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Abstract 

  Intact geomembranes are barriers to advective aqueous flow and are often a key component in 

the design of composite bottom liner and cover systems.  During installation, the combination of 

solar heating, a high coefficient of expansion, and the stiffness of high density polyethylene 

(HDPE) causes the geomembrane to expand and buckle, forming wrinkles (waves).  Up to 20 – 

30% of the area of the geomembrane may be below hydraulically connected wrinkles, which 

could substantially increase leakage through the composite liner if there is a hole on or near a 

wrinkle in the connected network.  To quantify wrinkles at the field scale, a technique for low 

altitude aerial photography and photogrammetric correction was developed. 

Wrinkles were quantified for nine field cases involving a variety of installation (area, 

geomembrane thickness and texture, orientation, subgrade) and weather conditions.  The 

technique was used to quantify the geometry of individual wrinkles (length, width and area) and, 

more importantly, the length of the longest hydraulically connected wrinkle at each time.  Hand 

measurements of height and width were conducted at five of the cases.  Air temperature, solar 

radiation, and geomembrane surface temperature was recorded as permitted by site conditions 

and instrumentation. 

The longest measured connected wrinkle was 5330 m on a 0.61 ha slope.  For a 1.5-mm-

thick geomembrane, the average wrinkle width over a GCL was 0.20-0.23 m and 0.24 – 0.32 m 

over a CCL.  The average hand-measured wrinkle height was 0.06 m, and the tallest wrinkle 

measured was 0.18 m.  The longest connected wrinkle length was <200 m when the sum of the 

wrinkle lengths was < 580 m (<8% of the area of the geomembrane was wrinkles).  The reported 

connected wrinkle lengths are significantly longer than previously reported values. When used as 

input into an existing theoretical leakage solution, these very long wrinkles can explain previous 

large field measurements of leakage. The results also suggest that simply limiting the time of day 
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when cover soil is placed and/or reducing the area in which wrinkles can form may greatly reduce 

the length of connected wrinkles after covering. 
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Glossary 

Buckling – out-of-plane bending under compressive stress, when the ultimate compressive 

strength of the material is greater than the actual compressive stress at the location of 

failure. 

CCL – compacted clay liner. 

CMOS – complementary metal oxide semiconductor, a technology used in analog image sensors 

in digital cameras, which use low power unless the sensor is being switched between on 

and off, and has low electronic noise.  

Composite liner – a geomembrane installed over a compacted clay liner (CCL) or geosynthetic 

clay liner (GCL). 

Conduction – heat transfer due to a temperature gradient through a material or between objects 

from areas of higher temperature (and energy) to areas of lower temperature.  

Convection – energy exchange between a body and the surroundings by heat transported by the 

movement of a fluid (i.e., the movement of wind).  The energy exchange is due to both 

diffusion (random individual particle movement) and advection, where heat is transported 

by the similar movement of many particles.  

Creep – the time-dependent deformation of a solid material under stress, when the stress is less 

than the yield strength.  The deformation is higher when the temperature is closer to the 

melting point of the solid. 

GCL – geosynthetic clay liner, in the cases in this thesis, is a layer of bentonite between a lower 

carrier geotextile and an upper geotextile, that has been needlepunched together for sheer 

strength and compressing the bentonite as it expands when hydrated. 
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Heat flux – rate of heat energy transfer through a surface area [W/m2], where a watt is one joule 

per second.  It is a vector, therefore the heat flux must be integrated over the surface area 

in a heat balance equation to find the energy balance.  

lphd – litres per hectare per day. 

Radiation heat transfer – electromagnetic radiation that is emitted or absorbed by a body (the 

geomembrane absorbs solar radiation). 

Scrim reinforced – a nonwoven geotextile needlepunched to a woven geotextile. 

Temperature – the quantification of hot and cold; the Celcius scale is used in the thesis.  

Temperature varies with the average speed of the particles in the measured medium, with 

higher speed corresponding to higher temperatures.   

Thermal conductivity – the ability of a material to transfer heat through a material in the absence 

of convection [W/m/oC].  Higher thermal conductivity corresponds to a faster rate of heat 

movement than low thermal conductivity. 

