lacks the 

volume of air (i.e., there is no air space) and the rapidly cooling geomembrane liner 

boundary required for condensation to form, preventing the collection of moisture vapour 

in an air gap. Instead, the consistently high relative humidity conditions should be 
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interpreted as an opportunity for the GCL to experience what can be described as nearly-

isothermal hydration when considering exposure periods of weeks to months (i.e., it is 

still subjected to seasonal thermal variations). These nearly isothermal conditions has 

significant implications for GCL hydration as illustrated in the laboratory studies of 

isothermal hydration (Rayhani et al. 2011) compared to hydration under daily thermal 

cycles (Rowe et al. 2011b). 

 

4.5 Quantification of erosion   

The thermal driven relative humidity variations observed at the GMB-GCL interface 

caused moisture evaporation into the air gap followed by condensation and moisture 

migration down-slope. Evidence of moisture migration can be seen on the surface of the 

GCL in the form of surface staining on the upper geotextile of the GCL (i.e., 

linear streaks of hydrated or dried bentonite). An aerial image of one GCL panel on the 

slope of Sections 1, 2 and 3 after 15 months of exposure (August 2013 inspection) is 

presented in Figure 4.7. 

The 0.3 m gravel cover section (Section 1) showed no evidence of surface 

streaking or moisture migration down-slope and looked the same it did immediately after 

installation (Figure 4.7a). This is expected since the 0.3 m gravel cover greatly reduced 

the daily thermal cycle and condensation from forming, and essentially eliminated any air 

gaps between the GCL and geomembrane. The absence of surface streaking on the GCL 

in Section 1 was evidence that no moisture migration was occurring and therefore it is 

expected that no down-slope erosion would occur. In contrast, both the black and white 

geomembrane sections (Figures 4.7b and 4.7c) were observed to have significant surface 
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streaking after 15 months of exposure, providing visual evidence of moisture migration 

down-slope.  

The consequence of the moisture migration seen on Sections 2 and 3 was evident 

on the base. Figures 4.8a and 4.8b are aerial images of one GCL panel on the base of 

Sections 2 and 3 after 15 months of exposure where bentonite had been eroded from the 

side slopes and transported and deposited on the base in the form of bentonite slurry 

puddles. Some of these bentonite slurry puddles had a depth of 10 to 20 mm (e.g., Figure 

4.8c). 

To better study the effects of these surface streaks on the integrity of the GCL, a 

nondestructive field method was developed by Brachman et al. (2015) (Chapter 3). This 

method involves sliding a thin light emitting diode (LED) light panel (300 x 300 x 8mm) 

secured to an aluminum tray beneath the GCL panel of interest using access gained at the 

overlaps. Once the light panel is in its desired location, a frame with inner dimension of 

360 x 360 mm and embedded blue LED lights is placed on the surface of the GCL for two 

reasons (i) to identify the region being inspected for erosion, and (ii) to provide scale in 

photos with low lighting. Next a mobile dark room with an internal light source is placed 

on the surface of the GCL to enclose the light panel and frame. A camera mounted on a 

tripod with an external trigger is then used to take photos in the dark room. These photos 

were used to capture light passing through the GCL from the light panel below as a 

method of identifying any discontinuities in the bentonite. Two types of photos were 

taken in the dark room (i) a photo with the internal light source on and the light panel on, 

and (ii) a photo with the internal light source off and the light panel on.  
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A new classification system, introduced in Chapter 3 (Brachman et al. 2015), was 

developed to describe the severity of an erosion feature and to identify the progression of 

erosion with time. The classification includes seven different feature types for the 

different levels of erosion increasing in severity. The first two symbols of the 

classification system include hydrated and desiccated rivulets ‘h’ and ‘d’. Hydrated and 

desiccated rivulets are surface streaks on the GCL as a result of down-slope moisture 

migration that are either hydrated or dried during the time of inspection. Hydrated and 

desiccated rivulets are evidence that the mechanism for down-slope erosion is occurring, 

but the GCL has not yet experienced bentonite loss. The next level, onset erosion ‘o’, is a 

surface streak that has experienced some bentonite loss where thinning is identified by 

tactile inspection. Early erosion ‘e’ is a surface streak that has experienced bentonite loss 

with evidence of widened desiccation cracks having a width of less than 15 mm. It is 

expected that both an ‘o’ and an ‘e’ would self-heal if covered soon after the time of 

detection. If bentonite loss continues, a discontinuity can form in the bentonite. If this 

discontinuity has a width greater than 15 mm and less than or equal to 25 mm then the 

feature is considered an erosion feature ‘E’ which may or may not self-heal if covered at 

the time of detection. A discontinuity with a width greater than 25 mm and a length less 

than 300 mm is classified as an irrecoverable erosion feature ‘EE’. If the width of the 

discontinuity is consistently greater than 25 mm across a length greater than 300 mm then 

the feature is classified as an irrecoverable extreme erosion feature ‘EEE’. It is expected 

that an ‘EE’ or ‘EEE’ feature would not self-heal if covered at the time of detection. 
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4.5.1 Section 1 (cover) 

The gravel cover section (Section 1) was inspected for the first time since construction in 

August 2013 (after 15 months exposure) to observe how the liner performed without any 

investigative interference prior to 15 months exposure. During the August 2013 

inspection, the 0.3 m gravel cover was stripped on the slope and the geotextile and 

geomembrane were folded back to expose the full GCL panels on the side slope. The 

GCL was inspected for erosion with tactile inspection and the light panel method. After 

15 months of exposure, no evidence of moisture evaporation/condensation at GMB-GCL 

interface or down-slope flow was detected. As a result, no down-slope erosion was 

observed. When inspected with the light panel, the GCL appeared to be mostly hydrated 

with some desiccation cracking (Figure 4.9). The 0.3 m gravel cover prevented moisture 

evaporation and down-slope flow in the GMB-GCL interface as a result of the reduced 

thermal cycle and the confining stress, therefore eliminating the mechanism for down-

slope erosion for the 15 months exposure at QUELTS II.  

4.5.2 Section 2 (exposed white geomembrane) versus Section 3 (exposed black 

geomembrane) 

4.5.2.1 Up to 6 months exposure  

The first inspection was conducted after 1.6 months exposure (July 2012) and involved 

opening only the slope portion of Sections 2 and 3. During this time, GCL2 beneath both 

the black and white geomembranes had visible surface streaking, evidence of moisture 

collecting in the GMB-GCL interface air gap and migrating down-slope (Chapter 3, 

Brachman et al. 2015). These surface streaks or rivulets were either hydrated or 

desiccated (‘h’ and ‘d’) at the time of inspection (Table 4.2). There was no detectable 

126 

 



 

evidence of bentonite loss from the GCL beneath the black or the white geomembranes 

after 1.6 months exposure.    

After 3.5 months exposure (August 2012), more surface streaking was visible 

beneath both the black and white geomembranes. Early erosion features ‘e’ were detected 

on Section 3, beneath an exposed black geomembrane (e.g., Figure 4.10a) (Chapter 3, 

Brachman et al. 2015). These features were coincident with dried surface streaks having 

widened desiccation cracks with evidence of bentonite loss (GCL thinning detected by 

tactile inspection). Unlike Section 3, only hydrated and desiccated rivulets (‘h’ and ‘d’) 

were detected on Section 2 (beneath an exposed white geomembrane) after 3.5 months of 

exposure with no evidence of erosion at this time (Table 4.2).  

 At the November 2012 inspection (6 months exposure), a single erosion feature 

‘E’ was detected beneath the black geomembrane (Figure 4.11a, Table 4.3) (Chapter 3, 

Brachman et al. 2015). The feature was coincident with a surface streak with a zone of 

bentonite loss between 10 to 40 mm wide. There was some bentonite remaining in the 

middle of the streak feature, indicated by the dark region in the light panel photo. 

Therefore the maximum width of the bentonite discontinuity was 25 mm and the feature 

was classified as erosion ‘E’ whose self-healing capacity is uncertain (Table 4.2). There 

was another smaller erosion feature, visible in the top left corner of the light panel image 

(Figure 4.11a). This feature had an approximate width of 15 mm and was classified as 

early erosion ‘e’ (Table 4.2). There was no erosion ‘E’ feature detected beneath the white 

geomembrane after 6 months exposure, but there was evidence of early erosion features 

‘e’ (Table 4.2) (e.g., Figure 4.11b). These features were coincident with surface streaks 

and were mostly desiccated during the time of inspection where light was visible through 
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widened desiccation cracks. After 6 months exposure, only one ‘E’ feature was detected 

beneath the black geomembrane and none detected beneath the white geomembrane 

(Table 4.3). 

4.5.2.2 After 12 months exposure 

At the May 2013 inspection (12 months exposure), one irrecoverable erosion feature ‘EE’ 

was observed on Section 3, beneath the black geomembrane (Figure 4.12a) (Chapter 3, 

Brachman et al. 2015). This feature had a maximum width of approximately 30 mm and 

was approximately 100 mm long, and likely would not self-heal if covered at the time of 

detection. Four erosion features ‘E’ were also detected at this time on Section 3 (Tables 

4.2 and 4.3).  

 Between the 6 month and 12 month inspections, both irrecoverable erosion ‘EE’ 

and erosion ‘E’ features formed in the GCL beneath the white geomembrane. All of the 

‘EE’ and ‘E’ features with the exception of one ‘E’ feature were coincident with a 

geomembrane cross-roll seam from the patch installed near to toe of the slope during the 

November 2012 inspection (Tables 4.2 and 4.3). Figure 4.13 shows the GCL surface with 

the geomembrane folded back where erosion features had formed just below the location 

of the up-slope flap of the geomembrane cross-roll patch. When the geomembrane patch 

was installed, the patch was welded on the underside of the existing up-slope 

geomembrane to allow precipitation to flow freely down-slope and prevent collection of 

precipitation at the weld. This configuration unfortunately acted as a collection point for 

condensation flowing on the underside of the geomembrane when moisture migrated in 

the air space at the GMB-GCL interface. When this happened, the water preferentially 

collected in the up-slope flap and then dripped onto the surface of the GCL, eroding the 
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bentonite at this location. One of these irrecoverable erosion features coincident with the 

geomembrane cross-roll seam was 30 mm wide and 110 mm long (Figure 4.12b). The 

GCL was bentonite-free in this eroded zone with the surrounding region partially 

hydrated with some areas dried and desiccated. Two other ‘EE’ features and one ‘E’ 

feature formed near the toe of the slope as a result of the geomembrane cross-roll patch. 

One ‘E’ feature was detected away from this geomembrane patch (Figure 4.12c). This 

feature was 25 mm wide and 40 mm long. If the geomembrane had not been cut and re-

seamed during the course of this field experiment, it is possible that only one erosion 

feature ‘E’ would have been detected beneath the white geomembrane after 12 months 

exposure. This highlights the risk associated with cross-roll seams or patches (e.g., for 

sampling or destructive testing of welds) if a geomembrane is to be left exposed for a 

period of time.  

4.5.2.3 After 15 months exposure  

Between the May 2013 and August 2013 inspection (15 months exposure), further erosion 

was observed on Section 3. One irrecoverable extreme erosion feature ‘EEE’ was 

detected with width 70 mm and length 430 mm, a feature that likely will not self-heal if 

covered at the time of inspection. Additional irrecoverable erosion ‘EE’ and erosion ‘E’ 

features were also detected with a total of four ‘EE’ features and six ‘E’ features being 

observed beneath the black geomembrane in a 290 m2 inspection area  (Tables 4.2 and 

4.3).  

 Since the May 2013 inspection (15 months exposure), one of the irrecoverable 

extreme erosion features coincident with geomembrane cross-roll seam on Section 2 

healed to an erosion feature ‘E’, a new ‘E’ feature formed coincident with the seam, and 
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the one ‘E’ feature detected away from the seam in May 2013 healed. This resulted in a 

total of two ‘EE’ and three ‘E’ features, all coincident with the geomembrane seam, 

detected on Section 2 at the August 2013 inspection (Figure 4.14). In addition to the 

erosion features coincident with the geomembrane cross-roll seam near the toe of the 

slope, a new significant linear erosion feature, starting just below the crest of the slope, 

was observed (Figures 4.14 and 4.15). This feature was coincident with a single 

condensate flow path that extended approximately 7.5 m down-slope and had a maximum 

width of 230 mm with zones of complete bentonite loss and zones with partial bentonite 

loss (Figure 4.15).  The largest continuous eroded zone along this linear erosion feature 

was 780 mm long with width ranging from 40 to 220 mm (Figure 4.16). The full feature 

was classified as one irrecoverable extreme erosion feature ‘EEE’ similar to the large 

linear top to bottom slope features observed by Take et al. (2015a) at QUELTS I.  

The starting location and nature of this large linear feature may be a consequence 

of the snow melt pattern on the textured geomembrane slope in the spring. It was 

observed by Rowe et al. (2014c) that snow cover on the geomembrane acts as a good 

insulating barrier, an observation also made in this chapter (Figure 4.5), with a reduced 

daily thermal cycle of less than 5°C acting at the GMB-GCL interface. During periods of 

snow cover, it is expected that no moisture would evaporate and collect in the interface 

due to the lack of air space and reduced thermal cycle. The composite liner is subjected to 

more intense solar energy on the slope than on the base due to the angle of incidence of 

the beam radiation from the sun in relation to the slope and base sections since the slope 

and base are south facing  (Take et al. 2015b). As a result, the slope section experienced 

snow melt sooner than the base with periods when the upper half of the slope was 
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exposed and the lower half was still covered with snow (Rowe et al. 2014c). This snow 

melt pattern allowed the upper portion of the slope to experience daily thermal (and 

therefore moisture) cycles. It could be hypothesized that this continual thermal cycle 

when only the upper half of the slope section is exposed would concentrate the down-

slope bentonite erosion mechanism within the upper half of the slope, potentially 

providing an explanation for the large linear feature observed on Section 2 which formed 

just below the crest of the slope and was unrelated to any seams or welds in the 

geomembrane (Figures 4.14 and 4.15).     

 

4.6 Summary and conclusions  

When a geosynthetic clay liner (GCL) overlain by a black geomembrane (GMB) is left 

exposed, the geomembrane can reach surface temperatures exceeding 60°C during the 

day and cool to the daily low air temperature at night. These solar-driven daily thermal 

cycles cause evaporation and condensation in air gap at the GMB-GCL interface, a 

release of condensate onto the surface of the GCL and the down-slope erosion of 

bentonite from the GCL by this very low ionic strength water (essentially distilled water), 

observed by Take et al. (2015a) at the Queen’s University Environmental Liner Test Site 

(QUELTS I).  

The progression of down-slope bentonite erosion has been quantified for one GCL 

type beneath a black geomembrane at QUELTS II (Chapter 3, Brachman et al. 2015), but 

no research has been completed to confirm that timely covering can effectively suppress 

the mechanism of down-slope bentonite erosion or whether the lower thermal cycle 

provided by the higher albedo of a co-extruded white geomembrane can significantly 
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eliminate or reduce the rate of down-slope bentonite erosion. This chapter has examined 

these questions, based on this 15 month study of one specific GCL in a composite liner 

covered in a timely manner by a (white) protection geotextile and 0.3 m of gravel 

(Section 1), covered by an exposed white geomembrane (Section 2), and covered by an 

exposed black geomembrane (Section 3). Based on this study at a site just north of 

Kingston, Ontario, Canada, the following conclusions were reached.  

1. The 0.3 m gravel cover greatly reduced the maximum daily temperature cycle to 

less than 5°C in the summer. Using a white coloured geomembrane reduced the 

maximum daily temperature cycle to 31°C in the summer compared to 41°C for 

that observed on the black geomembrane. These temperature cycles impacted the 

moisture cycles acting at the GMB-GCL interface with the largest relative 

humidity cycle observed on the exposed black geomembrane, a reduced relative 

humidity cycle observed on the white geomembrane, and virtually no relative 

humidity cycle observed on the cover section. 

2. There was no visible surface streaking on the GCL or any evidence of moisture 

migration down-slope at the GMB-GCL interface for the section where 

manufacturers’ recommendations were followed and the liner was covered in a 

timely manner.  The 0.3 m of gravel cover virtually eliminated the daily thermal 

cycles on the composite liner and prevented an air gap from forming between the 

geomembrane and GCL due to both the thermal insulation provided and the 

confining stress. As a result, no condensation or erosion was observed in this 

section after 15 months exposure.  
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3. Down-slope erosion was observed on the slope section (290 m2 area) beneath the 

white and black double-sided textured geomembranes. After 1.6 months exposure, 

surface streaking and the presence of rivulets on the GCL provided evidence of 

moisture migration in the air gap at the GMB-GCL interface below both the white 

and black geomembrane sections. Hydrated and desiccated rivulets (‘h’ and ‘d’) 

were observed, but no erosion features were detected as result of this moisture 

migration on either Sections 2 or 3. After 3.5 months exposure, early erosion ‘e’ 

features were detected beneath the black geomembrane while no change since the 

previous inspection beneath the white geomembrane. After 6 months exposure, a 

single erosion feature ‘E’ was detected beneath the black geomembrane while 

early erosion features ‘e’ were detected beneath the white geomembrane. After 12 

months exposure, irrecoverable erosion features ‘EE’ were detected beneath both 

the black and white geomembranes. After 15 months exposure, a single 

irrecoverable extreme erosion feature ‘EEE’ was detected on both Section 2 and 

Section 3.  The largest ‘EEE’ feature was 7.5 m long and 230 mm wide, and 

resembled the ‘EEE’ features observed at QUELTS I by Take et al. (2015a). 

4. The reduced daily thermal cycle observed on the white geomembrane section may 

have contributed to the initially slower erosion progression observed beneath the 

white geomembrane, but ultimately did not prevent down-slope erosion of 

bentonite from occurring. After the first erosion ‘E’ features were detected on both 

Sections 2 and 3, the further rate of erosion progression was unpredictable.   

5. A cross-roll geomembrane seam from a patch installed during the November 2012 

inspection was observed to be the initiation point for some (but not all) the erosion 
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features observed on Section 2 at 12 months exposure. The underside flap of the 

seam acted as a collection point for condensate flowing on the underside of the 

geomembrane. This concentrated flow at a few locations caused erosion of the 

bentonite. This highlights the risk associated with cross-roll seams or patches 

(e.g., for sampling or destructive testing of welds) if a geomembrane is to be left 

exposed for a period of time. 

The occurrence of down-slope erosion (like panel shrinkage) is likely to depend on 

specific site conditions (subgrade, GCL, and climate). Thus the rates of erosion observed 

at QUELTS II do not necessarily apply to other sites of GCLs. However, these findings 

do highlight the importance of following the manufactures’ recommendations and 

covering the composite liner immediately after installation to prevent down-slope erosion 

and prevent other exposure consequences such as GCL panel shrinkage and 

geomembrane wrinkling. If immediate cover is not possible, a lighter colour 

geomembrane can reduce the thermal cycles acting on the exposed liner, but ultimately 

may not prevent down-slope erosion of an underlying GCL since an air gap is still 

available between the geomembrane and GCL for condensation to form and hence for 

erosion to occur.   
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Table 4.1. Description of four needle-punched GCLs with granular Wyoming 
bentonite used at QUELTS I (modified from Take et al. 2015a). 
 
GCL Carrier geotextile Cover geotextile Bentonite granules2 
GCL1 Woven slit-film1 Nonwoven needle-punched Fine 

GCL2 Scrim-reinforced nonwoven 
needle-punched1 Nonwoven needle-punched Fine 

GCL3 Woven slit-film Nonwoven needle-punched Coarse 

GCL4 Nonwoven needle-punched Nonwoven needle-punched Coarse 
1 Thermally treated. 
2 Average grain sizes (D50) reported by Rowe et al. (2011a): fine granules = 0.3 mm. 

coarse granules 0.75 – 0.95 mm. 
 
Table 4.2. Summary of erosion features observed. 
 

  Exposure length and date 

 
Section # Configuration 

1.6 months, 
July 2012 

3.5 months, 
Aug. 2012 

6 months, 
Nov. 2012 

12 months, 
May 2013 

15 months, 
Aug. 2013 

Section 3 Black GMB/ 
GCL2 

 
d, h 

 
e, o, d, h 

E 
e, o, d, h 

EE, E 
e, o, d, h 

EEE, EE, E 
e, o, d, h 

Section 2 White GMB/ 
GCL2 

 
d, h 

 
d, h 

 
e, o, d, h 

EE1, E 
e, o, d, h 

EEE, EE, E 
e, o, d, h 

Section 1 0.3 m gravel/GTX/ 
black GMB/GCL2 n/a2 n/a n/a n/a none3 

1 All irrecoverable erosion features, ‘EE’, seen on Section 2 were coincident with the  
  geomembrane cross-roll seam from the November 2012 patch near the toe of the slope.   
2 n/a = no inspection. 
3 none = no erosion features observed.  
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Table 4.3. Frequency of erosion features seen beneath the white and black 
geomembranes on the slope after 6, 12 and 15 months of exposure. 
 

Type of 
erosion feature 

Exposure length and date 
6 months, 
Nov. 2012 

12 months, 
May 2013 

15 months, 
Aug. 2013 

Black White Black White Black White 
E 1 0 4 21 6 32 

EE 0 0 1 32 4 22 

EEE 0 0 0 0 1 13 

1 One feature not coincident with geomembrane cross-roll direction seam from November  
  2012 patch. 
2 All features coincident with geomembrane cross-roll direction seam from November  
  2012 patch. 
3 One continuous feature shown in Figure 4.15 (7.5 m long and 230 mm wide). 

141 

 



 

 

Figure 4.1. (a) Solar-driven thermal cycle within the air gap, between an exposed 
geomembrane and GCL, (b) reduced thermal cycle due to cover soil, and (c) reduce 
thermal cycle due to increased albedo of the white geomembrane. 
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(a) 

 
(b) 

 
Figure 4.2. (a) Photograph looking north at QUELTS II showing gravel covered 
section (Section 1), white geomembrane section (Section 2) and black geomembrane 
section (Section 3), taken June 28th at 8:18, air temperature 20°C; and (b) schematic 
of GCL2 panels at QUELTS II. 

Black 
GMB

White 
GMB

0.3 m 
cover

35 m
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Figure 4.3. Daily variation in: (a) solar radiation and (b) air temperature and GMB-
GCL interface temperature for GCL2 beneath a black geomembrane, a white 
geomembrane, and 0.3 m gravel cover for one day during construction of QUELTS 
II (May 18th 2012). 
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Figure 4.4. Weekly variation in: (a) solar radiation and (b) air temperature and 
GMB-GCL interface temperature for GCL2 beneath a black geomembrane, a white 
geomembrane, and 0.3 m gravel cover for a two week period during construction of 
QUELTS II (May 18th 2012 to May 31st 2012). 
  

145 

 



 

 
Figure 4.5. Seasonal variation in, (a) air temperature, and GMB-GCL interface 
temperature during the 2012 and 2013 calendar years for: (b) Section 3, GCL2 
overlain by a black geomembrane; (c) Section 2, GCL2 overlain by a white 
geomembrane; and (d) Section 1, GCL2 overlain by a black geomembrane, white 
geotextile and 0.3 m gravel cover (the spike in August 2013 was due to removal of 
gravel and geotextile to allow inspection of GCL). 
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Figure 4.6. Weekly variation in relative humidity at the GMB-GCL interface for 
GCL2 overlain by: (a) a black geomembrane; (b) a white geomembrane; and (c) a 
black geomembrane, a white geotextile and 0.3 m gravel cover. 
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Figure 4.7. Aerial image of GCL2 surface after 15 months exposure, August 2013, 
showing a single GCL panel on the slope of: (a) Section 1, 0.3 m gravel cover; (b) 
Section 2, white geomembrane; and (c) Section 3, black geomembrane. Surface 
streaking and bentonite migration are visible on Sections 2 and 3, but not on Section 
1. 
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Figure 4.8. Aerial image of GCL2 surface after 15 months exposure, August 2013, 
showing a single GCL panel on the base of: (a) Section 2, white geomembrane; (b) 
Section 3, black geomembrane; and (c) close-up image of bentonite slurry puddle as 
a result of bentonite migration down-slope and deposition on the base.   
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Figure 4.9. Back-lit photo on Section 1 (0.3 m gravel cover) taken after 15 months 
exposure (August 2013). (a) Back-lit photo in dark room with light panel on and 
internal light source on and (b) back-lit photo in dark room with light panel on and 
internal light source off. No evidence of erosion, only signs of desiccation cracking 
not coincident with a GCL surface stream. 
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Figure 4.10. Erosion photos taken after 3.5 months exposure (August 2012) showing: 
(a) early erosion feature ‘e’ on GCL2 beneath a black geomembrane on the slope 
and (b) hydrated rivulet feature ‘h’ on GCL2 beneath a white geomembrane on the 
slope. The squares are 300 x 300 mm and indicate the location of the light panel. 
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Figure 4.11. Erosion photos taken after 6 months exposure (November 2012) 
showing: (a) erosion feature ‘E’ on GCL2 beneath a black geomembrane on the 
slope and (b) early erosion feature ‘e’ on GCL2 beneath a white geomembrane on 
the slope. The squares are 360 x 360 mm and indicate the location of the inside edges 
of the frame. 
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Figure 4.12. Erosion photos taken after 12 months exposure (May 2013) showing: (a) 
irrecoverable erosion feature ‘EE’ on GCL2 beneath a black geomembrane on the 
slope; (b) irrecoverable erosion feature ‘EE’ on GCL2 beneath a white 
geomembrane on the slope, a feature coincident with the cross-roll geomembrane 
patch seam; and (c) erosion feature ‘E’ on GCL2 beneath a white geomembrane on 
the slope, an erosion feature away from the cross-roll geomembrane patch seam. 
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Figure 4.13. Cross-roll direction geomembrane seam from the November 2012 
geomembrane patch, near the toe of the slope. The inset shows a schematic of the 
geomembrane patch and its up-slope lip.  
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Figure 4.14. Locations of erosion features including ‘E’, ‘EE’ and ‘EEE’ features on 
the slope section of GCL2 beneath a white geomembrane after 15 months exposure 
(August 2013). The rectangles are 300 x 600 mm marked areas that were inspected 
for erosion with the light panel method, each identified with a numbered photo ID. 
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Figure 4.15. Close up of GCL2 surface beneath a white geomembrane showing the 
large linear erosion feature (shown in Figure 4.14) on the west most panel of Section 
2 after 15 months exposure (August 2013). (a) The first half of the linear feature 
starting from the top of the slope [3-12 to 3-18] and (b) the second half of the linear 
feature [3-19 to 3-23], a continuation of the feature from Figure 4.15(a). 
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Figure 4.16. The largest continuous zone with little to no bentonite remaining in the 
GCL observed on Section 2 (GCL2 beneath a white geomembrane) after 15 months 
exposure (August 2013) coincident with the large linear feature shown in          
Figure 4.15. (a) GCL surface photo with rectangle identifying the location of the 
inside edge of the frame in (b) and (c); (b) dark room photo with light panel on and 
internal light source on; and (c) dark room photo with light panel on and internal 
light source off. 
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Chapter 5 

Effect of GCL type on down-slope erosion of bentonite from a GCL in 

an exposed composite liner: QUELTS II observations  

5.1 Introduction 

With good design and construction practice, geosynthetic clay liners (GCLs) have proven 

to be extremely effective at minimizing leakage through composite liner systems 

involving a geomembrane over a GCL (e.g., Rowe 2005, 2012). The installation 

guidelines of most manufacturers recommend that the GCL and the composite liner in 

which it is used be covered by at least 0.3 m of cover soil/ballast shortly after the 

geomembrane is placed and welded.  Nevertheless, in many parts of the world, composite 

liners are often left exposed for periods of months to years (e.g., Thiel et al. 2006).  

In 2005 Thiel and Richardson (2005) first published examples of one consequence 

of leaving composite liners exposed; GCL panel shrinkage. A year later Thiel et al. 

(2006) reported several more examples of extensive panel shrinkage of GCLs in exposed 

composite liners causing large gaps between panels in as little as two months. However, 

all the reported cases of excessive panel shrinkage were at different locations with 

different subsoil and climatic conditions and involved two different types of needle-

punched GCLs.  There was no field evaluation of the relative performance of the four 

needle-punched GCLs most commonly used in North America.  

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

constructed in September 2006 with the objective of (i) quantifying wrinkling of black 

1.5-mm-thick high-density polyethylene (HDPE) geomembranes at different times of the 
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day and year over a several year period (Rowe et al. 2012), and (ii) examining the relative 

performance of the four GCLs (generically denoted as GCL1 - GCL4; Tables 5.1 – 5.3) 

with respect to panel shrinkage when subjected to the same subsoil and climatic 

conditions. During the wrinkle study only small openings were made in the geomembrane 

to allow spot checks on panel shrinkage, to avoid disturbing the wrinkle pattern.  

However, at the end of the wrinkle study (after 3.6 years) the geomembrane was opened 

to allow a full inspection of the GCL panel overlaps and, unexpectedly, significant down-

slope bentonite erosion was observed in all four GCLs (Rowe et al. 2014c; Take et al. 

2015a). This finding raised six questions (i) what was an appropriate classification system 

for characterizing the various stages of down-slope erosion? (ii) was there a relatively 

simple nondestructive field technique that could be used to quantify the  extent of down-

slope erosion that potentially could be used by industry? (iii) how long would it take for 

down-slope erosion of practical significance to develop at this site? (iv) under similar 

conditions, what would be the effect of  placing 0.3 m of cover soil shortly after 

construction (i.e., would there have been a problem if the manufacturers’ 

recommendation had been followed)? (v) under similar exposure conditions, what would 

be the effect of using a white geomembrane instead of a black geomembrane? (vi) are 

there GCLs less prone to down-slope erosion than those initially tested at QUELTS I?  

QUELTS II was constructed in May 2012 to address these questions. Chapter 3, 

Brachman et al. (2015), has addressed questions (i) - (iii). Chapter 4, Rentz et al. (2015) 

examined the questions (iv) and (v) for GCL2 based on data collected over 15 months 

exposure. The primary objective of the present chapter is to address question (vi), and the 
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secondary objective is to address questions (iii) - (v) for all sections based on data 

collected over 28 months exposure.  

 

5.2 Site description 

Unlike QUELTS I, the reconstructed Queen’s University Environmental Liner Test Site II 

(QUELTS II) was constructed specifically to study the progression of down-slope erosion 

of bentonite from GCLs in an exposed composite liner (further details included in 

Chapters 2 and 3). QUELTS II was completed in May 2012, at the same location as 

QUELTS I (Brachman et al. 2007) and therefore had nominally identical solar exposure 

conditions (Take et al. 2015b). The lined area (Figure 5.1) was slightly larger than 

QUELTS I with an 80 m wide lined region comprised of a 22 m long slope and a 20 m 

long base (Figure 5.2) (as described in the previous chapters).  

 Based on dry sieve analyses, the subgrade material from QUELTS I was 

classified as a silty sand (Brachman et al. 2007; Rayhani et al. 2011) with 35% non-

plastic fines passing the No. 200 sieve (0.075 mm).  Additional dry sieving conducted as 

part of the present study confirmed that the soil was predominantly silty sand with 

occasional locations of sandy silt. The average gravimetric water content of the soil 

directly below the GCL just prior to placing the GCL was 11% (standard deviation of 3%, 

maximum of 18% and minimum of 4% based on 373 surface samples) (ASTM D4643). 

The lined region consisted of seven different test sections (Figures 5.1 and 5.2). 

Sections 3 - 7 each had a composite liner with a different GCL (GCL2 and GCL5 - 

GCL8; Tables 5.1 – 5.3) covered only by a black geomembrane. Section 3 which 

involved GCL2 covered by a black geomembrane was the same as one of the sections at 
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QUELTS I and was used as a control section. Section 2 had GCL2 overlain by a white 

geomembrane. Section 1 had GCL2 overlain by a black geomembrane, a needle-punched 

nonwoven polyester/polypropylene short staple fibres geotextile protection layer (6.5 mm 

thick, 1490 ± 30 g/m2), and 0.3 m gravel cover placed within five days of the 

geomembrane being placed.  

GCL2 was a needle-punched and thermally treated product containing fine 

granular Wyoming sodium bentonite with a 226 g/m2 (ASTM D5261) nonwoven cover 

geotextile and a 252 g/m2 scrim-reinforced nonwoven carrier geotextile (Table 5.2). It had 

an average dry mass of 4256 g/m2 (ASTM D5993), an average dry mass of bentonite of    

3778 g/m2 and an initial swell index (ASTM D5890) of 32 mL/2g (Tables 5.2 and 5.3). 

The hydration potential of the GCL or the reference water content (wref) is the moisture 

content to which the GCL will hydrate under specific conditions, where in this case the 

GCL was immersed in distilled water under 2 kPa of stress for 1 month. The wref of GCL2 

was 144%. GCL2 was installed with the scrim-reinforced nonwoven carrier geotextile in 

contact with the foundation soil.  

The two powdered bentonite GCLs, GCLs 5 and 6, were needle-punched and 

thermally treated products made with powdered sodium bentonite. GCL5 had a 282 g/m2 

nonwoven cover geotextile with a 395 g/m2 scrim-reinforced nonwoven carrier geotextile 

while GCL6 also had a nonwoven cover geotextile, 190 g/m2, but a slit-film woven 

carrier geotextile, 142 g/m2. GCL5 had an average dry mass of 5114 g/m2, an average dry 

mass of bentonite of 4437 g/m2, an initial swell index of 34 mL/2g, and 152% wref. GCL6 

had an average dry mass of 5045 g/m2, an average dry mass of bentonite of 4714 g/m2, an 
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initial swell index of 35 mL/2g, and 132% wref. These products were installed with their 

carrier geotextiles in contact with the foundation soil. 

GCL7 was the same type of product as GCL2 except that a polyacrylamide based 

polymer had been added to the fine granular Wyoming sodium bentonite. The polymer is 

added to resist the exchange of divalent calcium ions (Ca2+) for monovalent sodium ions 

(Na+). The 2+ charge on the calcium ion decreases the size of the bound layer of water on 

the clay particles thereby reducing the swell capacity of the bentonite and increasing the 

hydraulic conductivity of the material (especially at low stress). GCL7 was composed of a 

202 g/m2 nonwoven cover geotextile needle-punched and thermally treated to a 238 g/m2 

scrim-reinforced nonwoven carrier geotextile. The GCL had an average dry mass of 4977 

g/m2, an average dry mass of bentonite of 4538 g/m2, an initial swell index of 35 mL/2g, 

and a 131% wref. The GCL was installed with the scrim-reinforced nonwoven carrier 

geotextile in contact with the foundation soil.  

GCL8 had a fine granular Wyoming sodium bentonite encased between a 

nonwoven cover geotextile, 219 g/m2, needle-punched to a woven carrier geotextile,    

378 g/m2, with a polypropylene coating applied on the outer surface of the carrier 

geotextile. Except for the polymer coating, GCL8 was similar to GCL1 tested at QUELTS 

I. The polypropylene coating is added to further decrease the hydraulic conductivity of 

the material and to reduce the bentonite’s susceptibility to cation exchange when placed 

with the polypropylene coating down on an aggressive soil (e.g., mine tailings with high 

Ca2+ concentrations; Hosney and Rowe 2010). However, in this experiment the GCL was 

installed with the polypropylene coating facing up in an effort to minimize or even 

eliminate moisture loss from the GCL into the GMB-GCL air space. GCL8 had an 
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average dry mass of 4179 g/m2, an average dry mass of bentonite of 3528 g/m2, an initial 

swell index of 31 mL/2g, and a 124% wref .   

The same GCL product (GCL2) was installed in Sections 1, 2 and 3 to examine 

the effect of exposure on the performance of one GCL. The white and black 

geomembranes were 1.5-mm-thick HDPE geomembranes, textured on the slope and 

smooth on the base, with all products installed with the roll direction orientated down-

slope. Each test section was comprised of either two or three adjacent GCL panels 

overlapped by 300 mm. Supplemental bentonite (approximately 0.8 kg/m) was installed at 

the overlaps for all GCL products except GCLs 5 and 6 which contain impregnated 

powdered bentonite in the overlapping area and do not require additional field-applied 

supplemental bentonite according to the manufacturer. An additional 0.5 m strip of GCL2 

was installed between Sections 6 and 7 with a continuous line of sandbags installed on top 

to minimize the migration of moisture from Section 6 to Section 7 (polymer coated GCL). 

 

5.3 Erosion inspection method, classification, and quantification with time 

A nondestructive inspection method was developed to study down-slope bentonite 

erosion while minimizing the disturbance to the GCL (Chapter 3, Brachman et al. 2015). 

In summary, the technique uses a 300 x 300 x 8-mm-thick light emitting diode light 

(LED) panel secured to an aluminum tray slid beneath the GCL panel at the GCL 

overlaps. A frame with inner edge dimensions of 360 x 360 mm and having embedded 

LEDs was then placed on the GCL surface to identify the location of the light panel and 

provide scale in photos with low lighting. A mobile dark room containing an internal light 

source was then placed on the GCL surface at the location of interest. Photos were taken 
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with a camera mounted on a tripod placed inside the mobile dark room using an external 

trigger to capture two types of photos (i) a photo with the light panel and the internal light 

source in the mobile dark room turned-on, and (ii) a photo with the light panel on and the 

internal light source in the mobile dark room turned-off. In some cases, destructive 

sampling was used to extract GCL samples from the field for laboratory X-rays in a one 

kilovolt (kV) Faxitron X-ray imaging cabinet. X-ray imaging was used to produce high 

resolution radiographs to confirm the effectiveness of the light panel method as well as to 

examine the bentonite distribution and thickness in erosion features of interest. The dark 

coloured regions in the X-ray images are a result of unattenuated X-rays passing through 

zones of very little or no bentonite remaining in the GCL. 

 The classification system to identify the severity of seven different levels of 

erosion with specified dimensions, developed by Brachman et al. (2015) (Chapter 3) 

based on available data at the time, will be adopted in this chapter as summarized below.  

The erosion process begins after partial hydration of the bentonite in the GCL 

followed by an initial drying cycle which causes the formation of desiccation cracks 

(Rowe et al. 2014a). In each thermal cycle, moisture evaporates from the GCL when the 

composite liner is heated by solar radiation and then, when the geomembrane cools, 

moisture condenses on the underside of the geomembrane. The condensed water droplets 

drip onto the GCL at contact points or accumulation points (e.g., welds) and the water 

droplets flow down-slope in rivulets on the GCL surface. These rivulets create surface 

streaks that can be either hydrated ‘h’ or dried ‘d’ at the time of inspection. Their 

presence indicates that there is a mechanism occurring that could cause the destabilization 

and migration of bentonite (e.g., in desiccation cracks) and hence cause down-slope 
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bentonite erosion.  However, merely the presence of these features does not indicate that 

erosion has occurred. The first evidence of erosion is when the GCL has experienced 

thinning due to bentonite loss and this is classified as onset erosion (denoted by ‘o’).  

Areas with onset erosion will likely self-heal if the GCL were covered before further 

bentonite loss occurred, where self-healing refers to the sealing of bentonite 

discontinuities due to the swelling capacity of the bentonite and potentially an applied 

overburden stress. If bentonite loss continues, a discontinuity can develop in the 

bentonite. If this discontinuity has a width of less than 15 mm then the feature is 

considered an early erosion feature ‘e’ and likely will self-heal if covered at the time of 

detection. If the width is greater than 15 mm and less than or equal to 25 mm then the 

feature is considered an erosion feature ‘E’ and the self-healing capacity is uncertain. If 

the discontinuity has a width of greater than 25 mm and a length less than 300 mm then it 

is classified as irrecoverable erosion ‘EE’; it is expected that this feature will not self-

heal. If the feature has a width exceeding 25 mm across a length of greater than 300 mm 

then the feature is classified as irrecoverable extreme erosion ‘EEE’ and it is expected 

that the feature will not self-heal. These short-form notations will be used to help explain 

the evolution of erosion observed in tactile inspections in the field, and the range of 

different features observed in each GCL product.  

Field inspections were conducted every few months following the installation of 

the composite liner to examine each test section for erosion. Inspections were completed 

after 1.6 months (only for the slope Sections of GCL2 beneath a black and white 

geomembrane) and after 3.5, 6, 12, 15 and 28 months for all exposed sections (slope and 

base). The site inspection after 3.5 months (August 2012) was to study GCL performance 
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after one summer’s exposure. The inspection at 6 months (November 2012) was to 

examine the GCLs after a period of cooler fall weather but prior to the first winter season. 

The May 2013 spring inspection was to study the GCL performance after one full year’s 

exposure following a winter freeze and a spring thaw cycle. The August 2013 inspection 

was completed after 15 months, following a second summer’s exposure. The final 

(September 2014) inspection was conducted after 28 months and followed the third 

summer’s exposure.  

Each inspection involved cutting the overlying geomembrane and folding it back 

to expose the full panels of the underlying GCL for each section. This was necessary to 

carefully inspect for erosion and to ensure no features were overlooked (as occurred in the 

first 3.6 years at QUELTS I when only small 0.3 m inspection windows were cut into the 

geomembrane). Photos were taken of the full section to capture the streaking pattern on 

the GCL surface. Tactile inspection was used to identify areas on the GCL suspected of 

erosion. Features of interest were documented and then identified on the GCL in a 300 x 

600 mm region marked with ink. The light panel method was then employed to confirm 

the presence of an erosion feature and to classify the feature.  

The erosion features observed for the GCLs in the exposed composite liners at 

each site investigation are summarized in Table 5.4.  Section 3 with GCL2 below a black 

geomembrane was the control section for comparison with the performance of other 

sections. For this case, early erosion ‘e’ was first observed after 3.5 months, erosion ‘E’ 

after 6 months, irrecoverable erosion ‘EE’ after 12 months, and irrecoverable extreme 

erosion ‘EEE’ after 15 months (Table 5.4 and Chapter 3, Brachman et al. 2015).  These 

findings are generally consistent with the erosion observed at QUELTS I (Take et al. 
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2015a; Rowe et al. 2014c) after 3.6 years, although irrecoverable extreme erosion was 

observed on a patch installed at QUELTS I after 12 months. The difference could be due 

to (i) the subsoil being slightly drier when QUELST II was constructed than when 

QUELTS I was constructed, and/or (ii) because QUELTS I was constructed at the end of 

the summer and QUELST II was constructed in the spring, and/or (ii) because QUELTS 

II was opened more frequently inducing some possible observer effects (e.g., a change in 

wrinkle pattern when the section is resealed and/or loss of moisture to the atmosphere). 

 

5.4 GCL5 and GCL6 with powdered bentonite below a black geomembrane 

5.4.1 First 6 months exposure 

At the time of the first inspection of GCL5 and GCL6 (after 3.5 months exposure), 

surface streaking with hydrated and desiccated rivulets (‘h’ and ‘d’) were observed on the 

upper geotextile as a result of down-slope moisture migration providing evidence of 

moisture condensation at the GMB-GCL interface and down-slope flow (Table 5.4). Both 

GCLs appeared to be partially hydrated with the GCL being more hydrated at locations 

not coincident with surface streaks than was observed for GCL2 beneath the same black 

geomembrane. Evidence of onset erosion ‘o’ was observed after 3.5 months exposure for 

both GCLs (e.g., Figure 5.3). These onset erosion features were coincident with white 

GCL surface streaks that generally were desiccated during the time of inspection with 

light visible from the light panel below (Figures 5.3a and 5.3b). Tactile inspection was 

used to assess whether the GCL had experienced thinning as a result of bentonite loss.  

At the November 2012 inspection (after 6 months exposure), both GCLs were 

moist with more hydration than observed during the previous August inspection. There 
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was visibly more bentonite extrusion through the upper geotextile on GCL6 than 

observed on GCL5 as well as more uniform streaking than on GCL5. There was visual 

evidence of more bentonite migration than observed at the August inspection, with early 

erosion features ‘e’ being detected on both products (Figure 5.4). The early erosion 

feature on GCL5 (Figure 5.4a) was coincident with a white surface streak that was largely 

dry at the time of inspection with some desiccation cracking on the down-slope portion of 

the feature. The upstream part of the feature had two streams splitting off into two 

directions. If these streams continued to erode and joined, it is likely an erosion feature 

‘E’ or larger could form. The feature on GCL6 (Figure 5.4b) was also an early erosion 

feature ‘e’ coincident with a white surface streak that had experienced bentonite loss due 

to down-slope moisture migration at this location. This is the same feature depicted in 

Figure 5.3 but has eroded further since the August inspection, progressing from an ‘o’ to 

an ‘e’. The progression of erosion from ‘o’ to ‘e’ experienced by both GCL5 and GCL6 

was likely due to the additional wet/dry cycles experienced by the GCL and potentially 

greater GCL hydration on the more frequent cooler/cloudy fall season days as compared 

to more consistent sunny/hotter days in the summer months (Take et al. 2015b). Lower 

liner temperatures reduces the amount of GCL drying, potentially leaving more available 

moisture for down-slope migration after an occasional sunny (hot geomembrane) day and 

subsequent cool night causing more condensate flow and  progression of features from 

onset erosion ‘o’ to early erosion ‘e’.  

5.4.2 After 12 months exposure 

Self-healing was observed on GCL5 from early erosion ‘e’ to a hydrated rivulet ‘h’ or 

onset erosion ‘o’ between the November 2012 (6 months exposure) and May 2013 (12 
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months exposure) inspections (e.g., Figure 5.5a, the same feature shown in Figure 5.4a), 

although ‘e’ features were still observed during the May 2013 inspection. The feature 

shown in Figure 5.5 was hydrated and healed during the time of inspection, confirming 

that an early erosion feature ‘e’ can self-heal, although there was bentonite thinning due 

to the previous loss of bentonite at this location while other areas experienced an increase 

in desiccation cracking and a new ‘e’ has formed in the upper right corner of the framed 

area. If the healed feature dried, it is likely that it would revert back to being an early 

erosion feature ‘e’ or larger. Early erosion features were observed on GCL6 (e.g., Figure 

5.5b, the same feature shown in Figure 5.4b), with no evidence of self-healing of ‘e’ 

features between 6 and 12 months exposure. In contrast, the control Section 3 with GCL2 

experienced a more severe increase in erosion between the 6 and 12 month inspections 

increasing from erosion, ‘E’ to irrecoverable erosion features, ‘EE’. GCL5 and GCL6 

demonstrate a greater resistance to down-slope erosion under essentially identical 

conditions as GCL2 over a full year’s exposure.   

5.4.3 After 15 months exposure 

GCL5 and GCL6 experienced self-healing of features from early erosion ‘e’ to ‘o’ or ‘h’ 

between 12 and 15 months exposure with onset erosion being the largest features 

observed on GCLs 5 and 6 during the August 2013 inspection. Figure 5.6 shows the same 

two features depicted in Figure 5.4 (6 months) and Figure 5.5 (12 months) after 15 

months exposure. These features may have experienced healing as a result of either 

greater moisture uptake from the subsoil and/or more retained moisture from rivulets at 

the time of inspection. Also notable is the substantially reduced zone of desiccation 

cracking at this location after 15 months in Figure 5.6 compared to that after 12 months 
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(Figure 5.5).  This observation provides field confirmation of the ability of GCL5 and 

GCL6 to seal-heal from an early erosion feature when adequately hydrated. 