Thermal diffusivity – at constant pressure, the material thermal conductivity divided by its 

density and specific heat capacity [m2/s].  A material with a high thermal diffusivity 

conducts heat quickly, and therefore changes temperatures rapidly.  

Transmissivity – generally, the horizontal flow of water in an aquifer, which is proportional to the 

horizontal hydraulic conductivity and the thickness of the layer [m2/s].  Specifically in 

this thesis, it refers to horizontal fluid flow between the geomembrane and the underlying 

clay layer. 

QUELTS – Queen’s University Exposed Liner Test Site. 
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CB  coefficient describing shape of edges of the holes [-] 

Cp   specific heat of soil [J kg-1 °C-1] 

b half of wrinkle width [m] 

D thickness of clay liner [m] 

G solar energy per unit area [W m-2] 

g  gravitational acceleration [ms-2] 

h heat exchange coefficient [Wm-2 oC-1] 

hd  head loss across composite liner [m] 

hw  head pressure over the hole [m] 

k hydraulic conductivity of clay liner [ms-1] 

L  length of connected wrinkle [m] 

Q leakage [m3s-1] 

ro  radius of the hole [m] 

Ta  ambient air temperature [°C] 

TGM  surface temperature of the geomembrane [°C] 

Ti initial soil temperature [oC] 

t time [s] 

x  vertical distance below top/bottom surface of geomembrane [m] 

α  coefficient of absorbed solar energy [-] 

δ depth of heat front in soil [m] 

λ thermal conductivity of the soil [Wm-1 oC-1] 

φ heat flux in soil per unit area [W m-2] 

μGM  mass per unit area of geomembrane [kg m-2] 

θ transmissivity of the GM-clay liner interface [m2s-1] 
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Chapter 1 

Introduction 

  

1.1 Geomembranes in composite liners 

A geomembrane used for geotechnical barrier applications (e.g., waste covers or base liners for 

landfills or containment ponds) is commonly a thin (1.5 to 2.5 mm thick) high density 

polyethylene (HDPE) sheet, which is used to reduce groundwater contamination via advection.  A 

geomembrane overlying a low permeability geosynthetic clay liner (GCL) or compacted clay 

liner (CCL) forms a composite liner which greatly reduces leakage through the liner compared to 

a single geomembrane or clay liner (e.g., Rowe  2012).  To maximize the barrier capabilities of 

the composite liner, there generally should be close contact between the geomembrane and the 

clay liner and hence a very limited number of wrinkles, especially wrinkles with a long connected 

length (e.g., Rowe 1998, 2005, 2012).   

1.2 Description of problem 

Historically, achieving continuous close contact has been a problem during installation of 

geomembranes (and possibly during its service life if it is left exposed) because the geomembrane 

will expand when heated during exposure to solar radiation.  The geomembrane is generally 

restrained from lateral expansion by interface friction with the subgrade, by ballast/sandbags, 

and/or anchor trenches; therefore, when it experiences thermal expansion, the geomembrane will 

buckle upwards forming a wrinkle or wave (e.g., Giroud and Morel 1992, Giroud 1995, Rowe 

1998, Giroud 2005), leaving a space between the geomembrane and underlying material (Figure 

1-1). 

 



 

  2

When subject to overburden pressure, wrinkles may reduce in height and width, but may not 

flatten (Soong and Koerner 1998, Gudina and Brachman 2006, Brachman and Gudina 2008).  

The tensile strains from the overlying gravel drainage layer may also be increased at wrinkles 

(Gudina and Brachman 2006, Brachman and Gudina 2008) which increases the probability of a 

hole forming at a wrinkle. 

1.2.1 Holes in wrinkles 

Leakage estimates for composite liners assume that there are holes in the geomembrane.  Holes 

can originate from damage during manufacturing and transport, installation and seaming, placing 

the soil drainage layer, the passage of heavy equipment, and from stress cracking (Rowe et al. 

2004, Rowe 2012).   Giroud and Bonaparte (2001) estimated 2.5 to 5 holes/ha be used to calculate 

leakage when there is scrupulous quality assurance during installation. Nosko and Touze-Foltz 

(2000) reported 3 holes/ha after installation and 12 holes/ha after the placement of the overlying 

drainage layer.  Additional holes that may occur due to stress-cracking as the geomembrane ages 

have not been accounted for in these estimates. 