The cross-sections through the three GCLs shown in Figure 5.7 highlight the 

effect that the moisture cycles experienced by a GCL in an exposed composite liner can 

have on GCL appearance but also the potential variability at a given water content. After 

12 months, the specimens of the three GCLs shown had experienced at least one 

hydration cycle that allowed the development of a bentonite gel (there is no granular 

structure evident for GCL2 or powdered bentonite evident for GCL5 even at the low 21% 

water content). Water content can vary substantially from one point in the GCL panel to 

another (e.g., depending on proximity to recent down-slope water flow) and the difference 

in water content between GCL2/GCL5 (21%) and GCL6 (w = 72%; the fully hydrated 

moisture content, wref, of this GCL as defined by Rayhani et al. 2011 was measured to be 

132% at low stress; thus w/wref = 0.55 or about 55% of the fully hydrated water content at 

this stress level) is more due to the exact location from which the sample was taken than a 

difference between GCLs. At 12 months all three specimens show some desiccation 

cracking (e.g., [B] on GCL6 in Figure 5.7) with GCL5 having a slightly widened         

(2.5 mm; [A]) desiccation crack. The three specimens taken at 15 months, from locations 

near where the 12 month specimens were taken, all have a gelled bentonite structure with 

virtually no desiccation cracking although the water contents do not exceed the 72% of 

GCL6 at 12 months which did display desiccation cracking. This shows the possible 

differences in bentonite macrostructure at GCL gravimetric water contents well below 

saturation even when they exceed 50% gravimetric moisture content; however, it is 
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anticipated that all the features shown in Figure 5.7 would self-heal if these locations had 

been covered with a ballast layer at this time (i.e., without allowing more erosion).     

5.4.4 After 28 months exposure 

Figure 5.8 shows the largest erosion features observed during the September 2014 

inspection (13 months after the previous inspection).  Only early erosion ‘e’ features (less 

than 15 mm wide and likely to self-heal on full hydration) were observed for both GCL5 

(Figure 5.8a) and GCL6 (Figure 5.8b). There was no visible evidence of larger erosion 

features such as ‘E’ or larger forming at 28 months exposure. In contrast, GCL2 in control 

Section 3 had irrecoverable extreme erosion ‘EEE’ features at this time (Table 5.4). Thus 

over 28 months exposure in a composite liner, GCL5 and GCL6 with powdered bentonite 

and greater mass per unit area of bentonite exhibited slower progression of erosion than 

any other GCL products tested at QUELTS covered only by a geomembrane with the 

exception of the polypropylene coated GCL (GCL8). GCL5 also had a thicker upper 

geotextile and a different carrier geotextile but since GCL5 and GCL6 perform similarly, 

this likely did not contribute to the slower erosion rate of GCL5. The relative role of the 

bentonite granularity and mass per unit area to the erosion susceptibility in the field is not 

known, although the different carrier geotextiles of GCL5 and GCL6 had no apparent 

effect on the performance of these two thermally treated GCLs. 

 

5.5 Polyacrylamide enhanced bentonite (GCL7) below a black geomembrane 

5.5.1 First 15 months exposure  

The first inspection of the polymer enhanced bentonite GCL was completed after 3.5 

months exposure in August 2012. At this time the GCL appeared to be more uniformly 
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hydrated and performing better than GCL2 (with a similar structure but no 

polyacrylamide added to the bentonite) in control Section 3. GCL7 had dark grey 

moisture streaks visible on the surface, evidence of hydration during the first summer’s 

exposure but also moisture loss into the GMB-GCL interface air space which had 

condensed and flowed down-slope. Despite the clear evidence of moisture migration, 

there was no detectable evidence of down-slope bentonite erosion as a result of the 

polymer’s ability to create hydrated chains between particles and improve erosion 

resistance. The only identifiable features were desiccated and hydrated rivulets ‘d’ and ‘h’ 

that may experience erosion if subjected to further exposure (Table 5.4).  

 At the November 2012 (6 month) inspection, the GCL surface had visible 

streaking and appeared to be slightly drier than in August 2012. Again there was no 

evidence of bentonite erosion with only ‘d’ and ‘h’ features detected (Table 5.4).  

 After one year’s exposure (May 2013), there was more surface streaking on the 

GCL than observed during previous inspections.  This was likely due to relatively high 

moisture uptake in the spring after the first thaw followed by evaporation of moisture on 

sunny days (the geomembrane could heat to approximately 50oC on a sunny spring day 

even though the ambient air temperature only reached about 20oC in the spring before the 

May inspection). In the spring months prior to the May inspection, the geomembrane 

cooled substantially at night, during which time the day’s evaporated moisture condensed 

and ran down-slope. Although desiccation cracking was visible when the light panel 

method was employed, there was no detectable evidence of bentonite loss or thinning 

coincident with these surface streaks. Only desiccated and hydrated rivulets were 

observed (Table 5.4). 
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After two summers and a total of 15 months exposure (August 2013 inspection), 

GCL7 was found to be relatively dry and desiccated compared to observations during 

previous inspections. No erosion was observed during this inspection and most rivulets 

were dried and desiccated (Table 5.4).  

5.5.2 After 28 months exposure 

At the final inspection following the third summer (September 2014) and 28 months 

exposure, GCL7 appeared to be well hydrated compared to 13 months earlier. The light 

panel was deployed at locations on the GCL that had been previously inspected for 

erosion during the earlier field investigations. One feature first identified as a hydrated 

rivulet in November 2012 subsequently lost bentonite that caused widening of a 

desiccation crack to a width 11 mm (i.e., early erosion ‘e’) by September 2014. In 

contrast, some other features that had been previously identified as hydrated or dried 

rivulets were no longer coincident with a surface streak or a visible rivulet due to the ever 

changing contact points between the geomembrane and GCL resulting in different 

condensate stream paths. 

Within the 13 months since the August 2013 inspection, GCL7 experienced 

erosion on the slope with one irrecoverable erosion feature ‘EE’ and one irrecoverable 

extreme erosion feature ‘EEE’ detected. Both the ‘EE’ and ‘EEE’ features occurred at 

locations that had not been previously identified as potential erosion features and hence 

were not previously inspected with the light panel. The irrecoverable erosion ‘EE’ feature 

shown in Figure 5.9 was 35 mm wide and 60 mm long and followed a rivulet on the GCL. 

The feature had little to no bentonite remaining in the up-slope half of the feature while 

the down-slope portion of the feature had some bentonite remaining in the feature. A 
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visibly darker zone can be seen on the perimeter of the feature due to the hydration of the 

bentonite that remained adjacent to the erosion feature (Figure 5.9).   

The largest feature observed for GCL7 (130 mm wide and 300 mm long; Figure 

5.10) was classified as an irrecoverable extreme erosion feature ‘EEE’. The discrete dark 

spots visible in the light panel photo are an indication of some bentonite in the GCL at 

these locations, but most of the feature is bentonite free with light passing through the 

GCL. The perimeter of the feature is darker with no light passing through the GCL 

because the bentonite was sufficiently thick and hydrated in this zone. Where the GCL 

was drier away from the rivulet, desiccation cracks are visible in both the photo and X-

ray. Down-slope of the highly eroded feature there was still some partially hydrated 

bentonite (dark in photos, light in X-ray) but desiccation cracks had started to form as the 

bentonite dried. Since some light is visible through this partially hydrated region, it is 

likely that partial erosion of this zone has occurred.  

 Interestingly, for the first 15 months the polyacrylamide added to the bentonite 

resulted in much better performance than the otherwise similar GCL2 and a little better 

performance (i.e., no ‘o’ or ‘e’ features for GCL7) than GCL5 or GCL6 (Table 5.4).  

However, it also appears that between 15 and 28 months something happened to remove 

the effectiveness of the polymer additive, at least locally, allowing ‘EE’, and ‘EEE’ 

features to develop.  The precise reason for this change is unknown but it may have been 

a result of either the influence of cation exchange and/or washing out of the polymer from 

the bentonite in areas where there was more significant flow.  
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5.6 Polypropylene coated GCL8 placed with coating facing up below a black 

geomembrane 

5.6.1 Up to 28 months exposure  

GCL8 was installed with the polypropylene coating (typically 0.09 mm ± 0.06 mm thick, 

pers. comm. M. Hosney) with the expectation that this would prevent moisture loss from 

the GCL into the GMB-GCL air gap and hence eliminate the mechanism which causes 

down-slope bentonite erosion (i.e., condensation of water vapour on the underside of the 

geomembrane as it cools and the subsequent distilled water flow on the GCL surface).  

When GCL8 was first inspected after 3.5 months exposure (August 2012), it was 

partially hydrated.  However, unlike the non-coated GCLs, the top surface of the polymer 

coated GCL8 was observed to only contain negligible amount of water, typically 

distributed as discrete isolated water droplets. The lack of moisture observed on the 

coated GCL8 was evidence that (i) the coating was effective at preventing moisture loss 

into the GMB-GCL air space, and (ii) the sandbags to seal the perimeter of this section 

worked quite effectively. There was no evidence of down-slope moisture migration. The 

subgrade directly beneath the GCL was visibly more hydrated than any other test section.  

The coating prevented significant evaporative moisture loss into the GMB-GCL interface 

and forced the moisture from the GCL to be driven into the foundation soil during hotter 

periods of the day. Desiccation cracks were visible in the GCL when inspected with the 

light panel showing that the GCL had been sufficiently hydrated to form a bentonite gel 

and then subsequently dried on sunny days.  

 Inspections also were conducted in November 2012 (6 months), May 2013 (12 

months), August 2013 (15 months), and September 2014 (28 months) and there was no 
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significant change in the performance of GCL8. After 28 months exposure, GCL8 

showed no evidence of down-slope erosion with only signs of partial hydration with 

visible desiccation cracking that was largely uniform (e.g., Figure 5.11).  The coated 

GCL, installed coating up, is a potential solution to prevent down-slope erosion if a 

composite liner will be left exposed, but the cost of the product is more expensive than 

conventional geotextile-encased, needle-punched GCLs. 

 

5.7 Relative humidity at GMB-GCL air gap for GCL2 and GCL8 

“Relative humidity is the partial pressure of vapour divided by the saturation vapour 

pressure at the given temperature,” commonly measured to characterize the moisture 

conditions in an air space (Perry and Green 2008). As the geomembrane heats up during 

the day, the air temperature at the GMB-GCL interface gap also increases. The hotter 

interface temperatures during the day dries out the GCL by driving moisture back into the 

foundation as well as evaporating some of the moisture into the air space, resulting in 

lower relative humidity values due to higher temperatures in the air gap. Conversely as 

the geomembrane cools the relative humidity increases, and if the dew point is reached in 

the air next to the cooler geomembrane, moisture will condense on the underside of the 

geomembrane.  Droplets of distilled condensate water will form (see work of Rowe et al. 

(2014a) to see importance of water chemistry on erosion process) and once they reach a 

critical size (when the droplet is heavy enough to migrated down-slope due to gravity or 

the droplet size overcomes the surface tension with the geomembrane) they will either 

drip directly on to the GCL or run down the underside of the geomembrane until they 

reach a contact point between the geomembrane and GCL (e.g., where a geomembrane 
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wrinkle touches down on the GCL, a geomembrane welded seam is intersected, or there is 

a local low point in a welded overlap where water accumulates).  This mechanism directs 

water evaporated from a large catchment area and delivers it to discrete points on the 

GCL. 

 A data acquisition system was installed along the western edge of the lined region 

to monitor the weather conditions on site as well as the temperature and moisture 

conditions in the GMB-GCL air space (introduced in previous chapters). The system 

consisted of a datalogger (logging at 10 minute intervals) powered by a battery that was 

charged with a 30W solar panel. Mobile hardware was connected to the datalogger to 

allow wireless download of the data. Solar radiation was measured with a pyranometer 

mounted on a level extension arm. Air temperature was measured using HMP45-C probe 

surrounded by a radiation shield to prevent interference from solar radiation or 

precipitation. Geomembrane surface temperature was monitored with thermocouples 

secured to the surface of the geomembrane. The thermal and moisture conditions in the 

GMB-GCL air space were measured using 107BAM waterproof soil/water thermistors 

installed mid-slope on the surface of the GCL and HMP45-A (± 3% accuracy) relative 

humidity sensors installed 2 m down from the crest of the slope. 

Figure 5.12 shows the ambient air temperature and geomembrane surface 

temperature (Section 3 slope, GCL2 beneath a black geomembrane), GMB-GCL interface 

temperature and relative humidity for GCL2 and GCL8 beneath a black geomembrane for 

a two week period immediately after site construction (May 18th – 31st 2012). May 26th 

was a hot day with the air temperature reaching a maximum of 27°C, heating the black 

geomembrane up to 67°C during the day. The peak interface temperatures observed for 
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GCL2 and GCL8 were very similar, 57°C and 54°C, as expected, since both GCLs were 

left covered by the same black geomembrane and exposed to the same conditions. During 

the evenings when the geomembrane had a chance to cool (21°C at midnight on May 

26th) the temperature in the air space at the GMB-GCL interface also decreased (22°C at 

midnight on May 26th for both GCL2 and GCL8) allowing the GCL to hydrate. For GCL2 

(Section 3), the relative humidity in the air space was measured to be 89 ± 3% (at 

midnight on the 26th) during this hydration period and only 75 ± 3% for GCL8 (Section 

7). The air space below GCL8 had a lower relative humidity, for the same given 

temperature, during the cooler part of the day than GCL2, indicating there was less 

moisture vapour in the air space. Thus, in summary, the polypropylene coating largely 

prevented evaporation of moisture from the GCL into the GMB-GCL air gap which, in 

combination to the additional resistance to bentonite erosion provided by the coating 

(Ashe et al. 2014), resulted in no down-slope erosion being observed on GCL8 over the 

28 month duration of the field experiment. 

 

5.8 Quantification of erosion for a fine-grained bentonite GCL beneath a white and 

a black geomembrane after 28 months exposure 

5.8.1 Up to 15 months exposure 

The comparison of erosion progression for GCL2 beneath a black geomembrane versus a 

white geomembrane after 15 months exposure was discussed in Chapter 4. Erosion ‘E’ 

was first observed for GCL2 beneath a black geomembrane after 6 months exposure 

while erosion ‘E’ was first observed beneath the white geomembrane after 12 months 

exposure. Thus, although the white geomembrane slowed the progression of erosion, it 
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did not prevent erosion from occurring. The slowed progression of erosion for GCL2 

beneath a white geomembrane can likely be attributed to the cooler geomembrane 

temperatures experienced by the white geomembrane as compared to the black 

geomembrane. These cooler temperatures reduced the amount of moisture evaporation 

from the GCL into the GMB-GCL air gap and therefore limited the amount of moisture 

available for down-slope migration which causes the bentonite erosion. As well, the 

cooler white geomembrane temperatures reduced the daily thermal cycle experienced by 

the GCL and caused less wetting and drying of the GCL necessary for erosion to occur.  

 After 15 months exposure, a large erosion feature was observed beneath the white 

geomembrane section with a maximum width of 230 mm and feature length of 

approximately 9.6 m, larger than any feature observed beneath the black geomembrane. 

This large linear erosion feature was an indication that once erosion has occurred, the 

further progression of erosion is unpredictable.  

5.8.2 After 28 months exposure 

With an additional 13 months exposure since the inspection reported in Chapter 4, there 

was very little change observed beneath the white geomembrane. However, a large linear 

erosion feature was observed for GCL2 beneath the black geomembrane. This new linear 

irrecoverable extreme erosion ‘EEE’ feature had a maximum width of 270 mm and length 

of approximately 2.2 m (Figures 5.13 and 5.14). The feature was not as long as the feature 

seen beneath the white geomembrane after 15 months exposure but there were large 

regions with no bentonite remaining. Both of the large linear features observed beneath 

the white and black geomembrane sections began near, but below, the crest of the slope 

and continued down-slope in a linear fashion. These features may have been concentrated 
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at this location as a result of warmer moist air rising towards the top of the slope as well 

as a result of the snow melting pattern on the slope. Rowe et al. (2014b) and Take et al. 

(2015b) noted that the snow melts at the top of the slope first, exposing the composite 

liner at the crest of the slope to solar exposure first, moving down-slope as the snow 

continues to melt. This snow melt pattern allows the composite liner at the crest of the 

slope to undergo thermal cycles before the rest of the snow has melted down-slope which 

could cause moisture from the GCL to evaporate and collect in this up-slope portion of 

the liner. Upon cooling, the moisture condenses and flows from the top of the slope in this 

concentrated zone of exposed liner which may have contributed to the formation of these 

large linear features observed on Sections 2 and 3.   

Figure 5.15 shows the erosion features ‘E’ or larger observed on GCL2 beneath an 

exposed black and an exposed white geomembrane highlighted with paint. The frequency 

of erosion features appears to be higher on the exposed black geomembrane section with 

features spaced more regularly across all three GCL panels while erosion features on the 

exposed white geomembrane section are concentrated near the geomembrane patch seam 

at the toe of the slope and along the large linear feature on the western-most panel. GCL2 

beneath the exposed white geomembrane did not experience much erosion progression 

between 15 and 28 months exposure. A few more erosion ‘E’ features were observed and 

some of the existing irrecoverable erosion ‘EE’ and irrecoverable extreme erosion ‘EEE’ 

features increased in size (increasing in length by no more than 20 mm) but no new ‘EE’ 

or ‘EEE’ features were observed. Conversely, the number of erosion features on GCL2 

beneath the exposed black geomembrane increased from 11 to over 50 between 15 and 28 

months exposure.  
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5.9 Summary and conclusions 

A new mechanism of solar-driven down-slope bentonite erosion from a GCL was 

discovered at QUELTS I by Take et al. (2015a). The time-rate development of significant 

erosion features has been previously observed and quantified for one type  of fine 

granular needle-punched geotextile-encased GCL (GCL2) (Chapter 3, Brachman et al. 

2015; Chapter 4, Rentz et al. 2015) where early erosion features occurred in less than 3.5 

months and erosion within 6 months.  

The purpose of this study was to quantify down-slope erosion of different types of 

GCLs and to assess whether or not these GCLs are less prone to down-slope erosion than 

those initially tested at QUELTS I. A new field test site, QUELTS II, was constructed 

with four new GCL types, in addition to the previously studied GCL2, including 

powdered bentonite GCLs (GCL5 and GCL6), a polymer enhanced granular bentonite 

(GCL7) and a multicomponent product with a coating installed coating up (GCL8). 

Erosion was examined in the field using a portable light panel and dark room developed 

by Brachman et al. (2015) (Chapter 3).  

Early erosion, ‘e’, was seen during the 6 and 12 month inspections for the 

powdered bentonite products (GCL5 and GCL 6). GCL5 and GCL6 experienced self-

healing between 12 and 15 months exposure with previous early erosion ‘e’ features 

healing to onset erosion ‘o’. After 28 months exposure, the worst features detected on 

GCL5 and GCL6 were early erosion. There are two potential factors contributing to the 

reduced rate of down-slope erosion progression observed for GCL5 and GCL6 in the field 

(i) a higher mass per unit area of bentonite, and (ii) the use of powdered bentonite.  
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The polymer enhanced bentonite product (GCL7) showed no evidence of even 

onset erosion ‘o’ after 15 months exposure. Between 15 months and 28 months exposure, 

GCL7 beneath a black geomembrane experienced irrecoverable erosion ‘EE’ and 

irrecoverable extreme erosion ‘EEE’ features which may be a result of the washout of the 

polymer from the bentonite causing the GCL to be more susceptible to down-slope 

erosion.  

The multicomponent GCL with the coated woven geotextile installed up showed 

no signs of down-slope erosion or moisture migration after 28 months exposure.  

No erosion, ‘E’, was seen for GCLs 5 - 8 (with the exception of GCL7 after 28 

months exposure) beneath a black geomembrane after 28 months exposure at the 

QUELTS II site while the control Section 3 with GCL2 beneath a black geomembrane 

experienced erosion ‘E’ after 6 months, irrecoverable erosion ‘EE’ after 12 months and 

irrecoverable extreme erosion ‘EEE’ after 15 and 28 months exposure. GCL2 beneath a 

white geomembrane experienced erosion ‘E’ after 12 months and irrecoverable extreme 

erosion ‘EEE’ after 15 months. The 0.3 m gravel cover section performed very well with 

a nicely hydrated GCL and no evidence of moisture migration or down-slope erosion after 

15 months exposure.  

In addition to timely covering (Chapter 4, Rentz et al. 2015), the GCL selection 

can reduce bentonite susceptibility to down-slope erosion. Of the products tested under 

these specific site conditions, the polymer coated GCL (coating up) is the most resistant 

to down-slope erosion. In addition to the polymer coated GCL, the powdered bentonite 

products were more resistant to erosion than the four GCL products tested by Take et al. 

(2015a) as well as the polymer enhanced bentonite GCL after a longer exposure time.    
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Although certain types of GCLs can slow erosion progression (powdered and 

polymer enhanced bentonite GCLs), it is likely that most GCLs would eventually 

experience down-slope erosion in the field if covered only by a black geomembrane. As 

well, the polymer coated GCL could experience down-slope erosion if the coating had 

experienced any damage during installation (e.g., knife cuts or melting of the coating 

during installation of the overlying geomembrane). Therefore it is recommended that all 

GCL products be covered as soon as possible to reduce the risk of down-slope erosion of 

bentonite. 

If immediate cover is not possible and the development of down-slope erosion is 

the main concern, it is suggested to use the multicomponent coated GCL installed with 

the coating up or a powdered bentonite GCL if a multicomponent GCL is not available. A 

polymer enhanced bentonite GCL likely will perform effectively if covered before the 

polymer can potentially be washed out of the bentonite. If other effects of exposure are a 

concern, the use of a white geomembrane should be considered to reduce thermal effects 

on the composite liner; however, as reported in Chapter 4, the use of a white 

geomembrane liner does not prevent solar-driven down-slope bentonite erosion.  

  

183 

 



 

5.10 References 

American Society for Testing and Materials (2004). Standard test method for  

determining average bonding peel strength between top and bottom layers of 

needle-punched geosynthetic clay liner, D6496. ASTM International, West 

Conshohocken, PA. 

American Society for Testing and Materials (2006). Standard test method for swell index  

of clay mineral component of geosynthetic clay liners, D5890. ASTM  

International, West Conshohocken, PA. 

American Society for Testing and Materials (2008). Standard test method for  

determination of water (moisture) content of soil by microwave oven heating, 

D4643. ASTM International, West Conshohocken, PA. 

American Society for Testing and Materials (2010). Standard test method for measuring  

mass per unit area of geotextiles, D5261. ASTM International, West  

Conshohocken, PA. 

American Society for Testing and Materials (2014). Standard test method for measuring  

mass per unit of geosynthetic clay liners, D5993. ASTM International, West  

Conshohocken, PA. 

Ashe, L. Rowe, R.K., Brachman, R.W.I. and Take, W.A. (2014). Laboratory study of  

down-slope erosion for ten different GCLs. Journal of Geotechnical and 

Geoenvironmental Engineering, ASCE, 10.1061/(ASCE)GT.1943-5606.0001191, 

04014079.  

Brachman, R.W.I., Rowe, R.K., Take, W.A., Arnepalli, D.N., and Chappel, M., Bostwick,  

184 

 



 

L.E., and Beddoe, R.A. (2007). Queen’s composite geosynthetic liner 

experimental site. In Proceedings 61st Canadian Geotechnical Conference, 

Ottawa, Canada, 2135-2142.  

Brachman, R.W.I., Rentz, A., Rowe, R.K., and Take, W.A. (2015). Classification and  

quantification of down-slope erosion from a GCL when covered only by a black 

geomembrane. Canadian Geotechnical Journal, 52: 1-18. 

Hosney, M.S., and Rowe, R.K. (2010). GCLs for use in covers over arsenic-contaminated  

 mine wastes. In Proceedings of 63rd Canadian Geotechnical Conference & 6th 

Canadian Permafrost Conference, 1162-1169. 

Perry, R.H., and Green, D.W. (2008). Perry’s chemical engineers’ handbook (8th  

edition). McGraw-Hill, ISBN: 9780071422949.  

Rayhani, M.T., Rowe, R.K., Brachman, R.W.I., Take, W.A., and Siemens, G. (2011). 

Factors Affecting GCL Hydration under Isothermal Conditions. Geotextiles and 

Geomembranes, 29(6): 525-533. 

Rentz, A.K., Take, W.A., Brachman, R.W.I., and Rowe, R.K. (2015). Effect of 

geomembrane colour and cover soil on exposure conditions and downslope 

bentonite erosion from a GCL. Geosynthetics International. (Manuscript GI856, 

In review). 

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

Geotechnique, 55(9): 631-678. 

Rowe, R.K. (2012). Short-term and long-term leakage through composite liners. The 7th  

Arthur Casagrande Lecture. Canadian Geotechnical Journal, 49(2): 141-169. 

185 

 



 

Rowe, R.K., Chappel, M.J., Brachman, R.W.I., and Take, W.A. (2012). Field monitoring 

of geomembrane wrinkles at a composite liner test site. Canadian Geotechnical 

Journal, 49(10): 1196-1211.  

Rowe, R.K., Ashe, L.E., Take W.A., and Brachman, R.W.I. (2014a). Factors affecting the 

down-slope erosion of bentonite in a GCL. Geotextiles and Geomembranes, 42(5): 

445-456. 

Rowe, R.K., Take, W.A., Brachman, R.W.I., and Rentz, A. (2014b). Field observations of  

moisture migration on GCLs in exposed liners. 10th International Conference on 

Geosynthetics, Berlin, Germany.  

Rowe, R.K., Take, W.A., Brachman, R.W.I., and Rentz, A. (2014c). Observations of 

down-slope moisture migration on GCLs beneath exposed GMB liners. 10th 

International Conference on Geosynthetics, Berlin, Germany. 

Take, W.A., Brachman, R.W.I., and Rowe, R.K. (2015a). Observations of bentonite 

erosion from solar-driven moisture migration in GGLs covered only by a black 

geomembrane. Geosynthetics International, DOI: 10.1680/gein.14.00033. 

Take, W. A. Rowe, R. K., Brachman, R. W. I. and Arnepalli, D. N. (2015b). Thermal 

exposure conditions for a composite liner with a black geomembrane exposed to 

solar radiation. Geosynthetics International, DOI: 10.1680/gein.14.00034. 

Thiel, R., and Richardson, G. (2005). Concern for GCL shrinkage when installed on 

slopes. JGRI-18 at GeoFrontiers, GII Publications, Folson, PA, paper 2.31. 

Thiel, R., Giroud, J.P., Erickson, R., Criley, K. and Bryk, J. (2006). Laboratory 

measurements of GCL shrinkage under cyclic changes in temperature and 

186 

 



 

hydration condition. 8th International Conference on Geosynthetics, Yokohama, 

Japan, 1: 21-44. 

  

187 

 



 

Table 5.1. Properties of GCL products tested at QUELTS. All GCLs were needle-
punched with a nonwoven (NW) cover geotextile (GTX). 
 

Generic 
Identifier1 

Used at 
QUELTS 

Panel 
width 
(m) 

Carrier 
GTX2 

Thermally 
treated 

Up2 

as-placed 
Sodium bentonite 

type 

GCL1 I 4.72 W Yes NW, 
cover up Fine granular 

GCL2 I & II 4.72 SRNW Yes NW, 
cover up Fine granular 

GCL3 I 4.72 W No NW, 
cover up Coarse granular 

GCL4 I 4.72 NW No NW, 
cover up Coarse granular 

GCL5 II 4.85 SRNW Yes NW, 
cover up Powdered 

GCL6 II 4.85 W Yes NW, 
cover up Powdered 

GCL7 II 4.72 SRNW Yes NW, 
cover up 

Fine granular, 
polyacrylamide 

enhanced 

GCL8 II 4.72 NW Bonded by 
PP 

W, PP, 
carrier up Fine granular 

1 Generic identifiers are the same as used in a laboratory study of 10 GCLs reported by  
  Ashe et al. (2014) to allow direct comparison of results in that study with those  
  obtained in this and the earlier field study. 
2 W = (slit-film) woven; NW = (needle-punched) nonwoven; SR = (slit-film) scrim- 
  reinforced; PP = polypropylene coating.  
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Table 5.2. Initial properties of GCL products tested at QUELTS. 
 

Generic 
identifier 

Average dry 
mass of 
GCL1  
(g/m2) 

Range of dry 
mass  

(g/m2) 

Average dry 
mass of cover 

geotextile1 
(g/m2) 

Average dry 
mass of carrier 

geotextile1 

(g/m2) 

Average dry 
mass of 

bentonite1 
(g/m2) 

GCL12 4968 ± 93 - 242 123 4603 
GCL2 4256 ± 182 4007 - 4478  226  252  3778 
GCL32 5640 ± 422 - 283 125 5232 
GCL42 4830 ± 188 - 264 233 4333 
GCL5 5114 ± 83 4971 - 5182 282  395  4437 
GCL6 5045 ± 423 4703 - 5517 190  142  4714 
GCL7 4977 ± 216 4677 - 5171 202 238 4538 
GCL8 4179 ± 229 3927-  4491 219 378 3582 
ASTM D5993 D5993 D5261 D5261 D5993 

1 Average of five virgin GCL samples each 100 x 100 mm, taken from the same area on  
  the GCL roll. 
2  Values measured by Bostwick (2009). 
 
 
Table 5.3. Initial properties of GCL products tested at QUELTS. 
 

Generic 
identifier 

Swell 
index1 

(mL/2g) 

Wref2, 3 
[at 2 kPa; distilled 

water, 1  month 
hydration] 

 (%) 

Average 
peel 

strength4 
(N/m) 

Maximum 
peel 

strength 
(N/m) 

Average 
peak peel 

force4  
(N) 

GCL15 26 ± 1 150 662 ± 88 800 94 ± 17 
GCL2 32 ± 1 144 ± 4 1549 ± 75 1638 194 ± 16 
GCL35 23 ± 1 210 1510 ± 256 1750 204 ± 36 
GCL45 22 ± 1 190 1780 ± 280 2000 219 ± 30 
GCL5 34 ± 1 152 ± 5 1621 ± 140 1822 287  ± 33 
GCL6 35 ± 1 132 ± 7 703 ± 72 782 113 ± 14 
GCL7 35 ± 1 131 ± 5 1326 ± 65 1394 180 ± 20 
GCL8 31 ± 1 124 ± 10 1516 ± 108 1685 204 ± 16 
ASTM D5890  D6496 D6496 D6496 

1 Average of duplicate tests on samples extracted from both the start and end of each 
panel installed on site.  

2 Average of six replicates from the same hydrated virgin GCL sample, each 100 x        
100 mm. 

3 Following Rayhani et al. (2011), wref represents the maximum water content a GCL will 
hydrated to under a given stress. 

4 Average of five virgin GCL samples each 100 x 200 mm, taken from the same area on 
the GCL roll.  

5 Values measured by M. Hosney [at 2 kPa; distilled water, 1 month hydration]. 
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Table 5.4. Erosion features observed on each exposed test section (see text for 
definition of notation used in the table) for six inspections over 2.3 years. All GCLs 
covered by black geomembrane unless otherwise noted. 
 

 Exposure length and date 

GCL 
1.6 months, 
July 2012 

3.5 months, 
Aug. 2012 

6 months, 
Nov. 2012 

12 months, 
May 2013 

15 months, 
Aug. 2013 

28 months, 
Sept. 2014 

Black GMB: 
GCL2 

 
d, h 

 
e, o, d, h 

E, 
e, o, d, h 

EE, E, 
e, o, d, h 

EEE, EE, E, 
e, o, d, h 

EEE, EE, E, 
e, o, d, h 

White GMB: 
GCL2 

 
d, h 

 
d, h 

 
e, o, d, h 

EE1, E 
e, o, d, h 

EEE, EE, E 
e, o, d, h 

EEE, EE, E 
e, o, d, h 

GCL5 n/a2 o, d, h e, o, d, h e, o, d, h o, d, h e, o, d, h 
GCL6 n/a o, d, h e, o, d, h e, o, d, h o, d, h e, o, d, h 

GCL7  
n/a 

 
d, h 

 
d, h 

 
d, h 

 
d, h 

EEE, EE, 
e, o, d, h 

GCL8 n/a none3 none none none none 
0.3 m gravel: 
GCL2 n/a n/a n/a n/a none n/a 
1 Irrecoverable erosion features, ‘EE’, seen on the white geomembrane were coincident  
  with geomembrane cross-roll seam from November 2012 patch at toe of slope.  
2 n/a = no inspection. 
3 none = no erosion features observed. 
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Figure 5.1. Photograph looking north at QUELTS II showing all test sections, taken 
June 28th 2012 at 8:18. 
 

 

Black 
GMB: 
GCL2

White 
GMB: 
GCL2

Black 
GMB:
GCL5

Black 
GMB:
GCL7

Black 
GMB:
GCL6

Black 
GMB:
GCL8

0.3 m 
cover: 
GCL2
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Figure 5.2. (a) North-south cross section (A-A) and (b) plan view of QUELTS II.

(a)

(b)
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Figure 5.3. Back-lit erosion photos taken after 3.5 months exposure (August 2012): 
(a) onset erosion ‘o’ on GCL5, and (b) onset erosion ‘o’ on GCL6. The yellow 
squares are 300 x 300 mm and indicate the location of the light panel. 

300 mm
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m

m

300 m
m

Light panel 
on in dark 

room
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(a) (b)
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Figure 5.4. Back-lit erosion photos taken after 6 months exposure (November 2012): 
(a) early erosion ‘e’ on GCL5 and (b) early erosion ‘e’ on GCL6. The yellow squares 
are 360 x 360 mm identifying the location of inner edge of the frame shown in light 
panel photos. The upper photo is taken in normal daylight; the middle photo is 
taken from inside the portable dark-room with the internal light source on; the 
lower photo is taken from inside the portable dark-room with the internal light 
source off. 
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Figure 5.5. Back-lit erosion photos taken after 12 months exposure (May 2013): (a) 
the feature indicated by the arrow on GCL5 was early erosion ‘e’ after 6 months 
exposure (Figure 5.4a) and is now hydrated and healed at the time of inspection, but 
a new early erosion ‘e’ feature has formed in the upper right corner of the framed 
area; and (b) the feature on GCL6 was early erosion ‘e’ after 6 months exposure 
(Figure 5.4b) and is still an ‘e’ feature. The yellow squares are 360 x 360 mm 
identifying the location of inner edge of the frame shown in light panel photos. 
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Figure 5.6. Back-lit erosion photos taken after 15 months exposure (August 2013): 
(a) this feature on GCL5 was hydrated rivulet ‘h’ after 12 months exposure (Figure 
5.5a) and is still a hydrated rivulet ‘h’, and (b) this feature on GCL6 was early 
erosion ‘e’ after 12 months exposure (Figure 5.5b) but has healed to onset erosion 
‘o’. The yellow squares are 360 x 360 mm identifying the location of inner edge of 
the frame shown in light panel photos. 
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Figure 5.7. 50 mm length of GCL from side photos of 100 x 100 mm GCL coupon 
extracted from slope section of: GCL2, GCL5 and GCL6 beneath a black 
geomembrane after 12 months and 15 months exposure. [A] 2.5 mm wide slightly 
eroded desiccation crack; [B] widened desiccation crack. 
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Figure 5.8. Back-lit erosion photos taken after 28 months exposure (September 
2014): (a) early erosion ‘e’ on GCL5 and (b) early erosion ‘e’ on GCL6. The yellow 
squares are 360 x 360 mm identifying the location of inner edge of the frame shown 
in light panel photos. 
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Figure 5.9. Large erosion feature seen for GCL7 beneath black geomembrane on 
3H:1V slope, after 28 months exposure, September 2014 inspection, classified as 
irrecoverable erosion ‘EE’ with width 35 mm and length 60 mm: (a) GCL surface 
photo with the 360 x 360 mm square identifying the location of inner edge of the 
frame shown in (b) and (c); (b) field dark room photo with internal light source on 
and light panel on; (c) dark room photo with internal light source off and light panel 
on; and (d) X-ray image of 300 x 600 mm GCL sample. 
 
 

 
 

Figure 5.10. Largest erosion feature observed for GCL7 beneath black 
geomembrane on slope, after 28 months exposure, September 2014 inspection, 
classified as irrecoverable extreme erosion ‘EEE’ with width 130 mm and length 300 
mm: (a) GCL surface photo with the rectangle identifying area shown in (b) and (c); 
(b) dark room photo with internal light on and light panel on; (c) dark room photo 
with internal lights off and light panel on; and (d) X-ray image of 300 x 600 mm 
GCL sample. 
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Figure 5.11. No evidence of erosion on GCL8 beneath a black geomembrane after 28 
months exposure (September 2014). Light panel photos show largely uniform 
desiccation cracking with very narrow openings that do not let significant light 
through; compared to the photos of other GCLs. 
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Figure 5.12. Plots of: (a) ambient air temperature and geomembrane surface 
temperature on Section 3 slope; (b) GMB-GCL interface temperature beneath a 
black geomembrane and above GCL2 and GCL8 on the slope; and (c) relative 
humidity at the GMB-GCL interface beneath a black geomembrane and above 
GCL2 and GCL8 on the slope from 18th to 31th May 2012 (two weeks after 
construction). Zoomed plots show (a) – (c) on 26th May 2012. 
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Figure 5.13. Largest erosion feature seen for GCL2 beneath black geomembrane on 
slope, after 28 months exposure, September 2014 inspection, classified as 
irrecoverable extreme erosion ‘EEE’. View from crest of slope looking down-slope. 
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Figure 5.14. Largest erosion feature seen for GCL2 beneath black geomembrane on 
slope, after 28 months exposure, September 2014 inspection, classified as 
irrecoverable extreme erosion ‘EEE’ with a maximum width of 270 mm and length 
of 2.2 m: (a) GCL surface photo with the black ink marks outlining the eroded 
zones; (b) dark room photo with internal light source on and light panel on; and (c) 
dark room photo with internal light source off and light panel on. 

 

300 mm

2.
4 

m

D
ow

n-slope

6-22
6-23

6-24
6-25

(c)(a) (b)

203 

 



 

 
Figure 5.15. Location of observed erosion features ‘E’, ‘EE’ and ‘EEE’ (highlighted 
with orange paint) after 28 months exposure for GCL2 on the slope beneath: (a) a 
black geomembrane, and (b) a white geomembrane. 
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Chapter 6 

Field observed GCL panel shrinkage for five GCLs left covered only by 

a black geomembrane 

6.1 Introduction 

Geosynthetic clay liners (GCLs) are commonly used in combination with geomembranes 

(GMBs), to create a geosynthetic composite liner system used in landfill liners and other 

waste containment applications. It is recommended by the manufacturers that this GMB-

GCL composite liner system be covered with at least 0.3 m of material after liner 

installation, but often these liners are left exposed for weeks, months, or in some extreme 

cases, even years (Koerner and Koerner 2005a, b; Thiel and Richardson 2005). 

An exposed composite liner is subjected to solar-driven thermal cycles that 

control the moisture conditions at the GMB-GCL interface. During the heat of the day, 

the GCL experiences a drying phase as moisture is evaporated into the air gap between 

the geomembrane and GCL. As the geomembrane cools in the evening, the GCL 

experiences a hydration phase as the water vapour collected in the air gap condenses on 

the underside of the geomembrane and drips onto the GCL surface while also hydrating 

from the foundation soil below. It is known that continuous wet-dry cycles can cause 

irrecoverable dimension changes of the GCL panel (i.e., GCL panel shrinkage), which 

could result in loss of overlap between adjacent panels. Brachman et al. (2010) have 

shown through laboratory testing that adhesion from supplemental bentonite at the 

overlaps can develop after being subjected to a wet-dry cycle which can resist overlap 

reduction. It has recently been identified that in addition to GCL panel shrinkage these 
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solar-driven moisture cycles in the air gap between the geomembrane and GCL can cause 

the down-slope erosion of bentonite from the GCL due to the localised release of 

condensed water (essentially distilled water) onto the top surface of the GCL (Chapter 3, 

Brachman et al. 2015; Chapter 4, Rentz et al. 2015; Take et al. 2015). 

Shrinkage was reported by Koerner and Koerner (2005a, b) and Thiel and 

Richardson (2005) for composite liners left exposed anywhere from 2 months up to 5 

years. In these cases, the GCL shrinkage resulted in loss of overlap and gaps to form 

between panels of GCL, leaving the underlying foundation exposed, with a maximum of 

1.2 m panel separation at one location after 3 years exposure. Laboratory testing of GCL 

shrinkage due to cyclical wetting and drying, initiated by Thiel et al. (2006) and further 

investigated by Bostwick et al. (2010), found that the level of shrinkage observed in the 

field could be replicated in the laboratory using small scale index shrinkage experiments. 

A large-scale field study was also conducted to investigate the onset and rate of GCL 

panel shrinkage for four GCL types beneath an exposed black geomembrane by 

Brachman et al. (2014) at the Queen’s University Environmental Liner Test Site 

(QUELTS I) where after 2.2 years one GCL type shrank 10 mm and another shrank     

250 mm.  

The objective of this chapter is to report GCL panel shrinkage at a new field test 

site, called QUELTS II, on a 3H:1V slope and gently graded base (3%), for five different 

GCLs left covered only by a black geomembrane for up to 28 months exposure. The 

extent to which 0.3 m of soil cover can reduce or prevent GCL panel shrinkage and if a 

lower thermal cycle provided by a higher albedo white geomembrane can reduce GCL 

panel shrinkage are also examined. 
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6.2 Method 

6.2.1 Site description 

The new large-scale field test site, QUELTS II (introduced in previous chapters), includes 

seven different test sections (Figure 6.1) and was constructed in May 2012. Sections 3 - 7 

include five different GCLs left covered only by a black geomembrane with Section 3 

having the same properties as one of the test sections at the first Queen’s field experiment 

to act as a constant between QUELTS I and II. Sections 1 and 2 have the same GCL as 

Section 3, but Section 2 involves GCL2 overlain by a white geomembrane and Section 1 

involves GCL2 overlain by a black geomembrane, a protective geotextile, and 0.3 m of 

gravel cover. Sections 1, 2 and 3 investigate the effects of cover conditions and 

geomembrane colour on GCL panel shrinkage for one GCL type while Sections 4 to 7 

investigate the effect of GCL type on GCL panel shrinkage.  

The site is located at the same location as QUELTS I (Brachman et al. 2007) with 

further details outlined in the previous chapters. The foundation soil was largely silty 

sand with some regions containing sandy silt with an average initial gravimetric water 

content of 11% (standard deviation = 3%) (ASTM D4643) based on 373 surficial soil 

samples taken evenly distributed across the entire site (Chapter 5). 

6.2.2 Materials 

Five different GCL products (generically denoted as GCL2 and GCLs 5 - 8) were tested 

at QUELTS II (Tables 6.1 – 6.3). All GCLs were geotextile-encased and needle-punched. 

GCL2 and GCLs 5 – 7 were thermally treated, where the needle-punched fibres from the 

cover geotextile were melted to the carrier geotextile. The needle-punched fibres in 

GCL8 were bonded to the carrier geotextile by a polypropylene coating. GCL2, also 
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studied during the QUELTS I experiment, contained fine granular Wyoming sodium 

bentonite sandwiched between a nonwoven cover geotextile and a scrim-reinforced 

nonwoven carrier geotextile. GCLs 5 and 6 both contained powdered bentonite with 

GCL5 composed of a nonwoven cover geotextile and a scrim-reinforced nonwoven 

carrier geotextile while GCL6 was composed of a nonwoven cover geotextile and a slit-

film woven carrier geotextile. GCL7 contained fine grained sodium Wyoming bentonite 

but was enhanced with a polyacrylamide based polymer. The addition of the polymer is 

intended to resist cation exchange with the foundation soil (Hosney 2014). GCL7 was 

included in the experiment to see if the polymer enhancement affected shrinkage when 

left exposed. GCL7 otherwise had a nonwoven cover geotextile and a scrim-reinforced 

nonwoven carrier geotextile similar to GCL2. GCL8, a multicomponent GCL, contained 

fine grained Wyoming sodium bentonite encased between a nonwoven cover geotextile 

and a woven carrier geotextile that had a polypropylene coating applied to its outer 

surface, coating mass per unit area approximately 240 g/m2 (pers. comm. M. Hosney). 

The coated woven geotextile is commonly placed in contact with the foundation soil to 

minimize the interaction of the bentonite with foundation soil and reduce the risk of 

cation exchange. In this experiment, the GCL was installed with the coated woven 

geotextile facing up to minimize the amount of moisture loss from the GCL into the gap 

at the GMB-GCL interface.  

The geomembrane products used were 1.5-mm-thick high-density polyethylene, 

smooth on the base and double-sided textured on the slope. The protective geotextile used 

in Section 1 was a needle-punched nonwoven polyester/polypropylene short staple fibres, 

6.5 mm thick with a mass per unit area of 1490 ± 30 g/m2. 
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All geosynthetic materials were installed with the roll direction orientated down-

slope. Adjacent GCL panels were overlapped by 300 mm with supplemental bentonite 

installed at approximately 0.8 kg/m within the overlap width for all GCL products except 

GCLs 5 and 6 which do not require supplemental bentonite according to the manufacturer 

because they contain factory applied impregnated bentonite in the overlapping area. No 

field applied supplemental bentonite was added at the overlaps between the powdered 

GCL test sections (Sections 4 and 6) and one of the adjacent test sections (Section 5), to 

prevent preferential shrinkage at the powdered GCL overlaps, if field applied 

supplemental bentonite were to be applied and overlap adhesion were to develop.  

An extra GCL panel was overlapped and secured in the anchor trench along the 

eastern edge of the lined region to leave the full panel width, being monitored for 

shrinkage, unanchored and free to move. As well, an additional 0.5 m strip of GCL2 was 

installed between Sections 6 and 7 with a continuous line of sandbags installed to 

minimize the migration of moisture from Section 6 to Section 7 (polymer coated GCL). 

6.2.3 Measurement of overlap reduction  

During each field inspection, the overlying geomembrane was cut open and folded back 

to expose the full GCL panels below (Figure 6.2). The GCL overlap reduction was then 

obtained by measuring the distance between two machine screws installed on adjacent 

GCL panels, with a known initial distance (Figure 6.3). The reduction in overlap from 

each pair of machine screws was obtained with a precision of approximately ± 5 mm (see 

Appendix C). The machine screws were installed every two metres from the top of the 

slope to the end of the base section for each GCL panel overlap at the time of QUELTS II 

construction. The machine screws were installed such that they slightly locally 
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compressed the GCL (by 2-3 mm) so that they did not extend above or below the upper 

and lower surfaces of the GCL. 

Sections 2 and 3 (GCL2 beneath a white and a black geomembrane) on the slope 

were first inspected after 1.6 months of exposure – seven weeks after construction, within 

the maximum exposure time frame permitted by some engineers. The next set of 

measurements was completed in August 2012 (after 3.5 months of exposure) for all 

sections except the cover section (Section 1) to obtain shrinkage measurements following 

the first summer of exposure and the period of hottest interface temperatures. The third 

and fourth shrinkage measurements were completed after 6 months (November 2012) and 

one year of exposure (May 2013) prior to the first winter and the second summer. The 

final two inspections were completed at the end of the second summer in August 2013 

after 15 months exposure, when all sections including Section 1 were inspected, and an 

additional year later in September 2014.  

 

6.3 Thermal exposure of test Sections 1 – 3 

GCL panel shrinkage is expected to be site specific, where the thermal exposure of the 

GCL is likely one of the most important of those site factors. Therefore there was a need 

to look at the thermal conditions during the QUELTS II experiment including ambient air 

temperature and GMB-GCL interface temperatures beneath the black, white and cover 

sections (Sections 1 – 3) to see how temperature may impact shrinkage. The climate 

conditions were monitored from construction to October 2013, as plotted in Figure 6.4. 

The ambient air temperature was measured with a Vaisala HMP45-C probe surrounded 

by a radiation shield. The temperature on top of the GCL was measured using a Campbell 
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Scientific 107BAM temperature probe attached to the GCL surface installed mid-slope of 

the first three sections (Sections 1 - 3).  

The amount of hydration and drying that the GCL experiences is believed to be 

affected by the amplitude of the thermal cycle which varies seasonally. The mean 

monthly daily air temperature ranged from 15 to 29°C in the hottest month (July) to -11 

to -2°C in the coldest month (February). The solar radiation also contributes to the 

thermal cycle experienced by the liner, where more direct sunlight acts on the liner 

during the summer due to the angle of incidence of the sun and increased sun light hours 

(Take et al. 2015).  