 

The presence of a hole in or near a wrinkle in a geomembrane in a composite liner transforms the 

wrinkle into a conduit, allowing fluid (e.g. leachate) to flow horizontally (i.e., along the distance 

L and across 2b of Figure 1-2).  Not only does the pressure head above the geomembrane fill the 

void between the geomembrane and the clay liner with leachate, but it also creates a wetted radius 

surrounding the wrinkle, where fluid passes through the low transmissivity interface between the 

geomembrane and clay liner (Figure 1-1).  The leakage below the area near a wrinkle or hole 

where the geomembrane and clay are “in contact” is a function of: effective overburden pressure; 

hydraulic conductivity and thickness of the clay liner; hydraulic head on the geomembrane; and 
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most importantly on the interface transmissivity (e.g., Rowe 1998, Rowe et al. 2004; Chai et al. 

2008; Rowe 2012).  This preferential pathway increases the potential flow through the composite 

liner by increasing the available horizontal area that the fluid can flow across, and then down 

through the clay liner.  The wetted radius can allow a hydraulic connection between two or more 

wrinkles increasing the significance of the wrinkles as single hydraulic feature for advection 

through the clay liner. 

1.2.2 Leakage through a hole in a wrinkle 

Results from theoretical solutions reported by Rowe (1998, 2005) have shown the importance of 

wrinkles when assessing potential flow through holes in geomembranes.  Rowe (1998) 

considered the case of a wrinkle in a geomembrane in a composite liner, and presented an 

analytical solution that allows the calculation of the leakage through a connected wrinkle with a 

hole which assumes an average wrinkle width for all of the connected wrinkles:  

     Q = 2 L [k b + (k D θ) 0.5] hd / D            [1-1] 

where Q is the leakage [m3/s], L is the length of the connected wrinkle [m]; b is half of the width 

of the wrinkle [m]; k is the hydraulic conductivity of the clay liner [m/s]; θ is the transmissivity of 

the GM-clay liner interface [m2/s]; hd is the head loss across the composite liner [m]; and D is the 

thickness of the clay liner [m].  The transmissivity of geomembrane-clay interfaces has been 

measured at the laboratory scale (e.g., Harpur et al. 1993, Barroso et al. 2008, 2010, and Mendes 

et al. 2010).  Using available data for typical leachate heads, liner hydraulic conductivity, liner 

thickness and interface transmissivity, Rowe (2005) used the Rowe (1998) equation to 

demonstrate that observed leakage (Bonaparte et al. 2002) through primary liners in double lined 

landfills was considerably greater than would be expected for the typical number of holes in 

geomembranes, if the geomembrane was in ‘poor’ to ‘good’ contact (i.e., 1.6x10-8 < θ <1x10-7 
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m2/s for a geomembrane/CCL with the underlying clay liner (Rowe 1998)).  Nonetheless, the 

observed leakage could be explained by fewer holes in wrinkles in the geomembrane using 

Equation 1-1 with a range of connected wrinkle lengths between about 100 - 2000 m for the 

higher flows reported.  However at that time there was little data to confirm the likely length and 

width of wrinkles that might be expected. 

1.3 Previous work 

Prior to this body of research, there had been some small-to-medium scale work on geomembrane 

thermal expansion and wrinkles.  Giroud and Peggs (1990) reported that a temperature increase in 

the geomembrane to 50°C could cause a wrinkle height of about 0.1 m for HDPE geomembranes.   

 

Giroud and Morel (1992) developed an equation for the relationship between the height, width 

and spacing of wrinkles with geomembrane properties (density, thickness, coefficient of thermal 

expansion, modulus of elasticity), and external factors (interface friction, geomembrane 

temperature change). Wrinkles with a height of 0.10 m with 10 m spacing were predicted for a 

temperature increase of 40oC in a HDPE geomembrane.  

 

Pelte et al. (1994) developed an equation to describe the relationship between air temperature, 

soil temperature, solar radiation, wind speed, and the surface temperature of the geomembrane 

(for details, see Appendix C).  Wrinkles were also observed in a 30 m by 30 m cell with a 1.5 mm 

HDPE geomembrane overlying compacted clay.  Large wrinkles occurred at the seams, parallel 

to the roll direction.  The wrinkles reportedly ranged from 0.05 - 0.1 m in height and 0.2 - 0.3 m 
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in width spaced at 4 to 5 m.  Small wrinkles (less than 0.05 m high and 0.2 m wide) were also 

reported perpendicular to the seams.   