The mean monthly daily thermal cycles experienced in the air space at the GMB-

GCL interface, resulting from the air temperature and solar energy, was 23 to 51°C 

during the hottest month (July) and -3 to 1°C during the coldest month (February) for the 

exposed black geomembrane (Section 3). The exposed white geomembrane (Section 2) 

experienced a reduced daily thermal cycle with lower maximum temperatures than the 

black geomembrane as expected from previous temperature measurements by Koerner 

and Koerner (1995). The higher albedo white geomembrane reflects more of the solar 

energy and heats up less than the black geomembrane. The mean monthly daily thermal 

cycle observed on the exposed white geomembrane was 18 to 38°C in July and -5 to -1°C 

in February. The 0.3 m gravel cover (Section 1) was effective at insulting the liner and 

reducing the daily amplitude of the thermal cycle. In July, the hottest month, the mean 

monthly daily thermal cycle was 25 to 27°C and in February, the coldest month, the 

temperature remained at -1°C with no daily temperature variation. Although 0.3 m of 
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gravel cover was effective at virtually eliminating the daily thermal cycle (< 5°C), the 

temperature on the liner did vary seasonally.   

 

6.4 Shrinkage for GCL2 (up to 15 months) 

6.4.1 GCL2 beneath a black geomembrane  

The maximum overlap reduction observed for GCL2 beneath a black geomembrane on 

the slope section is plotted in Figure 6.5. Shrinkage was first measured after seven weeks 

(beginning of July 2012) because it is considered by some to be a reasonable amount of 

time to leave a composite liner exposed. The interface temperature during this exposure 

period (May and June) had an average daily temperature cycle ranging from 

approximately 18 to 52°C (Figure 6.4). The maximum overlap reduction measured was 

35 mm after the first seven weeks of exposure. After an additional eight weeks (after 3.5 

months exposure), only 9 mm more of overlap reduction was measured where the 

maximum shrinkage was 44 mm at this time. The daily interface temperature cycle 

ranged from approximately 23 to 51°C in July and 21 to 47°C in August, slightly hotter 

temperatures than during the previous exposure period. The shrinkage rate during the first 

seven weeks of exposure was almost five times faster than during the next eight weeks. 

This reduced shrinkage rate may have occurred for two reasons (i) the hotter summer 

months could have suppressed GCL hydration and reduced the moisture cycles which 

may have decreased the shrinkage rate during this time, and/or (ii) a resisting force, 

adhesion from supplemental bentonite placed at the overlaps, may have developed. 

Although the shrinkage rate increased slightly, more than 85% of the overlap still 

remained after 3.5 months exposure. 
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After the first fall exposed (from September to November 2012), GCL2 shrank 

only 6 mm more (maximum overlap reduction 50 mm). This shrinkage rate was even less 

than that observed during the second eight weeks of exposure (from July to August 

2012). During this time, the daily interface temperatures ranged from 15 to 42°C 

(September 2012), 10 to 29°C (October 2012) and 1 to 20°C (November 2012), where 

both the daily interface temperature cycle amplitudes and temperatures themselves 

decreased with each month. During the hot summer months, GCL hydration was likely 

suppressed which reduced incremental GCL shrinkage. Conversely, the cool fall months 

may have allowed the GCL to hydrate and suppressed GCL drying which may have 

reduced the daily moisture cycle experienced by the GCL and therefore the GCL 

developed minimal additional irrecoverable strains during this time.  

The next inspection was completed in May 2013 (15 months exposure) to observe 

the shrinkage after the first spring, prior to the second summer and after a full year of 

exposure. The maximum shrinkage observed at this time was 74 mm. During the coldest 

month (February 2013), the daily interface temperature cycle ranged from -3 to 1°C and 

the liner was largely frozen although daily freeze thaw cycles were observed (56 in total 

from November to April). But in the spring, the liner temperatures and the daily 

temperature cycle amplitude began to increase and ranged from -1 to 12°C and 4 to 24°C 

in March and April 2013, allowing the GCL to thaw and experience daily moisture cycles 

resulting in 24 mm of additional shrinkage since the previous inspection in November 

2012.   

The maximum overlap reduction after the second summer (with weather 

conditions similar to the first summer) was 98 mm. This 24 mm increase in shrinkage 
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from May to August 2013 was half of the amount of shrinkage observed during the first 

summer between May to August 2012 (44 mm). This reduced shrinkage rate during the 

second summer is likely due to the development of in-plane shear resistance as a result of 

adhesion from supplemental bentonite placed at the overlaps after experiencing a 

hydration period in the spring followed by a subsequent drying period in the summer. It 

has been shown that supplemental bentonite at the overlaps, after being subjected to a 

wet-dry cycle, can result in tensile resistance between adjacent GCL panels (Brachman et 

al. 2010).  The development of this sort of overlap adhesion would be expected to resist 

but not necessarily prevent overlap reduction.  

Even after two summers of exposure, two-thirds of the overlap width remained 

and the supplemental bentonite was still confined by the GCL overlap area – such that if 

the liner were covered at this point, and experienced no additional shrinkage, it is 

expected that the overlap would perform as well as when initially installed with the 

leakage depending on stress on the overlap (Estornell and Daniel 1992) and whether there 

was a wrinkle directly above the overlap (Brachman et al. 2011). However, for this 

particular GCL when covered only by a black geomembrane at this site, the maximum 

acceptable exposure time would have been governed by the issue of down-slope 

bentonite erosion as reported in Chapter 3 (Brachman et al. 2015) that after 12 months of 

exposure, irrecoverable erosion features were observed. 

The maximum amount of shrinkage observed during each inspection was fairly 

consistent along the full length of the overlap and there was no anomalously high 

shrinkage value. The overlap reduction observed at each measurement location was 

recorded for both GCL panel overlaps (S6/S7 and S7/S8) on the slope portion of Section 
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3 (Figure 6.6). The peak shrinkage observed during the May and August 2013 inspections 

(18 m from crest of slope on S6/S7) was slightly higher than along the rest of the panel 

overlap but was not a result of measurement error since the shrinkage measured up-slope 

and down-slope of this location match this pattern. It is likely that this variation in 

shrinkage is due to the spatial variability of GCL hydration affecting both the demand 

(i.e., the amount of shrinkage that could develop within the GCL panel) and possibly the 

resistance provided by overlap adhesion.   

6.4.2 GCL2 beneath a white geomembrane 

The high albedo white geomembrane reduced the liner temperatures on both a daily and 

seasonal scale, reducing the shrinkage rate of the underlying GCL2 relative to the black 

geomembrane (Figure 6.5). The maximum overlap reduction observed beneath the white 

geomembrane after the first seven weeks was only 12 mm, three times less than that 

observed for GCL2 beneath the black geomembrane (Figure 6.5). The interface 

temperature during this exposure period (May and June) had an average daily 

temperature cycle ranging from approximately 15 to 31°C (Figure 6.4). The daily 

temperature cycle amplitude (16°C) beneath the white geomembrane was 18°C less than 

beneath the black geomembrane (34°C). This reduced daily thermal cycle experienced by 

the exposed white geomembrane compared to that of the exposed black geomembrane 

contributed to the slower rate of GCL panel shrinkage (three times slower) than beneath 

the black geomembrane.  

After an additional eight weeks (after 3.5 months exposure), 9 mm more of 

overlap reduction was measured (maximum shrinkage of 21 mm), the same amount of 

additional shrinkage observed beneath the black geomembrane during these additional 
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eight weeks. The shrinkage rates beneath the black and white geomembranes were 

initially (during the first seven weeks) different and large, but during the next eight 

weeks, the shrinkage rates slowed and were the same beneath both geomembranes. These 

reduced shrinkage rates, similar to that observed beneath the black geomembrane, may 

have been caused by suppressed GCL drying during the cool fall months.  

Similar to GCL2 beneath a black geomembrane, the shrinkage rate during the first 

fall was less than that observed from July to August 2012, shrinking only 4 mm more 

(maximum shrinkage 25 mm). The daily interface temperature ranged from 12 to 27°C 

(September 2012), 7 to 19°C (October 2012) and 0 to 9°C (November 2012), where both 

the temperature cycle amplitudes and temperatures were less, relative to those beneath 

the black. The temperature cycle amplitude in September, October and November were 

27, 19 and 19°C beneath the black geomembrane and 15, 12 and 9°C beneath the white.  

The maximum shrinkage observed after the first spring exposed was 35 mm, half 

of the shrinkage observed beneath the black geomembrane. During the coldest month 

(February 2013), the daily interface temperature cycle ranged from -1 to -5°C, slightly 

colder than those observed beneath the black and slightly more daily freeze thaw cycles 

observed (59 in total from November to April). In the spring, the liner temperatures 

increased and ranged from -3 to 4°C and 1 to 15°C in March and April 2013, but were 

still lower than those beneath the black geomembrane. However, similar to GCL2 

beneath a black geomembrane, the maximum acceptable exposure time for GCL2 

beneath a white geomembrane, when left exposed at this site, would also have been 

governed by the issue of down-slope bentonite erosion as reported in Chapter 4 (Rentz et 

al. 2015) that after 12 months of exposure, irrecoverable erosion features were observed. 
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No additional shrinkage was observed after the second summer exposed 

(maximum shrinkage still 35 mm), where the peak shrinkage was almost three times less 

than beneath the black geomembrane in August 2013. This lack of shrinkage is attributed 

to adhesion from supplemental bentonite placed at the overlaps after experiencing a wet-

dry cycle (Brachman et al. 2010). During the August 2013 inspection, the overlap 

adhesion and therefore the amount of shrinkage resistance was assessed at each 

measurement location (Table 6.4). A tensile force was applied by hand to the upper GCL 

and the location was characterized in one of three ways (i) resistance, R; (ii) no 

resistance, NR; or (iii) partial resistance, PR. If resistance or partial resistance was felt, 

the GCL was pulled no further in an attempt to preserve the overlap adhesion and not to 

affect future shrinkage measurements. Fourteen of the 22 locations along both overlaps 

(S3/S4 and S4/S5) had resistance or partial resistance, while GCL2 beneath the black 

geomembrane had almost no resistance along overlap (S6/S7) and largely partial 

resistance along (S7/S8). The overlap adhesion in addition to a reduced thermal cycle 

appeared to be strong enough to resist any tensile stresses that may have developed in the 

GCL during the second summer exposed, to prevent overlap reduction between May and 

August 2013, unlike GCL2 beneath black (24 mm during second summer).  

The overlap reduction was recorded at each measurement location for both GCL 

panel overlaps on the slope (Figure 6.6). Similar to GCL2 beneath a black geomembrane, 

the maximum amount of shrinkage observed during each inspection was not an 

anomalously high shrinkage value.  
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6.4.3 GCL2 beneath 0.3 m of gravel cover 

As expected, there was no overlap reduction observed for GCL2 beneath 0.3 m of gravel 

cover when the gravel was removed and the GCL was first inspected after 15 months 

(Figure 6.5).  This section was only inspected at this time to prevent any investigative 

interference with the experiment prior to 15 months exposure.  The gravel was removed 

on the slope and the protective geotextile and geomembrane were folded back to expose 

the underlying GCL panels. The average of 18 measurements showed a net increase in 

overlap of 3 mm, which could be from GCL hydration, although it is within the 

measurement tolerance of ± 5 mm.  Further, there was not a single measurement of 

overlap reduction on the slope. 

The 0.3 m of gravel cover prevented GCL panel shrinkage for up to 15 months 

exposure at this particular test site as it (i) acted as an insulating barrier, greatly reducing 

the daily thermal cycle (less than 5°C in the summer compared to 28°C beneath the black 

and 20°C beneath the white geomembrane, Figure 6.4) and hence reducing the thermally 

induced moisture cycles on the GCL; and (ii) it provided modest overburden stress that 

may have also restricted shrinkage of the GCL panels. The dominant affect is believed to 

be from the greatly reduced thermal cycles.  If so, then either the overburden stress is 

sufficient to resist any shrinkage under the seasonal thermal and moisture cycles or that 

those reduced cycles are not sufficient themselves to cause panel shrinkage. Additionally, 

good adhesion at the overlaps was observed which may have acted as an additional 

resisting force and contributed to the lack of shrinkage observed (Table 6.4). What is 

clear is that at this particular site there was no shrinkage of GCL2 beneath the 0.3 m 

gravel cover after 15 months.  
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6.5 Effect of GCL type on shrinkage (up to 15 months) 

6.5.1 Powdered bentonite GCLs 5 and 6 beneath a black geomembrane 

The two GCLs with powdered bentonite (GCL5 and GCL6) initially experienced slower 

progression of panel shrinkage relative to GCL2 beneath a black geomembrane. These 

GCLs, Sections 4 and 6, were first inspected in August 2012 (3.5 months) after the first 

summer of exposure. The maximum overlap reduction observed was 19 mm and 30 mm 

for GCL5 and GCL6 (Figure 6.7). The peak shrinkage for GCL5 was less than half the 

amount of shrinkage observed for GCL2 and the peak shrinkage for GCL6 was a third the 

amount of shrinkage for GCL2 beneath a black geomembrane. While there are also 

differences in the geotextiles used to make GCLs 5 and 6 compared to GCL2 (Table 6.1), 

it is postulated that under the same thermal cycle the powdered bentonite had greater 

moisture retention and hence a smaller moisture cycle and less shrinkage than the fine 

granular bentonite of GCL2. 

The peak shrinkage for GCL5 didn’t change (20 mm) and increased by 13 mm for 

GCL6 (to 43 mm) during the following inspection, after the first fall (November 2012). 

These peak shrinkage values were both less than the peak shrinkage of 50 mm observed 

for GCL2. After the first winter and prior to the second summer (May 2013), the peak 

shrinkage increased for GCL5 by 35 mm (to a maximum of 55 mm) but remained the 

same for GCL6 (43 mm), with both maximum shrinkage values about 20 mm less than 

that observed for GCL2 (74 mm).  

The maximum shrinkage increased for both powdered GCLs after the second 

summer exposed, with peak shrinkage values of 90 and 116 mm for GCLs 5 and 6. 

Shrinkage increased by 35 mm for GCL5 and 75 mm for GCL6, more than the amount of 
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shrinkage observed after the first summer (19 and 30 mm) and, at this time, had peak 

shrinkage values similar to GCL2 (98 mm). Although the powdered GCLs initially 

slowed the shrinkage progression, their shrinkage rates increased during the second 

summer, resulting in similar shrinkage values to GCL2. Unlike GCL2, the powdered 

products did not have field applied supplemental bentonite at the overlaps but instead had 

factory applied supplemental bentonite in the cover geotextile over a 500 mm wide zone 

from each panel end. This impregnated bentonite (~8 to 11 g/100 cm2, pers. comm. Joshi) 

was largely contained within the upper geotextile. Following the same laboratory 

procedure as Brachman et al. (2010) as an index to evaluate in-plane shear resistance, it 

revealed GCL5 can develop overlap resistance (average peak force = 171 N, see Table 

6.5) which is slightly lower than that for GCL2 (199 N) under similar conditions. After 

being subjected to a wet-dry cycle, the needle-punched fibres passing through the lower 

scrim-reinforced nonwoven geotextile becomes entangled in the bentonite to develop this 

overlap resistance. GCL6 had a largely reduced adhesion (58 N) due to the lack of fibres 

on the lower woven geotextile.    

The overlap reductions for each inspection were recorded at each measurement 

location for both GCL5 and GCL6 panel overlaps (Figure 6.8), in addition to an overlap 

assessment completed during the August 2013 inspection (Table 6.4).  

Although GCLs 5 and 6 can develop overlap resistance, the overlap resistance 

assessment indicated that the overlaps were largely unrestrained. Field observations 

revealed that large portions of the GCL panels and overlaps were noticeably wetter for 

GCLs 5 and 6 than the comparable section for GCL2. This is consistent with the 

hypothesis that the powdered bentonite may retain moisture better under a thermal cycle. 
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Since the overlap would need to stay dry to have adhesion (due to increased suction at 

lower moisture content, Beddoe et al. 2011), this would then mean the wetter overlaps 

would have less resistance to panel shrinkage and was confirmed with laboratory testing 

(53 N when hydrated compared to 171 N when dry for GCL5), see Table 6.5.   

Discrete locations did have overlap resistance (e.g., S9/S10: 16 m), which 

correspond to locations where reduced shrinkage was observed. It is unknown whether 

the lack of overlap resistance caused higher shrinkage values at these locations or 

whether the higher shrinkage prevented the development of overlap adhesion. However, 

it appears that there is a direct correlation between overlap stick and shrinkage for GCL5 

and GCL6.  GCLs 5 and 6 continued to shrink during the second summer with little to no 

resistance, reaching shrinkage values comparable to those observed for GCL2 beneath 

black (whose shrinkage rate was slower during this time due to better overlap adhesion).     

The amount of overlap reduction for one type of GCL may vary not only from site 

to site but across the same site as well. If overlap reduction was measured at discrete 

locations and not along the full length of the overlap, as was done during this experiment, 

minimal overlap reduction would have been observed after 15 months exposure if the 

location 14 m from the crest of the slope on S9/S10 was selected. This local variability in 

overlap reduction for the same GCL, along the same overlap highlights the need to 

investigate the full length of an overlap to observe the maximum overlap reduction.   

6.5.2 Polyacrylamide enhanced bentonite GCL7 beneath a black geomembrane 

The improved hydration capacity of the polyacrylamide enhanced bentonite caused 

GCL7 to shrink more than any other GCL after 3.5 months exposure, but still had 70% of 

the initial overlap width remaining. The improved hydration of the enhanced bentonite 
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likely caused the GCL to experience a larger moisture cycle, relative to GCL2, soon after 

installation, during the spring days followed by a few hot summer days, and prior to the 

development of any overlap adhesion, causing the higher shrinkage rates initially. The 

maximum amount of overlap reduction was 80 mm, see Figure 6.9, almost double the 

amount of shrinkage observed for GCL2 (44 mm). After the first fall (November 2012), 

GCL7 shrank only 6 mm more, with the peak value still greater than that observed for 

GCL2 (50 mm). Prior to the second summer (May 2013), the maximum overlap 

reduction increased to 101 mm, almost 30 mm more than the peak value for GCL2 (74 

mm). Similar findings were made after the second summer of exposure with peak 

shrinkage being 132 mm for GCL7 and 98 mm for GCL2. It appears that addition of the 

polymer enhancement in GCL7 led to greater shrinkage than GCL2 beneath a black 

geomembrane, but not to the extent where the liner would be compromised if it were 

covered even after 15 months exposure (i.e., still greater than 50% of the overlap 

remaining). 

The amount of shrinkage observed along the one GCL panel overlap (S12/S13) 

for GCL7 was uniform during each inspection, with the exception of August 2013 (15 

months) where the peak shrinkage was higher than the other shrinkage measurements 

along the slope (Figure 6.10). 

6.5.3 Polypropylene coated GCL8 (coating facing up) beneath a black geomembrane   

The possible effects of using a polymer coated GCL, with the coating facing up, on GCL 

panel shrinkage are (i) the coating limits the amount of moisture migration from the GCL 

into the air space, potentially leading to less severe moisture cycles or GCL drying (GCL 

can still experience drying but moisture must be driven back into the foundation soil), 
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which could reduce the amount of panel shrinkage; and (ii) the polymer coating may limit 

overlap adhesion due to the lack of geotextile fibres, that can improve supplemental 

bentonite grip, on the coated geotextile and increase the amount of shrinkage. The net 

effect of these two competing factors is shown in Figure 6.9. The polymer coating was 

found to prevent moisture loss from the GCL into the GMB-GCL air space with 

negligible water observed on the coating (Chapter 5), but despite the coating, it is still 

believed that a the GCL experiences a moisture cycle where upon drying, the moisture is 

driven back into the foundation soil, and therefore the coating did not prevent shrinkage. 

The polymer coated GCL (GCL8) did not initially slow the progression of shrinkage and 

had comparable shrinkage measurements to GCL2 beneath a black geomembrane. The 

maximum overlap reduction observed after the first summer (3.5 months exposure) was 

43 mm (Figure 6.9), the same amount of shrinkage as GCL2 (44 mm). In November 2012 

after the first fall, the peak shrinkage increased by only       4 mm (47 mm). 

 Prior to the second summer, May 2013 (12 months exposure), the peak shrinkage 

value was 59 mm, a little less than the 74 mm observed for GCL2 at this time. No 

additional shrinkage was observed between the May and August 2013 inspections, where 

the peak shrinkage value was 1.5 times less than observed for GCL2. This reduced 

shrinkage rate is the result of suppressed GCL drying due to greater moisture loss 

resistance as a result of the coating, where moisture must be driven back into the 

foundation soil and not attributed to overlap resistance, since the coating prevent the 

development of overlap adhesion (2 N), see Table 6.5. The amount of shrinkage observed 

along the one GCL panel overlap (S17/S18) for GCL8 was consistent for each inspection 

(Figure 6.10). 
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6.6 Shrinkage after 28 months exposure 

All sections, except the gravel cover section, were inspected again after 28 months 

exposure in September 2014. Although 28 month is a long time for a composite liner to 

be left exposed, the GCLs were inspected after this exposure length to simulate an 

extreme exposure case and to compare with results reported by Koerner and Koerner 

(2005a, b), Thiel and Richardson (2005), and more recently Brachman et al. (2014) from 

the first QUELTS I experiment. 

6.6.1 On the slope  

Figure 6.11 shows the peak reduction in overlap observed for all GCLs after 28 months 

and three summers of exposure and for every previous inspection. GCL2 beneath a black 

geomembrane had a peak shrinkage of 118 mm resulting in 61% of the original overlap 

width remaining. GCL2 beneath a white geomembrane had a peak shrinkage of 79 mm, 

more than doubling (35 mm) since the previous inspection in August 2012, resulting in 

74% of the initial overlap width remaining. The peak shrinkage beneath the white was    

39 mm less than the black.  

The maximum overlap reduction for both GCLs 5 and 6 was 204 mm, almost 100 

mm more than the peak shrinkage observed for GCL2. These higher amounts of 

shrinkage observed for GCLs 5 and 6 after 28 months can be attributed to reduced 

overlap resistance as a result of wetter GCL panels and overlaps. The two powdered 

bentonite products yielded the same amount of shrinkage as GCL2 after the second 

summer exposed and then experienced more shrinkage than any other GCL between 15 

and 28 months exposure, with only 32% of the original overlap width remaining.  
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No additional shrinkage was observed for GCL7 between the 15 and 28 months 

inspection. Only 48 mm of additional shrinkage was observed in two years between the 

first field inspection in August 2012 and the last field inspection in September 2014, with 

57% of the original overlap width remaining, due to the improved hydration of the 

enhanced bentonite resisting drying in combination with overlap adhesion resisting 

overlap reduction.  

An additional 60 mm of shrinkage was observed for GCL8, where the peak 

shrinkage values was 119 mm with 60% of the original overlap width remaining, the 

same as that observed for GCL2 (118 mm).  

6.6.2 On the base 

The amount of shrinkage observed on the base was consistently less than that observed 

on the slope for all GCL products. The GCL panels on the base sections experience less 

drying due to moisture migration from the slope to the base in the form of flowing 

condensate water droplets. This moisture can be more concentrated on the base section, 

keeping the GCL hydrated and slowing GCL panel shrinkage.  