 

A 1.5-mm-thick HDPE geomembrane was carefully unearthed after eight years of service at a 

municipal solid waste landfill by Koerner et al. (1999).  The height of the exhumed wrinkles 

reportedly varied from 0.05 – 0.8 m, and they appeared to be influenced by both the direction of 

backfilling of the leachate collection system granular soil and the geometrically complicated pit 

for the leachate collection and detection systems in the double liner.  It is possible that a smooth 

geomembrane was used on this slope: the texture of the geomembrane was not noted, although in 

the appendix of the paper, it is suggested that textured geomembrane should be used on slopes 

and in high traffic areas to increase friction and decrease wrinkles.  Although backfilling changed 

the geometry of the wrinkles, the slack in the geomembrane remained.   

 

Observing a 2 mm HDPE geomembrane on a CCL in a 7.5 by 7.5 m seamless area anchored by 

sand berms, Touze-Foltz et al. (2001) reported wrinkle heights between 0.05 and 0.13 m, wrinkle 

widths between 0.1 and 0.8 m, and spacing between wrinkles of between 0.3 and 1.6 m.  All of 

the wrinkle lengths were shorter than 4 m, and most of the wrinkles were on the scale of 1 – 2 m 

long.  The wrinkles mainly developed in the roll direction and the cross roll direction. 

 

Bonaparte et al. (2002) presented leakage and construction quality control data from 72 landfill 

cells with liners composed of: a single geomembrane; a geomembrane/GCL composite liner; and 

one geomembrane/GCL over a CCL composite liner.  For the composite liners, typical leakage 

during the active and post-closure time frames through a geomembrane/GCL and a 
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geomembrane/CCL were 0.6 - 1.5 and 50-90 lphd, respectively.  Using the leakage and quality 

control data from Bonaparte et al. (2002), Rowe (2005) found that between 15 and ≥ 100 holes 

per hectare were necessary to explain the typical range of leakages (0.6 – 1.6 lphd) through a 

geomembrane/GCL composite liner if the hole was directly on the GCL, with poor to good 

transmissivity conditions, and 40 – 100 holes would be required to describe typical leakage 

through a geomembrane/CCL composite liner (50 – 90 lphd).  Since these ranges of numbers of 

holes are much greater than the range of 2.5 – 5 holes per hectare for the installation of 

geomembranes with good construction quality control (Giroud and Bonaparte 2001), a case is 

made to explain the leakage rates with a much smaller number of holes located at or near 

wrinkles: 1-3 holes/ha in separate 100-m-long wrinkles for a geomembrane/CCL composite liner; 

and 5 holes in 100-m-long wrinkles for a geomembrane/GCL (Rowe 2005). 

 

Rowe et al. (2004) reported at least 81 wrinkles in an approximately 630 m2 (0.06 ha) landfill 

cell.  There was reportedly no wrinkling pattern, which increased the difficulty of quantification. 

Wrinkles formed on the seams of the geomembrane, as well as in other orientations.  The shortest 

wrinkles were about 1 m long, and the longest wrinkle was at least 17 m (possibly extended the 

length of the ≈ 40 m cell).  The shortest distance between wrinkles was ≈ 0.5 m.  The long 

wrinkles on the seams appeared to be very close to, or intersecting, wrinkles perpendicular to the 

seams and inclined to the seams, which would allow hydraulic connections between the wrinkles. 

1.4 Research objectives 

There is very little data in the literature describing geomembrane wrinkles that develop at the 

field scale, and no data on the potential length of hydraulically connected wrinkles (L in Equation 

1-1, and Figure 1-2).  Consequently, it is difficult for engineers to estimate potential leakage 
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through composite liners.  Also there are no guidelines to diminish the connected length or 

number of wrinkles.  The quantification of field scale geomembrane wrinkles in this thesis will 

provide insight into the magnitude of connected wrinkles, and recommendations will be made to 

reduce the wrinkles in a geomembrane that persist after installation and covering.  The longest 

connected wrinkle length, area of geomembrane under wrinkles, and average wrinkle width are 

the parameters of interest.  The specific objectives of the research are to: 

1. Develop a technique for capturing and processing digital images used for field scale 

wrinkle quantification.  