 Figure 6.12 shows the maximum shrinkage values observed for all GCLs on the 

base during each field investigation. After the first summer, 3.5 months exposure, the 

peak shrinkage on the base of GCL2 beneath a black geomembrane was 32 mm (30% 

less than 44 mm peak on slope) while the peak shrinkage on GCL2 beneath a white 

geomembrane was only 6 mm (70% less than 21 mm peak on slope) (Figures 6.12 and 

6.13). The maximum amount of shrinkage observed on the base of the black 

geomembrane was consistently more than that observed on the base of the white 

geomembrane at all measurement locations during each inspection. The peak shrinkage 
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beneath the black geomembrane was 38 mm and 19 mm beneath the white geomembrane, 

after the first fall in November 2012. The peak shrinkage observed on the black 

geomembrane section did not change from the May 2013 inspection to the August 2013 

inspection with the peak shrinkage being 42 mm. The same pattern was observed for the 

white geomembrane section with the peak shrinkage being 18 mm during the May and 

August 2013 inspections. As previously stated, the hydration period in the spring of 2013 

followed by a subsequent drying period in the summer of 2013 likely provided good 

adhesion at the overlaps from the supplemental bentonite, resisting any shrinkage during 

this time. After an additional 13 months, the maximum amount of shrinkage observed 

beneath the black and white geomembranes were 53 and 27 mm, where 82% and 91% of 

the original overlap remained. The peak shrinkage value for the black geomembrane is 

20% less on the base than on the slope and 17% less on the base than the slope for the 

white geomembrane. Therefore, the amount of the shrinkage on the slope relative to the 

base is the same, regardless of the geomembrane colour. But the higher albedo white 

geomembrane is effective at reducing the shrinkage rate on the base, as was observed on 

the slope. 

 The amount of overlap reduction observed along the full length of the base for 

both GCLs 5 and 6 was consistently low, 20 mm or less, for all inspections with the 

exception of GCL5 at 28 months exposure (Figures 6.12 and 6.14). The peak shrinkage 

observed for GCL5 was 9, 9, 20, and 18 mm after 3.5, 6, 12 and 15 months exposure. The 

2 mm decrease in peak shrinkage between 12 months (May 2013) and 15 months (August 

2013) exposure is likely due to measurement tolerance. The lack of shrinkage between 

the May and August 2013 inspections is consistent with observations on the base of 
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GCL2 beneath white and black. Similarly, the peak shrinkage observed on the base 

section of GCL6 after 3.5, 6, 12 and 15 months exposure was 9, 12, 11, and 20 mm. After 

an additional one year of exposure from August 2013 to September 2014, the peak 

shrinkage observed for GCL6 was 18 mm, with 94% of the original overlap width 

remaining. Unlike GCL6, GCL5 experienced a dramatic increase in shrinkage from 

August 2013 to September 2014 where the peak shrinkage increased from 20 to 77 mm 

(74% overlap remaining) (Figure 6.14). GCL5 and GCL6 are the same GCL product but 

with different carrier geotextiles, where GCL5 has a scrim-reinforced nonwoven carrier 

geotextile and GCL6 has a woven carrier geotextile, and GCL5 with a thicker nonwoven 

cover geotextile. Although their carrier geotextiles are different, this is likely not the 

cause of the shrinkage variability observed between GCLs 5 and 6, since variability was 

observed for GCL5 itself. The peak shrinkage for GCL5 was observed on B9/B10 along a  

portion of this overlap, 22 to 28 m from the crest of the slope, while the remainder of the 

overlap on the base had a maximum shrinkage of only 21 mm. This 56 mm difference in 

shrinkage along the same GCL overlap is an indication of the unpredictably and 

variability that can be observed for the same product under the same exposure conditions. 

Not only is there variability within the same product but there is also variability between 

similar products. The +50 mm difference in peak shrinkage observed for GCL5 and 

GCL6 is an indication that there can be variability between similar products under the 

same exposure conditions.  

The polymer enhanced bentonite GCL7 and the polymer coated GCL8 initially 

experienced more shrinkage than any other GCL product on the base, with 39 and 34 mm 

being the maximum shrinkage observed after 3.5 months exposure (Figures 6.12 and 
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6.14). During the following four inspections, the peak shrinkage observed for GCL7 were 

45, 55, 55 and 65 mm after 6, 12, 15 and 28 months exposure and 42, 55, 53 and 55 mm 

for GCL8. After 28 months exposure, 78% of the original overlap width remained for 

GCL7 and 82% for GCL8, compared to 56 and 60% overlap remaining on the slope, 

performing similarly to GCL2 on the base. GCL8 and GCL7 did not reduce the 

magnitude or rate of shrinkage on the base, relative to that observed for GCL2 on the 

base.   

 

6.7 QUELTS I versus QUELTS II shrinkage results   

Shrinkage for GCL2 beneath a black geomembrane was studied during both the QUELTS 

I and QUELTS II experiments. GCL2 shrank 3.5 times more in seven weeks (35 mm) 

during the QULETS II experiment than it did after 2.2 years during the QUELTS I 

experiment (10 mm), observed by Brachman et al. (2014). The maximum shrinkage after 

the same exposure period, 2 years, during QUELTS II was almost 12 times more than 

during QUELTS I (118 mm vs. 10 mm). Although the amount of overlap reduction 

observed during QUELTS II was more than at QUELTS I, the level of overlap reduction 

for both experiments was below the amount of shrinkage that would be cause for concern 

and would not compromise the GCLs performance as a hydraulic barrier. 

There is a unique opportunity to compare the shrinkage values for the same 

nominal GCL (GCL2) at the same geographical site having similar exposure conditions, 

but with different seasonal construction times, September for QUELTS I and May for 

QUELTS II. The potential explanations for these different shrinkage results include (i) 

seasonal time of construction, (ii) initial foundation soil water contents, (iii) effectiveness 
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of thermal treatment (i.e., fusion of thermally punched fibres from the upper geotextile to 

the lower geotextile with the application of heat) during GCL hydration, (iv) potency of 

clay fraction, and (v) observer effects. 

An important consequence of the seasonal time of construction,  September 

construction for QUELTS I versus May for QUELTS II, is whether or not the GCL 

panels experienced moisture cycles prior to developing overlap resistance and hence may 

experience greater shrinkage. It is possible that this occurred during the QUELTS II 

experiment initially and this would explain the higher shrinkage rates during the first four 

months. It is then expected that good overlap resistance would develop at QUELTS II 

after the first winter and spring and would result in lower shrinkage rates; however, this 

was not consistent with the data measured and therefore may be a contributing factor but 

is not the sole factor to explain the shrinkage values observed at QUELTS II.  

Considering the initial foundation soil water content, it is postulated that a 

reduced water content would result in less GCL hydration and would cause smaller 

moisture cycles and hence less shrinkage. Since QUELTS II had a lower initial water 

content (11% versus 14%), but higher shrinkage values, the small difference in initial 

water content does not likely explain difference in overlap reduction.  

The reference water content (wref) is an index defined by Rayhani et al. (2011) to 

define the maximum hydration of a GCL beneath just a 2 kPa normal stress. It captures 

the net effect of the clays ability to swell and the competing confining stress from the 

needle-punched fibres and thermal treatment. Higher reference water content has been 

postulated to lead to greater GCL hydration and potential moisture cycles, hence greater 

shrinkage (Brachman et al. 2014). Although the swelling ability (20 vs. 32 mL/2g) and 
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confinement from the needle-punched fibres differ between QUELTS I and II, the wrefs 

were similar, 130% and 144% (measured by Beddoe and Rentz) and therefore should 

have experienced the same moisture cycle and shrinkage rates but did not.  

It is possible that a higher potency of clay would increase the swelling capacity of 

the GCL and hence might result in greater shrinkage under the same moisture cycle. The 

clay potency was higher at QUELTS II than QULETS I (32 mL/2g versus 20 mL/2g) 

which may have contributed to the higher shrinkage values observed at QUELTS II, 

although there is no specific data to support or refute this hypothesis.  

Finally, there is the potential that investigative interference resulted in different 

shrinkage results during each experiment, where light panel inspections at QUELTS II 

may have interrupted the overlap resistance. But the amount of shrinkage observed after 

the first seven weeks of exposure and during the first investigation at QUELTS II, prior 

to any investigative interference, was 3.5 times more than at QUELTS I and therefore 

does not explain the higher amounts of shrinkage initially. Investigative effects may have 

played a role later on in the experiment and further exaggerated the amount of shrinkage 

observed at QUELTS II. 

Although the different shrinkage values observed at QUELTS I versus QUELTS 

II cannot be attributed to one explanation, the likely explanation is the combined effects 

of different seasonal times of construction, different swelling capacity of the bentonite 

due to varying clay potencies and increased investigative interference during QUELTS II.  
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6.8 Summary and conclusions  

Significant reduction in GCL panel overlap has been observed in the field for GCLs left 

covered only by a geomembrane by Koerner and Koerner (2005a, b), Thiel and 

Richardson (2005) and Brachman et al. (2014). It has been confirmed with laboratory 

testing by Thiel et al. (2006) and Bostwick et al. (2010) that this reduction in GCL panel 

overlap is largely a result of cyclical wetting and drying, causing the GCL panel to 

develop irrecoverable strains and shrink. A large-scale field study, QUELTS I, completed 

by Brachman et al. (2014) quantified GCL panel shrinkage for four GCLs left covered 

only by a black geomembrane.  

The purpose of this study was to quantify the GCL panel shrinkage for one GCL 

type (GCL2) left covered only by a black geomembrane, a white geomembrane and 0.3 m 

of gravel cover at a new QUELTS II experiment and additionally to identify if other GCL 

types not tested at QUELTS I, including two powdered bentonite GCLs (GCL5 and 

GCL6), one polymer enhanced bentonite GCL (GCL7) and one coated GCL (GCL8) 

installed coating up, are less susceptible to GCL panel shrinkage when left covered only 

by a black geomembrane.  Shrinkage was examined every few months by cutting open 

and folding back the overlying geomembrane to monitor the spacing of machine screws 

installed at the GCL panel overlaps during the time of construction.   

The maximum amount of shrinkage after the first 7 weeks of exposure, 

considered a reasonable exposure period by some, was 35 mm for GCL2 beneath the 

black geomembrane. After an extended exposure period, 12 and 15 months, 75% and 

67% of the original overlap width remained. The higher albedo white geomembrane 

reduced the daily thermal cycles acting on the liner, reducing the severity of the moisture 
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cycles experienced by the GCL and decreased the amount of overlap reduction observed. 

GCL2 shrank 1/3 beneath the white compared to that beneath the black (12 vs. 35 mm) 

during the first 7 weeks. The shrinkage rate remained slow for the remainder of the 

experiment, with ~90% overlap width remaining after both 12 and 15 months of exposure 

(1/3 of that beneath the black). The 0.3 m ballast layer acted as a good insulating barrier 

to virtually eliminated the thermally induced wet-dry cycles on the liner as well provided 

overburden stress and maintained good overlap adhesion to ultimately prevent GCL panel 

shrinkage for at least up to 15 months.  

The powdered bentonite products (GCL5 and GCL6) initially slowed the 

shrinkage rate, 20 - 30 mm less than GCL2 beneath a black geomembrane after one year, 

but after 15 months they shrank similar amounts to GCL2 (60 - 70% overlap width 

remaining). This increase in shrinkage is likely due to the lack of in-plane shear 

resistance at the overlaps, where improved water retention of the powdered GCLs kept 

the overlaps hydrated and reduced the overlap adhesion. The two powdered bentonite 

products shrank more than any other GCL after 28 months exposure, with 32% of the 

overlap width remaining.  

The polymer enhanced bentonite product (GCL7) experienced more shrinkage 

than any other GCL initially, but still had 55% of the original overlap width remaining 

after 15 months exposure. The multicomponent GCL8 with the coated woven geotextile 

installed up experienced the same amount of shrinkage as GCL2 initially. But after 6 

months of exposure, the shrinkage rate decreased likely due to a reduced moisture cycle 

as a result of the polymer coating preventing moisture loss into the GMB-GCL interface 

(80% overlap width remaining after both 12 and 15 months).  
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Less shrinkage was observed on the base than on the slope for all GCLs, with 

more than 75% of the original overlap width remaining after 28 months. 

More shrinkage was observed during the QUELTS II experiment in the first 7 

weeks than the QUELTS I experiment after 2 years for the same GCL product, GCL2, 

beneath a black geomembrane at the same site. The difference in shrinkage values 

between QUELTS I and II cannot be attributed to one factor and is likely the combined 

effects of different seasonal times of construction, different swelling capacity of the 

bentonite due to varying clay potencies and increased investigative interference during 

QUELTS II.  

Following the manufacturers’ recommendation and covering the liner will prevent 

GCL panel shrinkage. If immediate cover is not possible, both the choice of GCL type 

and geomembrane colour (higher albedo white geomembrane) can reduce GCL panel 

shrinkage and potentially provide other benefits in terms of potential liner degradation 

when left exposed, especially on an exposed slope. The time of construction and site 

location should also be considered, which can influence the amount of shrinkage and the 

rate at which it occurs.   
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Table 6.1. Properties of GCL products tested at QUELTS. All GCLs were needle-
punched with a nonwoven (NW) cover geotextile (GTX) (modified from Chapter 5). 
 

Generic 
identifier1 

Used at 
QUELTS 

Panel 
width 
(m) 

Carrier 
GTX2 

Thermally 
treated 

Up2 

as-placed 
Sodium 

bentonite type 

GCL2 I & II  4.72  SRNW Yes NW,  
cover up Fine granular 

GCL5 II 4.85 SRNW Yes NW,  
cover up Powdered 

GCL6 II 4.85 W Yes NW,  
cover up Powdered 

GCL7 II 4.72 SRNW Yes NW,  
cover up 

Fine granular, 
polyacrylamide 

enhanced 

GCL8 II 4.72 NW Bonded by 
PP 

W, PP, 
carrier up Fine granular 

1 Generic identifiers are the same as used in a laboratory study of 10 GCLs reported by  
  Ashe et  al. (2014) to allow easy direct comparison of results in that study with those    
  obtained in this and the earlier field study. 
2 W = (slit-film) woven; NW = (needle-punched) nonwoven; SR = (slit-film) scrim- 
  reinforced; PP = polypropylene coating 
 
 
Table 6.2. Initial properties of GCL products tested at QUELTS (modified from 
Chapter 5). 
 

Generic 
identifier 

Average dry 
mass of 
GCL1  
(g/m2) 

Range of dry 
mass  

(g/m2) 

Average dry 
mass of cover 

geotextile1 
(g/m2) 

Average dry 
mass of carrier 

geotextile1 

(g/m2) 

Average dry 
mass of 

bentonite1 
(g/m2) 

GCL2 4256 ± 182 4007 - 4478  226  252  3778 
GCL5 5114 ± 83 4971 - 5182 282  395  4437 
GCL6 5045 ± 423 4703 - 5517 190  142  4714 
GCL7 4977 ± 216 4677 - 5171 202 238 4538 
GCL8 4179 ± 229 3927-  4491 219 378 3582 
ASTM D5993 D5993 D5261 D5261 D5993 

1Average of five virgin GCL samples each 100 x 100 mm, taken from the same area on 
the GCL roll. 
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Table 6.3. Initial properties of GCL products tested at QUELTS (modified from 
Chapter 5). 
 

Generic 
identifier 

Swell 
index1 

(mL/2g) 

Wref2, 3 
[2 kPa; distilled 
water; 1 month 

hydration] 
 (%) 

Average 
peel 

strength4 
(N/m) 

Maximum 
peel strength 

(N/m) 

Average 
peak peel 

force4  
(N) 

GCL2 32 ± 1 144 ± 4 1549 ± 75 1638 194 ± 16 
GCL5 34 ± 1 152 ± 5 1621 ± 140 1822 287  ± 33 
GCL6 35 ± 1 132 ± 7 703 ± 72 782 113 ± 14 
GCL7 35 ± 1 131 ± 5 1326 ± 65 1394 180 ± 20 
GCL8 31 ± 1 124 ± 10 1516 ± 108 1685 204 ± 16 
ASTM D5890  D6496 D6496 D6496 

1 Average of duplicate tests on samples extracted from both the start and end of each 
panel installed on site.  

2 Average of six replicates from the same hydrated virgin GCL sample, each 100 x        
100 mm. 

3  Following Rayhani et al. (2011), wref represents the maximum water content a GCL will 
hydrated to under a given stress. 

4 Average of five virgin GCL samples each 100 x 200 mm, taken from the same area on 
the GCL roll.  
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Table 6.4. Assessment of overlap resistance completed during the August 2013 inspection (15 months exposure). 
 

Distance 
from crest of 
slope (m) 

0.3 m gravel 
cover/GTX/ 
GMB/GCL2 

White GMB/ 
GCL2 

Black GMB/ 
GCL2 

Powdered bentonite GCLs 

GCL7 GCL8 GCL5 GCL6 
S1/S2 S3/S4 S4/S5 S6/S7 S7/S8 S9/S10 S10/S11 S14/S15 S15/S16 S12/S13 S17/S18 

0 - - - - - - - - - - - 
2 R PR R NR NR R PR NR R R NR 
4 R R NR NR R R R NR NR R NR 
6 R R R NR R PR NR NR NR PR NR 
8 NR NR R NR R NR NR NR PR R NR 
10 R NR NR NR PR NR NR NR NR NR NR 
12 R R R NR PR NR NR NR R R NR 
14 R R PR NR PR R NR NR PR NR NR 
16 R NR R NR PR R NR NR R NR NR 
18 R NR NR NR NR PR NR NR R R NR 
20 R PR NR NR NR PR NR NR R NR NR 
22 R R R R R R PR R R R NR 

Note:  R – resistance 
NR – no resistance 
PR – partial resistance 
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Table 6.5. Peak tensile force (N) from three replicates measured across 100 x 100 
mm GCL overlap after one wet-dry cycle. 
 

GCL Average 
Standard 
deviation Minimum Maximum 

GCL2 199 37 160 232 
GCL51 171 13 160 185 
GCL6 58 9 50 68 
GCL7 190 11 181 202 
GCL8 2 3 0 5 
1 2 additional tests completed:  
(i) no stress during wet-dry cycle, peak force = 341 N. 
(ii) rehydrated after one wet-dry cycle, peak force = 53 N. 
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Figure 6.1. (a) North-south cross section (A-A) and (b) plan view of Queen’s 
University Environmental Liner Test Site II. 
 
 

 

 

 

 

 

 

 

(a)
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Figure 6.2. Photograph of GCL2 on the slope section with the black geomembrane 
folded back during the August 2013 inspection (15 months exposure). 
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Figure 6.3. Photograph of method of measuring shrinkage, measuring the distance 
between two screws used for taking movement of overlaps. 

Edge of 
overlap
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Figure 6.4. Seasonal variation in, (a) air temperature, and GMB-GCL interface 
temperature during the 2012 and 2013 calendar years for: (b) Section 3, GCL2 
overlain by a black geomembrane; (c) Section 2, GCL2 overlain by a white 
geomembrane; and (d) Section 1, GCL2 overlain by a black geomembrane, white 
geotextile and 0.3 m gravel cover. 
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Figure 6.5. Maximum shrinkage observed for GCL2 at QUELTS II beneath a black 
geomembrane, a white geomembrane and 0.3 m of gravel cover after 15 months 
exposure (August 2013). 
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Figure 6.6. Slope section panel overlap reduction for two GCL panel overlaps of: (a) 
GCL2 beneath a black geomembrane, S6/S7 and S7/S8; and (b) GCL2 beneath a 
white geomembrane, S3/S4 and S4/S5 measured every two metres during each field 
inspection, up to 15 months exposure (August 2013).   
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Figure 6.7. Maximum shrinkage observed for two powdered products, GCL5 and 
GCL6, beneath a black GMB at QUELTS II after 15 months exposure (August 
2013). 
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Figure 6.8. Slope section panel overlap reduction for two GCL panel overlaps of: (a) 
GCL5, S9/S10 and S10/S11; and (b) GCL6, S14/S15 and S15/S16 beneath a black 
geomembrane, measured every two metres during each field inspection, up to 15 
months exposure (August 2013). 
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Figure 6.9. Maximum shrinkage observed for GCL7 and GCL8 beneath a black 
geomembrane, at QUELTS II after 15 months exposure (August 2013). 
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Figure 6.10. Slope section panel overlap reduction for one GCL panel overlap of: (a) 
GCL7 (polymer enhanced bentonite product), S12/S13; and (b) GCL8 (a 
multicomponent GCL with a polypropylene coating installed coating up), S17/S18 
beneath a black geomembrane, measured every two metres during each field 
inspection, up to 15 months exposure (August 2013). 
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Figure 6.11. Maximum shrinkage observed on the slope for all test sections at 
QUELTS II during each field inspection, up to 28 months exposure (September 
2014). 
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Figure 6.12. Maximum shrinkage observed on the base sections for all test sections 
at QUELTS II after 28 months exposure (September 2014). 
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Figure 6.13. Base section panel overlap reduction for one GCL panel overlap of: (a) 
GCL2 beneath a black, B7/B8; and (b) GCL2 beneath a white geomembrane, B3/B4 
measured every two metres during each field inspection, up to 28 months exposure 
(September 2014). 
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Figure 6.14. Base section panel overlap reduction for one GCL panel overlap of: (a) 
GCL5, B9/B10; (b) GCL6, B14/B15; (c) GCL7, B12/B13; and (d) GCL8, B17/B18 
beneath a black geomembrane, measured every two metres during each field 
inspection, up to 28 months exposure (September 2014). 
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Chapter 7 

Conclusions and recommendations 

7.1 General  

A geosynthetic clay liner (GCL) overlain by a geomembrane (GMB), known as a 

geosynthetic composite liner system, is commonly used as a barrier system in municipal 

solid waste landfills and more recently in mining heap leach applications (Rowe 1998, 

2005, 2012; Giroud and Bonaparte 2001; Bonaparte et al. 2002; Rowe et al. 2004, 2013; 

Lupo and Morrison 2007; Koerner 2012). It is recommended by the manufacturers that 

the geosynthetic composite liner be covered in a timely manner with ballast or soil 

material (Richardson et al. 2002) but it is not uncommon for the geosynthetic material to 

be left uncovered after installation for weeks, months and sometimes even years (Thiel et 

al. 2006). 

Results from a large-scale field study, Queen’s University Environmental Liner 

Test Site (QUELTS), were reported in this thesis. The performance of geosynthetic 

composite liner systems (GMB-GCL) were investigated when left uncovered and exposed 

to solar energy, against the manufacturers’ recommendations. The field performance was 

examined in terms of the three known consequences of exposure (i) geomembrane 

wrinkling, (ii) down-slope bentonite erosion, and (iii) GCL panel shrinkage. Each 

individual chapter included a detailed summary and conclusion. This chapter presents the 

key findings and conclusions from each chapter and recommendations for potential future 

research.    
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7.2 Summary and conclusions 

7.2.1 Chapter 2: Comparison of wrinkles in white and black HDPE geomembranes 

Chapter 2 examined the extent to which the use of a white geomembrane instead of a 

black geomembrane can reduce the frequency, size, and duration of wrinkling in a 1.5-

mm-thick high-density polyethylene (HDPE) geomembrane for both comparable smooth 

and textured sections. Wrinkles were quantified on two summer days using hand 

measurements and aerial imaging. The white geomembrane was found to be 21-23°C 

cooler than the black geomembrane during the hottest part of the day. Wrinkles in the 

white geomembrane were observed to form later in the morning and went away sooner in 

the evening relative to the black, thus potentially extending the time of day cover material 

could be placed while minimizing geomembrane wrinkling. At the hottest part of the day, 

wrinkles in the white smooth geomembrane were less frequent, were smaller in height, 

and had much shorter maximum interconnected lengths relative to the black smooth 

geomembrane (maximum white length = 21% of maximum black length). The use of a 

textured geomembrane, increased the frequency of wrinkles but reduced the wrinkle size 

in both the black and white geomembranes.  

7.2.2 Chapter 3: Classification and quantification of down-slope erosion from a GCL 

when covered only by a black geomembrane 

Chapter 3 quantified the onset and progression of down-slope bentonite erosion for one 

fine granular bentonite GCL beneath a black geomembrane also studied at the first 

QUELTS experiment. Additionally, a nondestructive field method for investigating 

erosion as well as a new classification system to define the onset, progression and severity 

of erosion features were proposed. 
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The new nondestructive field method was successful in detecting erosion features, 

while a new classification system was used to describe the erosion features observed 

involving seven different categories divided into four subsections referring to (i) features 

that have not experienced readily observable bentonite loss (‘h’; ‘d’), (ii) features that 

have experienced bentonite loss but are considered likely to self-heal under many 

practical conditions (‘o’; ‘e’), (iii) features that have experienced bentonite loss but self-

healing is considered uncertain (‘E’), and (iv) features that have experienced bentonite 

loss and are considered unlikely to self-heal under many practical conditions (‘EE’; 

‘EEE’).  