2. Quantify the wrinkles that formed in a smooth, black, 1.5-mm-thick, HDPE 

geomembrane overlying a GCL at one particular landfill over the course of a sunny, 

summer day during a large-scale installation.  The quantification of the wrinkles includes 

the length of the longest connected wrinkle, as well as the number, distribution, length 

and width of wrinkles that were present at discrete times.   

3. Quantify the length of the longest hydraulically connected wrinkles that formed in an 

exposed black HDPE geomembrane as part of a composite liner at the Queen’s 

University Environmental Liner Test Site (QUELTS) at different times of the day and 

year over a period of several years on both a 3% base slope and 3H:1V side slope facing 

south.  This includes examining the factors that influence the energy input to the 

geomembrane that give rise to the wrinkling, and investigating the changes in width and 

height of wrinkles with time.    

4. Compare the length of the longest connected wrinkles that formed in an exposed black 

HDPE geomembrane for nine cases at different times of the day over a period of three 
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summers.  Quantified conditions include base and 3H:1V side slopes, textured or smooth 

geomembrane.  The changes in width and height are also explored. 

1.5 Scope and format of the dissertation 

The format of this thesis is in agreement with the Manuscript Format of the School of Graduate 

Studies at Queen’s University in Kingston, Ontario.  Chapters Two, Three, Four, and Five are 

original manuscripts incorporated as chapters.  The details of the methods of data collection and 

quantification are described in Chapter Two, “Quantifying Geomembrane Wrinkles Using Aerial 

Photography and Digital Image Processing”.  Chapter Three, “Large-Scale Quantification of 

Wrinkles in a Smooth, Black, HDPE Geomembrane” (Chappel et al. 2012, reproduced with 

permission from ASCE found in Appendix I) describes the change in wrinkles at one site over the 

period of one day.  The fourth Chapter, “A Field Study of Wrinkles in a Geomembrane at a 

Composite Liner Test Site” is the quantification of wrinkles at one site over three years, 

presenting changes over different times of the day, and seasonal changes.  In Chapter Five, “A 

Comparison of Geomembrane Wrinkles at Nine Field Case Studies”, relationships between 

wrinkle lengths and geometry are compared to installation conditions.  Chapter Six will draw 

conclusions and future recommendations from the body of research. 

1.6 Original contribution 

The original contributions in this thesis are summarized as follows: 

• A novel method of quantifying geomembrane wrinkles at the field scale is presented and 

applied to nine case sites, which range from 0.15 to 0.95 ha in area.  This method has 

allowed the geometry of individual wrinkles and the longest connected length of 

hydraulically connected wrinkles at the field site to be measured and used as an input for 
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calculations to estimate leakage through a composite liner, which has helped explain 

measured leakage rates at field sites. 

• Quantifying wrinkles at the field scale has provided insight into the extensive lengths that 

hydraulically connected wrinkles can form, which is often from hundreds to thousands of 

metres depending on energy input and area.  This unique knowledge is important to 

engineers and regulators for the appropriate design and installation of geomembranes to 

reduce wrinkles, and therefore leakage. 

• Although suggestions about wrinkle reduction in black geomembranes have been made, 

this thesis presents two methods based on the results of wrinkle quantification over time 

of day, different sites, and different seasons: limiting the time of day that geomembranes 

can be covered, and reducing the area of unrestrained geomembrane.   
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Figure 1-1.  Illustration of a geomembrane wrinkle with a hole, under a hydraulic head 
forming a wetted radius at the interface between the geomembrane and the CCL. 
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Figure 1-2.  Image of the length L and width 2b of a geomembrane wrinkle. 
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Chapter 2 

Quantifying geomembrane wrinkles using aerial photography and 

digital image processing 

2.1 Introduction 

Geomembranes are commonly used as part of base liner systems in solid waste landfills and 

liquid impoundments, as well as in cover systems for waste. The use of geomembranes as part of 

a composite liner system has received considerable attention in recent years (Rowe and Orsini 

2003; Cartaud et al. 2005a, 2005b, 2005c; Chai et al. 2005; Rowe 2005; Barroso et al. 2006; 

Bergado et al. 2006; Saidi et al. 2006; Touze-Foltz et al. 2006). A properly designed and installed 

geomembrane can be a very effective hydraulic barrier (e.g. Rowe 2005).  