Five field investigations were completed for exposure periods of between 7 weeks 

and 1.3 years (15 months). No erosion features were detected after the first seven weeks 

of exposure and only early erosion ‘e’ after 3.5 months exposure. The first significant 

erosion feature (type ‘E’ with bentonite loss narrower than 2.5 cm) was observed after 6 

months of exposure. Irrecoverable erosion features (type ‘EE’ with bentonite loss wider 

than 2.5 cm) were observed after 12 months of exposure. After 15 months, the largest 

erosion feature had a width of 7 cm and length 43 cm classified as irrecoverable extreme 

erosion ‘EEE’ and developed in only 3 months, highlighting the unpredictability of this 

mechanism of down-slope bentonite erosion.  

7.2.3 Chapter 4: Effect of geomembrane colour and cover soil on solar-driven down-

slope bentonite erosion from a GCL 

Chapter 4 confirmed that covering a composite liner in a timely manner prevents down-

slope bentonite erosion from occurring and investigated whether or not the use of a white 

geomembrane prevented or slowed the onset of down-slope erosion.  
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There was no evidence of down-slope bentonite erosion after 15 months for the 

section where 0.3 m of gravel cover was placed within five days of GCL installation, 

following the manufacturers’ recommendations of timely covering. The gravel cover 

virtually eliminated the daily thermal cycles on the composite liner (maximum daily 

temperature cycle to less than 5°C in the summer), and prevented an air gap from forming 

between the geomembrane, thus preventing erosion due to both the thermal insulation 

provided and the confining stress.  

Erosion was observed to occur on the exposed white geomembrane section but at 

a slower rate than that observed on the exposed black geomembrane section. Only 

hydrated and desiccated rivulets (‘h’ and ‘d’) were observed after the first seven weeks on 

both the black and white geomembrane sections. After 3.5 months exposure, early erosion 

‘e’ features were detected beneath the black geomembrane but not beneath the white. 

After 6 months exposure, a single erosion feature ‘E’ was detected beneath the black 

geomembrane while early erosion features ‘e’ were detected beneath the white 

geomembrane. After 12 months exposure, irrecoverable erosion features ‘EE’ were 

detected beneath both the black and white geomembranes and after 15 months exposure, a 

single irrecoverable extreme erosion feature ‘EEE’ was detected beneath both the black 

and white geomembrane sections.  

The white geomembrane reduced the maximum daily temperature cycle to 31°C in 

the summer compared to 41°C for that observed on the black geomembrane, reducing the 

moisture cycles acting at the GMB-GCL. The reduced daily thermal cycle observed for 

the white geomembrane may have contributed to the initially slower erosion progression 

observed beneath the white geomembrane, but ultimately did not prevent down-slope 
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erosion of bentonite from occurring since an air gap  between the geomembrane and GCL 

is still available for condensation to form and hence for erosion to occur.   

7.2.4 Chapter 5: Effect of GCL type on down-slope erosion of bentonite from a GCL in 

an exposed composite liner: QUELTS II observations 

Chapter 5 investigated whether or not other GCL types were less susceptible to down-

slope erosion and to quantify the erosion progression for seven different test 

configurations for up to 28 months exposure. 

Down-slope erosion was quantified for four new GCL types, including powdered 

bentonite GCLs, a polymer enhanced granular bentonite and a multicomponent product 

with a coating installed coating up, in addition to the previously studied fine granular 

bentonite GCL beneath a black geomembrane, white geomembrane and 0.3 m of gravel 

cover. 

After 28 months exposure, the worst features detected for the powdered bentonite 

GCLs were only early erosion ‘e’. There are two potential factors contributing to this 

reduced rate of down-slope erosion progression in the field (i) a higher mass per unit area 

of bentonite, and (ii) the use of powdered bentonite.  

The polymer enhanced bentonite GCL showed no evidence of even onset erosion 

‘o’ after 15 months exposure. Between 15 months and 28 months exposure, irrecoverable 

erosion ‘EE’ and irrecoverable extreme erosion ‘EEE’ features formed which may be a 

result of the polymer being washed out from the bentonite causing the GCL to be more 

susceptible to down-slope erosion.  

The multicomponent polymer coated GCL (coating up) showed no signs of down-

slope erosion or moisture migration at the GMB-GCL air gap after 28 months exposure.  
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After 28 months exposure, irrecoverable extreme erosion ‘EEE’ was observed for 

the fine granular bentonite GCL beneath the white and black geomembranes. There was 

no evidence of moisture migration or down-slope erosion observed on the 0.3 m gravel 

cover section for up to 15 months. 

No erosion was observed on the base section for all GCL types after 28 months 

exposure.  

7.2.5 Chapter 6: Field observed GCL panel shrinkage for five GCLs left covered only 

by a black geomembrane  

Chapter 6 presented the observations of GCL panel overlap reduction for up to 28 months 

exposure for four different GCL types including two powdered bentonite GCLs, a 

polymer enhanced granular bentonite and a multicomponent product with a coating 

installed coating up, and additionally for one GCL type beneath a black geomembrane, a 

white geomembrane, and 0.3 m gravel cover. Shrinkage was examined by folding back 

the overlying geomembrane to monitor the separation between machine screws installed 

at the GCL panel overlaps during the time of construction.   

The 0.3 m gravel prevented GCL panel shrinkage for at least up to 15 months by 

acting as a good insulating barrier and virtually eliminating the thermally induced wet-dry 

cycles on the liner as well as providing overburden stress and maintaining good overlap 

adhesion.  

The maximum amount of overlap reduction after the first 7 weeks of exposure was 

35 mm for the fine granular bentonite GCL beneath the black geomembrane. After an 

extended exposure period, 12 and 15 months, 75% and 67% of the original 300 mm 

overlap width remained. The higher albedo white geomembrane reduced the daily thermal 
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cycles acting on the liner, reducing the severity of the moisture cycles experienced by the 

GCL and decreased the amount of overlap reduction observed (12 vs. 35 mm) during the 

first 7 weeks. The shrinkage rate remained slow for the remainder of the experiment, with 

~90% overlap width remaining after both 12 and 15 months of exposure (1/3 of that 

beneath the black).  

The powdered bentonite GCLs initially slowed the shrinkage rate, but after 15 

months they shrank similar amounts to the fine granular bentonite GCL beneath the black 

geomembrane. This increase in shrinkage is likely due to the lack of in-plane shear 

resistance at the overlaps, where improved water retention of the powdered GCLs kept 

the overlaps hydrated and reduced the overlap adhesion. The two powdered bentonite 

products shrank more than any other GCL after 28 months exposure, with only 32% of 

the initial overlap width remaining.  

The polymer enhanced bentonite GCL experienced more shrinkage than any other 

GCL initially, but still had 55% of the original overlap width remaining after 15 months 

exposure. The multicomponent polymer coated GCL (coating up) did not reduce the 

shrinkage rate initially, but after 6 months of exposure, the shrinkage rate slowed, likely 

due to a reduced moisture cycle as a result of the polymer coating preventing moisture 

loss into the GMB-GCL interface (80% overlap width remaining after both 12 and 15 

months).  

Less shrinkage was observed on the base than on the slope for all GCLs, with 

more than 75% of the original overlap width remaining after 28 months. 
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7.3 Practical implications  

This study highlights the need to follow the manufacturers’ recommendations and cover 

the geosynthetic composite liner in a timely manner. The findings demonstrate that 

covering the liner material with 0.3 m of gravel at the QUELTS site is the most effective 

strategy to avoid the issue of down-slope bentonite erosion and GCL panel shrinkage. If 

timely covering is not an option, the use of a polymer coated GCL (coating up), especially 

on side slopes, is recommended to greatly reduce the risk of down-slope bentonite erosion 

by virtually eliminating moisture loss from the GCL into the GMB-GCL air space and 

slow the progression of GCL overlap reduction. Other options to consider are the use of a 

powdered bentonite GCL or a polymer enhanced bentonite GCL which can slow the 

progression of down-slope erosion but the use of these GCL types does not prevent the 

loss of moisture into the GMB-GCL air space and will eventually experience down-slope 

bentonite erosion as well as GCL panel shrinkage. The use of a white geomembrane can 

slow the rate of down-slope erosion but to a lesser extent than that observed for the 

powdered bentonite GCLs and the polymer enhanced bentonite GCL. The exposed white 

geomembrane did substantially improve the performance of the GCLs in term of reducing 

panel shrinkage as well as providing benefits in terms of geomembrane wrinkling where 

the times of day cover soil could be placed is slightly increased relative to the use of a 

black geomembrane.  

 The field performance of the geosynthetic composite liner systems presented in 

this study are specific to the QUELTS test site and may not necessarily be observed at 

other test sites where the performance of the liner is dependent on a number of factors 
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including: geographical location of the site, seasonal climatic conditions, and the 

foundation properties (including moisture content, soil type, cation concentrations).    

 

7.4 Recommendations for future work  

The work presented in this thesis has provided new insight into the consequences and 

practical implications of leaving geosynthetic composite liners exposed. The results from 

this study have raised questions that should be addressed with further research, as 

suggested below: 

• Chapter 2 investigates the benefits of using a higher albedo white geomembrane in 

terms of geomembrane wrinkling. Wrinkles were quantified and measured in a 

1.5-mm-thick HDPE white, smooth and textured geomembrane and compared to 

those in a 1.5-mm-thick HDPE black smooth and textured geomembrane.  

o It is recommended that wrinkles be quantified for other types of 

geomembranes with different properties including material type (e.g., 

linear low density polyethylene (LLDPE), polyvinyl chloride (PVC)), 

thickness, and potentially asperity of texturing.  

• Chapters 3, 4 and 5 address the rate and quantity at which down-slope bentonite 

erosion from a GCL occurred for four different GCL types beneath a black 

geomembrane and one GCL type beneath a black, white and 0.3 m of gravel 

cover. To quantify the erosion rate with time, a new classification system was 

developed where erosion feature dimensions were specified.  

o This current study did not confirm the healing capacity of erosion features 

with specific dimensions. Thus, it is recommended that laboratory testing 
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be completed to identify the dimensions of an erosion feature that will heal 

and dimensions of a feature that will not heal. The healing capacity of an 

erosion feature depends on a number of factors, identified in Chapters 3, 4 

and 5. The contribution of each factor to the self-healing ability should 

also be investigated.  

o It is recommended that the moisture cycle acting at the GMB-GCL air gap 

be investigated in further detail including (i) the chemistry of the “solar-

still” condensate water, and (ii) quantifying the amount of moisture vapour 

in the air space available for condensation to form for a given thermal 

cycle with laboratory testing. 

o It is recommended that down-slope bentonite erosion be observed on 

different slope angles both steeper and shallower in the field to see if and 

how the rate of erosion differs. This has been done in the laboratory by 

Rowe et al. (2014) but no field study has been completed. 

• Chapter 6 examines GCL panel shrinkage of four GCL types including two 

powdered bentonite GCLs, one polymer enhanced bentonite GCL and one 

multicomponent polymer coated GCL covered only by a black geomembrane, in 

addition to one fine granular bentonite GCL also studied at the first QUELTS 

experiment covered by a black geomembrane, white geomembrane, and 0.3 m of 

gravel cover.  

o It is suggested that other GCL types, not studied during this experiment 

(QUELTS II) or previous experiments (QUELTS I) be examined for GCL 

panel shrinkage.  
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o It is recommended that the effect of clay potency (represented by the 

bentonite’s swell index value) on the magnitude of GCL panel shrinkage 

be investigated in the laboratory, using the method of air drying as 

opposed to oven drying which has been shown to impact the rate and 

magnitude of GCL panel shrinkage.  

• Additional recommendations: 

o It is recommended to investigate the optimal thickness of cover material to 

be placed over a geosynthetic composite liner system, for potentially a 

given ambient air temperature and solar radiation, to prevent GCL panel 

shrinkage and down-slope bentonite erosion from occurring. If reduced 

thickness of cover material is effective at preventing shrinkage and erosion 

from occurring, it may have significant implications in terms of cost, ease 

of installation and improved industry practice.  

o It is recommended that the use of a different colour geomembrane (e.g., 

yellow or green) be investigated and observe the implications in terms of 

geomembrane wrinkling, and solar-driven moisture cycles in terms of 

GCL panel shrinkage and bentonite erosion. 

o It is recommended to investigate the length of time a multicomponent 

polymer coated GCL can be left uncovered before experiencing down-

slope bentonite erosion if any or loss of GCL panel overlap.  

o A follow-up study to this research is developing predictive methods and 

potentially computer models to simulate the solar-driven collection of 

moisture vapour in the GMB-GCL air space and condensation migration 
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down-slope to quantify and predict the down-slope erosion mechanism and 

potentially GCL panel overlap reduction as well.    
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Appendix A 

Supplemental material for Chapter 2                                                 

(Comparison of wrinkles in white and black HDPE geomembranes) 
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Appendix A.1 Initial properties of geomembrane products tested at QUELTS II 
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Table A.1.1. Initial properties of geomembrane products tested at QUELTS II (Q/C measurements made by manufacturer).  
 

Properties Method Units 
Black White 

Smooth Textured Smooth Textured 
Nominal thickness ASTM D5199 mm 1.5 1.5 1.5 1.5 
Resin density ASTM D1505 g/cm3 0.937 0.937 0.936 0.938 
Asperity height   mm n/a 0.56 – 0.58 n/a 0.64 – 0.66 
Tensile properties (machine direction) ASTM D6693      
Strength at yield  kN/m 23 30 24 30 
Strength at break  kN/m 47 36 52 32 
Elongation at yield  % 17 17 17 17 
Elongation at break  % 760 564 912 434 
Tensile properties (cross-machine direction) ASTM D6693      
Strength at yield  kN/m 26 31 25 30 
Strength at break  kN/m 51 32 53 25 
Elongation at yield  % 17 16 17 16 
Elongation at break  % 859 462 951 329 
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Appendix A.2 Aerial images of wrinkle patterns on August 18th, 2012 of black and 

white smooth geomembrane base sections 
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Figure A.2.1. Aerial images showing wrinkles on base of black and white 
geomembrane sections on August 18th 2012: (a) black geomembrane - 8:45 at 29°C, 
(b) white geomembrane - 8:45 at 18°C, (c) black geomembrane – 9:20 at 34°C, (d) 
white geomembrane - 9:20 at 20°C, (e) black geomembrane -  10:05 at 37°C, and (f) 
white geomembrane – 10:05 at 23°C. 
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Figure A.2.2. Aerial images showing wrinkles on base of black and white 
geomembrane sections on August 18th 2012: (a) black geomembrane - 10:50 at 42°C, 
(b) white geomembrane - 10:50 at 26°C, (c) black geomembrane – 11:40 at 47°C, (d) 
white geomembrane - 11:40 at 28°C, (e) black geomembrane -  12:35 at 49°C, and (f) 
white geomembrane – 12:35 at 29°C. 
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Figure A.2.3. Aerial images showing wrinkles on base of black and white 
geomembrane sections on August 18th 2012: (a) black geomembrane - 13:20 at 55°C, 
(b) white geomembrane - 13:20 at 32°C, (c) black geomembrane – 14:00 at 54°C, (d) 
white geomembrane - 14:00 at 32°C, (e) black geomembrane – 14:45 at 54°C, and (f) 
white geomembrane – 14:45 at 31°C. 
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Figure A.2.4. Aerial images showing wrinkles on base of black and white 
geomembrane sections on August 18th 2012: (a) black geomembrane - 15:40 at 50°C, 
(b) white geomembrane - 15:40 at 30°C, (c) black geomembrane – 16:25 at 42°C, (d) 
white geomembrane -  16:25 at 27°C, (e) black geomembrane -  17:15 at 43°C, and 
(f) white geomembrane – 17:15 at 28°C. 
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Figure A.2.5. Aerial images showing wrinkles on base of black and white 
geomembrane sections on August 18th 2012: (a) black geomembrane - 17:45 at 40°C, 
and (b) white geomembrane – 17:45 at 26°C. 
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Appendix A.3 All wrinkle assessments, completed by hand, of significant wrinkles on 

August 18th and 24th, 2012 for the black and white smooth geomembrane base 

sections 
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Figure A.3.1. Wrinkles identified on the black geomembrane base section on August 
18th, 2012. Both the significant wrinkle (height ≥ 30 mm) pattern and longest 
connected wrinkle highlighted in dark green at: (a), (b) 8:10 at 26°C; (c), (d) 9:33 at 
36°C; and (e), (f) 10:57 at 43°C.   
 

(a) (b)

(c) (d)

(e) (f)

8:10
GMB temp: 26°C
# wrinkles: 20
# HC wrinkles: 8
Length of HC: 18 m

9:33
GMB temp: 36°C
# wrinkles: 41
# HC wrinkles: 8
Length of HC: 24 m

10:57
GMB temp: 43°C
# wrinkles: 80
# HC wrinkles: 48
Length of HC: 117 m
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Figure A.3.2. Wrinkles identified on the black geomembrane base section on August 
18th, 2012. Both the significant wrinkle (height ≥ 30 mm) pattern and longest 
connected wrinkle highlighted in dark green at: (a), (b) 12:08 at 49°C; (c), (d) 13:40 
at 54°C; and (e), (f) 15:10 at 50°C.   

(a) (b)

(c) (d)

(e) (f)

12:08
GMB temp: 49°C
# wrinkles: 99
# HC wrinkles: 72
Length of HC: 173 m

13:40
GMB temp: 54°C
# wrinkles: 117
# HC wrinkles: 86
Length of HC: 202 m

15:10
GMB temp: 50°C
# wrinkles: 120
# HC wrinkles: 96
Length of HC: 241 m
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Figure A.3.3. Wrinkles identified on the black geomembrane base section on August 
18th, 2012. Both the significant wrinkle (height ≥ 30 mm) pattern and longest 
connected wrinkle highlighted in dark green at: (a), (b) 17:00 at 45°C. 

(a) (b)

17:00
GMB temp: 45°C
# wrinkles: 112
# HC wrinkles: 77
Length of HC: 185 m
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Figure A.3.4. Wrinkles identified on the white geomembrane base section on August 
18th, 2012. Both the significant wrinkle (height ≥ 30 mm) pattern and longest 
connected wrinkle highlighted in dark green at: (a), (b) 8:00 at 15°C; (c), (d) 9:10 at 
20°C; and (e), (f) 10:16 at 24°C.   

(a) (b)

(c) (d)

(e) (f)

10:16
GMB temp: 24°C
# wrinkles: 24
# HC wrinkles: 2
Length of HC: 18 m

9:10
GMB temp: 20°C
# wrinkles: 12
# HC wrinkles: 1
Length of HC: 7 m

8:00
GMB temp: 15°C
# wrinkles: 7
# HC wrinkles: 1
Length of HC: 4 m
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Figure A.3.5. Wrinkles identified on the white geomembrane base section on August 
18th, 2012. Both the significant wrinkle (height ≥ 30 mm) pattern and longest 
connected wrinkle highlighted in dark green at: (a), (b) 11:48 at 26°C; (c), (d) 12:46 
at 30°C; and (e), (f) 14:24 at 31°C.   

(a) (b)

(c) (d)

(e) (f)

12:46
GMB temp: 30°C
# wrinkles: 37
# HC wrinkles: 5
Length of HC: 29 m

11:48
GMB temp: 26°C
# wrinkles: 31
# HC wrinkles: 2
Length of HC: 19 m

14:24
GMB temp: 31°C
# wrinkles: 45
# HC wrinkles: 6
Length of HC: 31 m
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Figure A.3.6. Wrinkles identified on the white geomembrane base section on August 
18th, 2012. Both the significant wrinkle (height ≥ 30 mm) pattern and longest 
connected wrinkle highlighted in dark green at: (a), (b) 16:00 at 29°C; and (c), (d) 
17:30 at 26°C.   

(a) (b)

(c) (d)

17:30
GMB temp: 26°C
# wrinkles: 26
# HC wrinkles: 1
Length of HC: 15 m

16:00
GMB temp: 29°C
# wrinkles: 36
# HC wrinkles: 3
Length of HC: 22 m
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Figure A.3.7. Wrinkles identified on the black geomembrane base section on August 
24th, 2012. Both the significant wrinkle (height ≥ 30 mm) pattern and longest 
connected wrinkle highlighted in dark green at: (a), (b) 7:07 at 17°C; (c), (d) 8:00 at 
27°C; and (e), (f) 9:00 at 37°C.   

(a) (b)

(c) (d)

(e) (f)

9:00
GMB temp: 37°C
# wrinkles: 53
# HC wrinkles: 15
Length of HC: 44 m

8:00
GMB temp: 27°C
# wrinkles: 33
# HC wrinkles: 5
Length of HC: 14 m

7:07
GMB temp: 17°C
# wrinkles: 13
# HC wrinkles: 2
Length of HC: 5 m
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Figure A.3.8. Wrinkles identified on the black geomembrane base section on August 
24th, 2012. Both the significant wrinkle (height ≥ 30 mm) pattern and longest 
connected wrinkle highlighted in dark green at: (a), (b) 10:00 at 43°C; (c), (d) 11:00 
at 48°C; and (e), (f) 12:00 at 53°C.   

(a) (b)

(c) (d)

(e) (f)

10:00
GMB temp: 43°C
# wrinkles: 80
# HC wrinkles: 22
Length of HC: 54 m

11:00
GMB temp: 48°C
# wrinkles: 127
# HC wrinkles: 100
Length of HC: 231 m

12:00
GMB temp: 53°C
# wrinkles: 136
# HC wrinkles: 111
Length of HC: 280 m

288 

 



 

 
Figure A.3.9. Wrinkles identified on the black geomembrane base section on August 
24th, 2012. Both the significant wrinkle (height ≥ 30 mm) pattern and longest 
connected wrinkle highlighted in dark green at: (a), (b) 13:00 at 59°C; (c), (d) 14:20 
at 54°C; and (e), (f) 15:07 at 55°C.   

(a) (b)

(c) (d)

(e) (f)

13:00
GMB temp: 59°C
# wrinkles: 145
# HC wrinkles: 110
Length of HC: 269 m

14:20
GMB temp: 54°C
# wrinkles: 130
# HC wrinkles: 103
Length of HC: 264 m

15:07
GMB temp: 55°C
# wrinkles: 122
# HC wrinkles: 102
Length of HC: 250 m
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Figure A.3.10. Wrinkles identified on the black geomembrane base section on 
August 24th, 2012. Both the significant wrinkle (height ≥ 30 mm) pattern and longest 
connected wrinkle highlighted in dark green at: (a), (b) 16:00 at 52°C; (c), (d) 17:00 
at 47°C; and (e), (f) 18:00 at 40°C.   

(a) (b)

(c) (d)

(e) (f)

17:00
GMB temp: 47°C
# wrinkles: 107
# HC wrinkles: 86
Length of HC: 209 m

18:00
GMB temp: 40°C
# wrinkles: 103
# HC wrinkles: 84
Length of HC: 195 m

16:00
GMB temp: 52°C
# wrinkles: 115
# HC wrinkles: 94
Length of HC: 223 m
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Figure A.3.11. Wrinkles identified on the white geomembrane base section on 
August 24th, 2012. Both the significant wrinkle (height ≥ 30 mm) pattern and longest 
connected wrinkle highlighted in dark green at: (a), (b) 7:21 at 14°C; (c), (d) 8:17 at 
20°C; and (e), (f) 9:19 at 26°C.   

(a) (b)

(c) (d)

(e) (f)

9:19
GMB temp: 26°C
# wrinkles: 18
# HC wrinkles: 1
Length of HC: 10 m

8:17
GMB temp: 20°C
# wrinkles: 13
# HC wrinkles: 1
Length of HC: 7 m

7:21
GMB temp: 14°C
# wrinkles: 9
# HC wrinkles: 1
Length of HC: 4 m
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Figure A.3.12. Wrinkles identified on the white geomembrane base section on 
August 24th, 2012. Both the significant wrinkle (height ≥ 30 mm) pattern and longest 
connected wrinkle highlighted in dark green at: (a), (b) 10:19 at 29°C; (c), (d) 11:24 
at 33°C; and (e), (f) 12:23 at 36°C.   

(a) (b)

(c) (d)

(e) (f)

12:23
GMB temp: 36°C
# wrinkles: 51
# HC wrinkles: 9 or 8
Length of HC: 39 m

11:24
GMB temp: 33°C
# wrinkles: 37
# HC wrinkles: 7
Length of HC: 31 m

10:19
GMB temp: 29°C
# wrinkles: 25
# HC wrinkles: 2
Length of HC: 12 m
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Figure A.3.13. Wrinkles identified on the white geomembrane base section on 
August 24th, 2012. Both the significant wrinkle (height ≥ 30 mm) pattern and longest 
connected wrinkle highlighted in dark green at: (a), (b) 13:24 at 38°C; (c), (d) 14:38 
at 36°C; and (e), (f) 15:21 at 36°C.   

(a) (b)

(c) (d)

(e) (f)

15:21
GMB temp: 36°C
# wrinkles: 57
# HC wrinkles: 17
Length of HC: 59 m

14:38
GMB temp: 36°C
# wrinkles: 55
# HC wrinkles: 18
Length of HC: 57 m

13:24
GMB temp: 38°C
# wrinkles: 49
# HC wrinkles: 8
Length of HC: 33 m
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Figure A.3.14. Wrinkles identified on the white geomembrane base section on 
August 24th, 2012. Both the significant wrinkle (height ≥ 30 mm) pattern and longest 
connected wrinkle highlighted in dark green at: (a), (b) 16:12 at 34°C; (c), (d) 17:12 
at 32°C; and (e), (f) 18:11 at 29°C.   
  

(a) (b)

(c) (d)

(e) (f)

18:11
GMB temp: 29°C
# wrinkles: 31
# HC wrinkles: 2
Length of HC: 13 m

17:12
GMB temp: 32°C
# wrinkles: 38
# HC wrinkles: 4
Length of HC: 19m

16:12
GMB temp: 34°C
# wrinkles: 51
# HC wrinkles: 11
Length of HC: 36 m
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Appendix A.4 Summary table of all wrinkle assessments, completed by hand, of 

significant wrinkles on August 18th and 24th, 2012 for the black and white smooth 

geomembrane base sections 
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Table A.4.1. Summary of geomembrane wrinkle hand surveys completed on August 18th and 24th, 2012.  
 
  

Time 
(EDST) 

GMB surface 
temp. 
(°C) # of wrinkles 

Total length of 
wrinkles (m) 

Longest 
connected 

wrinkle 
(m) 

# of wrinkles 
connected 

% of wrinkles 
connected 

(%) 

A
ug

us
t 1

8th
, 2

01
2 B

la
ck

 B
as

e 
8:10 26 20 56 18 8 40 
9:33 36 41 101 24 8 20 

10:57 43 80 180 117 48 60 
12:08 49 99 218 173 72 73 
13:40 54 117 251 202 86 74 
15:10 50 120 279 241 96 80 
17:00 45 112 242 185 77 69 

W
hi

te
 B

as
e 

8:00 15 7 22 4 1 14 
9:10 20 12 40 7 1 8 

10:16 24 24 91 18 2 8 
11:48 26 31 109 19 2 6 
12:46 30 37 124 29 5 14 
14:24 31 45 143 31 6 13 
16:00 29 36 118 22 3 8 
17:30 26 26 86 15 1 4 

A
ug

us
t 2

4th
, 2

01
2 

B
la

ck
 B

as
e 

7:07 17 13 27 5 2 15 
8:00 27 33 70 14 5 15 
9:00 37 53 130 44 15 30 

10:00 43 80 183 54 22 28 
11:00 48 127 277 231 100 79 
12:00 53 136 316 280 111 82 
13:00 59 145 324 269 110 76 
14:20 54 130 303 264 103 79 
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15:07 55 122 293 250 102 84 
16:00 52 115 262 223 94 82 
17:00 47 107 251 209 86 80 
18:00 40 103 233 195 84 82 

W
hi

te
 B

as
e 

7:21 14 9 22 4 1 11 
8:17 20 13 40 7 1 8 
9:19 26 18 67 10 1 6 

10:19 29 25 90 12 2 8 
11:24 33 37 123 31 7 19 
12:23 36 51 151 39 8 18 
13:24 38 49 142 33 8 16 
14:38 36 55 151 57 18 33 
15:21 36 57 162 59 17 30 
16:12 34 51 147 36 11 24 
17:12 32 38 117 19 4 8 
18:11 29 31 100 13 2 6 

 

 

 

 

 

 

 

 

 

297 

 



 

Appendix B                                                                                          

Supplemental material for Chapters 3, 4 and 5                                       

(Chapter 3: Classification and quantification of down-slope erosion 

from a GCL when covered only by a black geomembrane)                                                           

(Chapter 4: Effect of geomembrane colour and cover soil on solar-

driven down-slope bentonite erosion from a GCL)                                                                       

(Chapter 5: Effect of GCL type on down-slope erosion of bentonite from 

a GCL in an exposed composite liner: QUELTS II observations)                                         
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Appendix B.1 Aerial images of GCL surface streaking on slope and base of all test 

sections during field inspections  
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Figure B.1.1. Aerial images showing GCL surface streaking on the slope and base of 
GCL2 beneath a black geomembrane during the: July 2012 inspection (1.6 months 
exposure), August 2012 inspection (3.5 months exposure), November 2012 inspection 
(6 months exposure), and August 2013 inspection (15 months exposure). 
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Figure B.1.2. Aerial images showing GCL surface streaking on the slope and base of 
GCL2 beneath a white geomembrane during the: July 2012 inspection (1.6 months 
exposure), August 2012 inspection (3.5 months exposure), November 2012 inspection 
(6 months exposure), and August 2013 inspection (15 months exposure). 
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Figure B.1.3. Aerial images showing GCL surface streaking on the slope and base of 
GCL5 beneath a black geomembrane during the: August 2012 inspection (3.5 
months exposure), November 2012 inspection (6 months exposure), and August 2013 
inspection (15 months exposure). 
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Figure B.1.4. Aerial images showing GCL surface streaking on the slope and base of 
GCL6 beneath a black geomembrane during the: August 2012 inspection (3.5 
months exposure), November 2012 inspection (6 months exposure), and August 2013 
inspection (15 months exposure). 
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Figure B.1.5. Aerial images showing GCL surface streaking on the slope and base of 
GCL7 beneath a black geomembrane during the: August 2012 inspection (3.5 
months exposure), November 2012 inspection (6 months exposure), and August 2013 
inspection (15 months exposure). 
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Figure B.1.6. Aerial images showing no GCL surface streaking on the slope and base 
of GCL8 beneath a black geomembrane during the: August 2012 inspection (3.5 
months exposure), November 2012 inspection (6 months exposure), and August 2013 
inspection (15 months exposure). 
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Appendix B.2 Procedure for capturing light panel photos in the field  
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The following is a nondestructive field method for investigating bentonite erosion from a 

GCL while minimizing the disturbance to the liner system. The method involves a thin 

light emitting diode (LED) light panel that is fixed to an aluminium tray and slid beneath 

the GCL panel, with access obtained at the GCL panel overlaps. 

Materials required 

-LED light panel (300 x 300 x 8 mm) installed on aluminum tray 

-detachable aluminum pushing/pulling arms for aluminum tray 

-wooden dowels for slight GCL lift 

-extension cord  

-portable generator 

-Canon EOS 300D digital SLR camera 

-camera wire trigger 

-61” tripod 

-portable dark room with internal lights 

-frame with embedded blue LED lights (inner dimensions of 360 x 360 mm) 

Procedure 

1. Place LED light panel on an aluminum tray and secure in place. This prevents damage 

to the light panel and improves ease of installation.  

2. Plug in the light panel to the generator via an extension cord. 

3. Slide the aluminum tray with the light panel beneath the GCL with access at the GCL 

panel overlaps and adjust the panel to its desired location. If the GCL location to be 

inspected is more than 0.5 m from the edge of the panel, the detachable aluminium 

pushing/pulling arms may be secured to the tray prior to installation below the GCL 
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which can then be used to push the tray to its desired location. As well, wooden dowels 

can be placed beneath the GCL prior to installing the light panel to lift the GCL slightly. 

This will reduce the force required to slide the light panel beneath the GCL and prevent 

plowing of foundation soil during installation.  

4. Once the light panel is in place, the frame should be placed on top of the GCL surface 

directly above the light panel. This frame identifies the location of the light panel as well 

as provides scale in the dark room photos with its embedded LED lights.  

5. Next the portable dark room is placed on top of the GCL surface surrounding the light 

panel and frame. 

6. Mount the camera to the tripod and place inside the portable dark room. The tripod legs 

should be placed on the outside of the frame and away from the light panel to prevent any 

obstruction. The camera lens should be perpendicular to the GCL surface. The tripod 

height should be adjusted to fit inside the portable dark room (height between 1 to 1.5 m 

depending on the size of the portable dark room) and at a height capable of capturing the 

light panel and frame in each photo.  

7. Specific camera setting should be used. The camera should be set to automatic settings 

with two manual setting changes, the focal length and the exposure time. The camera 

focal length should be set to 18 mm with the shutter speed set to 3”2. This shutter speed is 

only applicable for field photos where external light from the sun often penetrates through 

the portable dark room, requiring a longer shutter speed to capture the more discrete light 

passing through the GCL. If there is extensive light penetration through the portable dark 

room, the shutter speed may need to be increased slightly. If there is no external light 

penetration, the shutter speed may need to be decreased slightly. Judgement should be 
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made to produce photos where light passing through the GCL is visible without light 

bleed due to over exposure which can exaggerate the size of the light features seen 

through the GCL.      

8. Once the camera settings have been adjusted, the wire trigger should be attached to the 

camera. Do a final check to ensure that the camera field of view is capturing the area of 

GCL being inspected with the light panel.  

9. Once all components are in place, turn on the internal lights in the portable dark room 

and focus the camera using the automatic focus. When the camera has focused, turn off 

the automatic focus on the camera, taking special care not to jolt or move the tripod or 

camera. 

10. With all adjustments made, close the lid of the portable dark room. Activate the 

camera trigger to take the first GCL surface photo, with the light panel and internal lights 

on. Then turn the internal lights off and activate the camera trigger for a second time to 

take a GCL surface photo in the dark room with the internal light source off and light 

panel on.  

11. Open the portable dark room and check the photos. Make sure the pictures are in 

focus and that the camera did not move between photos. As well, double check the 

exposure in the photos and make sure there is no light bleed from the features in the GCL. 

If any of these issues are observed in the pictures, adjustments should be made and the 

process should be repeated until the desired quality of photo is achieved, where the 

erosion features observed in the field are properly represented in the light panel photos.  
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12. Erosion feature dimensions should be measured in the field by hand during the time of 

inspection and not from the light panel photos themselves to obtain accurate feature 

dimensions.  
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Appendix B.3 Laboratory versus field results for down-slope bentonite erosion 
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A bench scale laboratory test to study down-slope bentonite erosion was developed by 

Ashe et al. (2014a) to investigate whether the erosion of bentonite from a GCL observed 

in the field could be simulated. The laboratory test involved a 350 x 550 mm GCL sample 

placed on a Perspex tray angled at a 3H:1V slope and secured to the tray with a 25 mm 

wide clamp at the top of the GCL. Moisture barrier tape was secured along all edges of 

the sample to prevent moisture and bentonite loss at the edges. Each test involved 

multiple 24 hr cycles with an 8 hr hydration period followed by a 16 hr drying period. 

The 8 hr hydration cycle involved flowing deionized water onto the surface of the GCL at 

a typical rate of 3 L/hr (although effect of flow rate was examined) from a constant head 

reservoir through a needle-valve positioned at the top of every GCL sample 

approximately 50 mm above the GCL surface with the effluent funneled into a collection 

bucket. During the drying phase, the water source was turned off and the GCL was 

allowed to air dry for 16 hrs at room temperature.  

 Prior to the erosion test, each GCL sample was subjected to an initial wet-dry 

cycle. This initial wet-dry cycle was used to simulate the wet-dry cycles an exposed liner 

would experience in the field. To do this, a commercial spray bottle was used to 

uniformly hydrate the GCL with deionized water to achieve 100% gravimetric water 

content. After spraying was completed, the GCL was left for an additional 24 hrs to allow 

the GCL hydration to equilibrate. Following the hydration stage, the GCL was dried in an 

oven at 60°C for 15 hrs.     

Table B.3.1 shows a comparison of laboratory observations made by Ashe et al. 

(2014b) for the same configurations as in the field and the field observations discussed in 

this Chapter for GCL2, and GCL5 - GCL8. Ashe et al. (2014b) observed erosion features 
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for GCL2, GCL5 and GCL6. In the laboratory, the powdered bentonite GCL products, 

GCL5 and GCL6, eroded after 3 and 5 cycles while the fine grained bentonite product, 

GCL2, eroded after 5 - 6 cycles. At QUELTS II, GCL5 and GCL6 did not experience any 

significant erosion (i.e., nothing larger than an ‘e’) after 28 months exposure while GCL2 

experienced erosion after 6 months exposure. The varying erosion behaviour observed in 

the laboratory and field for GCL5 and GCL6 may be attributed to several factors affecting 

erosion: bentonite granularity, type of bentonite and processing, type of geotextile and 

mass per unit area of bentonite. All of which may contribute to the erosion resistance of 

GCL5 and GCL6 in the field and their erosion susceptibility in the laboratory. In the 

laboratory tests, GCL7 and GCL8 did not experience any erosion after 60 cycles, 

although GCL7 did have expanded desiccation cracks that are a precursor to the 

development of an erosion feature. In the field the performance of GCL7 was very 

consistent with the laboratory study for the first 15 months but after 28 months exposure 

it did experience erosion in the field. Although more research is needed to establish the 

reason, it is hypothesised that the polymer was leached out of the bentonite at locations of 

higher flow at some time between 13 and 28 months and once the polymer was removed 

the bentonite was free to erode. Significant erosion features only occurred at two 

locations with an eroded area approximately 0.04 m2 in over 380 m2 (i.e., 0.01%) of 

GCL7 placed in the field.    

GCL8 performed better than any other GCL product in both the laboratory tests 

and in the field showing no signs of erosion after 60 cycles in the laboratory experiment 

and no evidence of erosion after 28 months in the field. In the laboratory, the 

polypropylene coating prevented the constant water source from infiltrating through the 
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upper geotextile and washing out the bentonite. In the field, an intact coating prevents 

moisture from passing through the upper geotextile into the GMB-GCL interface which 

removed the erosion water source all together.   
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Table B.3.1. Comparison of bench scale laboratory test results and field observed 
erosion.  
 

GCL 
GCL 

configuration 

Laboratory results 
(Ashe et al. 2014b) Field results 

Erosion 
occurred? Cycles 

Erosion 
occurred? 

Time to 
erosion 

(months) 
GCL2 nonwoven up Yes 5-6 Yes 61 

GCL5 nonwoven up Yes 3 No -2 
GCL6 nonwoven up Yes 5 No -2 
GCL7 nonwoven up No -3 Yes 28 
GCL8 woven, coating up No -4 No -2 

1 GCL2 beneath a black geomembrane.  
2 No erosion observed after 28 months of exposure.  
3 No erosion observed after 60 cycles but widening of desiccation cracks that are a  
  precursor to erosion. 
4 No erosion observed after 60 cycles. 
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Appendix B.4 The effects of dry sieving versus wet sieving on soil characterization 

and spatial variability of soil properties across one particular test site (QUELTS II)  
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Based on dry sieve analyses, the subgrade material from QUELTS has been classified as a 

silty sand (Brachman et al. 2007; Rayhani et al. 2011) with 35% non-plastic fines passing 

the No. 200 sieve (0.075 mm).  The current study identified the effects of dry sieving 

versus wet sieving on the classification of the soil and also examined the spatial 

variability of the soil across the lined region of QUELTS II.  

Gravimetric water content and both dry and wet sieve analyses were performed on 

surficial soil samples extracted along the centre-line of each GCL panel immediately 

before each GCL panel was installed during construction. Table B.4.1 summarizes the 

GCL panel number, test section, location relative to the crest of the slope (distances 

exceeding 20 m is located on the base portion of the site), the gravimetric water content, 

and the percent fines based on both the wet and dry sieve analyses at a number of these 

locations (ASTM D2217(withdrawn 2007); ASTM D422). Figure B.4.1 shows a contour 

map of the gravimetric water content across the full site determined from the surficial soil 

samples (ASTM D4643). The soil was non-plastic with negligible clay. The wet sieve silt 

content (passing the No. 200 sieve) was consistently higher than the dry sieve silt content. 

The wet sieve silt content ranged from 33% to 80% while the dry sieve silt content ranged 

from 31% to 57%. The largest difference between the wet and dry sieve silt content was 

31% observed for a sample with an initial water content of 15% to 16%. Generally the 

higher the initial water content, the higher the percent silt content as expected since the 

silty fines have a higher capacity for water retention. Some exceptions were observed (i) 

samples near the south anchor trench on Panels 7 to 18 had higher water contents (10% to 

14%) with lower silt contents (45% to 58%, wet sieve) likely due to the slight (3%) slope 

on the  base directing moisture to this area; and (ii) samples on GCL Panel 18 generally 
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had higher initial water contents with lower silt contents, since this portion of the site was 

unlined for QUELTS I and added to the lined portion of QUELTS II, exposing the soil to 

precipitation prior to covering with liner material.  

Spatial variability of the soil was observed across the site. The western half of the 

site (GCL Panels 1 to 7), was generally siltier with higher initial water contents than the 

eastern half of the site (GCL Panels 8 to 18) which was generally sandier with lower 

initial water contents. Local variability was also observed where two soil samples on 

Panel 11, 2 m apart, had very different initial water contents (16% and 7%) and wet sieve 

silt contents (74% and 34%). The initial water content and the grain size of the soil can be 

expected to impact the hydration of the overlying GCL and, at least in part, helps explain 

variable hydration of a given GCL.  

Wet sieving allows hydration and breakup of any sand sized clods in the soil 

resulting in higher silt content than when dry sieved where these same dry clods would be 

retained on the #200 sieve. Since the subgrade is not fully saturated, the wet sieve 

analysis likely overestimates the silt content that would influence moisture uptake from 

the subgrade and in reality the natural subgrade likely behaves as a material with silt 

content between the wet sieve upper bound and the dry sieve lower bound. All of the dry 

sieve analyses (except 4) classify the soil as silty sand which is consistent with Rayhani et 

al. (2011) and Brachman et al. (2007). With the wet sieve method, the soil is classified as 

either silty sand, sandy silt or silt with sand. The western half of the site (GCL Panels 1 to 

9) is sandy silt and silt with sand while the eastern half of the site (GCL Panels 13 to 18) 

is sandy silt and silty sand.  
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Table B.4.1. Variability of soil moisture content and grain size distribution obtained 
from surficial soil samples collected prior to the installation of each GCL panel. 
 

 Panel 
# 

Distance from 
top of slope  

(m) 

Gravimetric 
water content1  

(%) 

Percent passing 
No. 200 sieve, wet 

sieve2  
(%) 

Percent passing 
No. 200 sieve, 

dry sieve3 
(%) 

0.3m 
gravel/GTX/ 
black GMB: 
GCL2 

1 10 13 716 535 

2 32 13 736 515 

White GMB:  
GCL2 4 0, 10, 20, 28 11, 12, 15, 11 695, 695, 806, 685 484, 484, 494, 464 

Black GMB: 
GCL2 

6 0, 10, 20, 30 13, 10, 16, 9 796, 716, 766, 675 -, -, -, - 

7 20, 36 15, 11 736, 575 434, 575 

8 0, 10, 20, 36 15, 11, 9, 13 746, 706, 655, 505 474, 404, 464, 434 

Black GMB: 
GCL5 

9 20, 36 7, 8 645, 595 484, 424 

11 8, 28, 30 9, 16, 7 575, 746, 344 494, 434, 294 

Black GMB: 
GCL7 13 8, 36 9, 13 434, 505 364, 404 

Black GMB: 
GCL6 

14 8, 18, 26, 36 7, 5, 7, 13 344, 334, 474, 545 314, -, 414, 394 

16 18, 26, 36 7, 10, 14 414, 454, 585 364, 344, 404 
Black GMB: 
GCL8 18 0, 38 14, 12 444, 535 -, 535 

1 Following ASTM D4643. 
2 Following ASTM D2217 (withdrawn 2007). 
3 Following ASTM D422. 
4 Silty sand (SM)   
5 Sandy silt  
6 Silt with sand 
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Figure B.4.1. Contour map of soil gravimetric water content, measured from 
surficial soil samples collected every 2 m down the centre-line of each GCL panel 
just prior to liner installation, across the lined region of QUELTS II. 
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Appendix C                                                                                          

Supplemental material for Chapter 6                                                               

(Field observed GCL panel shrinkage for five GCLs left covered only by 

a black geomembrane) 
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Appendix C.1 Method for determining tolerance of overlap reduction hand 

measurements in the field 
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The accuracy of the GCL panel overlap reduction measurements was specified by 

calculating the difference between the actual field hand measurements recorded during 

each field inspection and measurements made from field inspection photographs after the 

fact. Table C.1.1 shows the calculation of this accuracy, estimated to be ~5 mm on 

average.  

 
Table C.1.1. Determining tolerance of GCL panel shrinkage hand measurements. 
 

Overlap 

Distance 
from crest  
of slope  

(m)  
Date 

measured 

Obtained from  
field pictures  

(mm) 

In field 
measurements 

(mm) 
Difference    

(mm) 
B6/B7 38 May-13 179 180 1 
B4/B5 28 May-13 100 100 0 
B17/B18 34 May-13 141 135 6 
B17/B18 30 May-13 153 152 1 
B17/B18 26 May-13 157 160 3 
B3/B4 24 Aug-13 102 110 8 
S3/S4 4 Aug-13 117 120 3 
B7/B8 40 Aug-13 145 147 2 
B12/B13 38 Aug-13 198 185 13 
S3/S4 8 Aug-13 107 110 3 

    
Average  4 

    
Std. dev.  4 
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Appendix C.2 Panel overlap reduction for all overlaps monitored, measured every 

two metres during each field inspection
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Figure C.2.1. Panel overlap reduction for both GCL panel overlaps (6/7 and 7/8) of 
GCL2 beneath a black geomembrane, measured every two metres during each field 
inspection, up to 28 months exposure (September 2014).  
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Figure C.2.2. Panel overlap reduction for both GCL panel overlaps (3/4 and 4/5) of 
GCL2 beneath a white geomembrane, measured every two metres during each field 
inspection, up to 28 months exposure (September 2014). 

328 

 



 

 
Figure C.2.3. Panel overlap reduction for both GCL panel overlaps (9/10 and 10/11) 
of GCL5 beneath a black geomembrane, measured every two metres during each 
field inspection, up to 28 months exposure (September 2014). 
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 Figure C.2.4. Panel overlap reduction for both GCL panel overlaps (14/15 and 
15/16) of GCL6 beneath a black geomembrane, measured every two metres during 
each field inspection, up to 28 months exposure (September 2014). 
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Figure C.2.5. Panel overlap reduction for the one GCL panel overlap (12/13) of 
GCL7 beneath a black geomembrane, measured every two metres during each field 
inspection, up to 28 months exposure (September 2014). 
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Figure C.2.6. Panel overlap reduction for the one GCL panel overlap (17/18) of 
GCL8 beneath a black geomembrane, measured every two metres during each field 
inspection, up to 28 months exposure (September 2014).  
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Appendix C.3 Maximum overlap reduction on all base sections during each field 

inspection 
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Figure C.3.1. Maximum shrinkage observed on the base for all test sections at 
QUELTS II during each field inspection, up to 28 months exposure (September 
2014). 
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