 

When exposed to solar radiation during installation, and possibly as part of its operational service 

conditions if not covered, the geomembrane experiences thermal expansion due to heating from 

solar radiation and air temperature.  If there is restraint against lateral expansion (e.g. from 

friction with underlying material or by anchor trenches), and the expansion is sufficiently large 

(as it is for the case of high-density polyethylene (HDPE) geomembranes), the geomembrane will 

buckle upwards, forming what is termed a wrinkle (sometimes also referred to as a wave).  

 

The wrinkle leads to a physical separation (i.e. gap) between the geomembrane and the 

underlying material (as seen in Figure 2-1), which does not necessarily compress upon 

application of overburden pressure. For the specific case of sand above and below the 

geomembrane, Soong and Koerner (1998) showed that although the wrinkle experienced a 



 

  16

decrease in height and width, the gap beneath the wrinkle remained even when subjected to a 

vertical pressure of 1100 kPa. When compacted clay was tested beneath the geomembrane, 

Gudina and Brachman (2006) observed a different response where the gap beneath an initially 60 

mm high wrinkle could be completely filled with clay at vertical pressures as small as 100 kPa 

when the clay was at the plastic limit. Dickinson and Brachman (2006) found that the gap 

remained (even up to 1000 kPa) when the geomembrane was underlain by a geosynthetic clay 

liner (GCL) and a firm sand foundation layer.  

 

If a hole occurs at or near a wrinkle in a geomembrane, the airspace beneath the wrinkle acts as a 

preferential pathway for fluid flow, thereby increasing potential leakage through the 

geomembrane compared with the case for a hole in a geomembrane but without a wrinkle. 

Results from theoretical solutions reported by Rowe (1998, 2005) and Rowe et al. (2004) have 

shown the importance of considering wrinkles when assessing potential flow through holes in 

geomembranes. Flow (per unit length) beneath geomembrane wrinkle with a hole occurs over its 

wetted width, which includes unobstructed lateral flow to the edge of the wrinkle and lateral flow 

along the interface between the geomembrane and the underlying material to its wetted distance. 

The wetted distance beyond the edge of the wrinkle depends on the hydraulic conductivity and 

thickness of the underlying material(s), the hydraulic head on top of the geomembrane and below 

the underlying material, and the interface transmissivity (e.g. Rowe 1998; Rowe et al. 2004).  The 

resulting calculated flow depends on the width, length and number of wrinkles with holes in the 

geomembrane. Therefore, as a prerequisite to the estimation of realistic leakage rates through 

composite liners with similar climate, the number, geometry, and distribution of geomembrane 

wrinkles must be quantified under typical field conditions.  However, few data currently exists 

describing geomembrane wrinkles.  
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In one case, Pelte et al. (1994) reported measurements of wrinkles in a 1.5-mm-thick black HDPE 

geomembrane overlying compacted clay in a 30 m by 30 m cell in a landfill in France. They 

observed that major wrinkles occurred parallel to the length of the geomembrane roll at the 

location of the seams, and also perpendicular to the seam direction. They also reported large 

wrinkles between 0.05 to 0.1 m high, 0.2 to 0.3 m wide, and at a spacing of 4 to 5 m, which 

extended across a significant width of the cell. They also noticed that small wrinkles (less than 

0.05 m high and 0.2 m wide) occurred perpendicular to the seams. In another case, Touze-Foltz et 

al. (2001) quantified wrinkles in a 2-mm-thick HDPE geomembrane over compacted clay using a 

photogrammetric technique.  This technique involved using two cameras to simultaneously take 

photographs of the geomembrane with twelve targets with known (x,y) coordinates.  The location 

of the cameras in space, and the internal geometry of the cameras was known.  The photographs 

could be used with a stereroscope to quantify the geomembrane in three dimensions with a known 

scale.  Wrinkle heights varied from 0.05 - 0.13 m, wrinkle widths from 0.1 - 0.8 m, and spacing 

between wrinkles from 0.3 - 1.6 m, while the length of wrinkles was less than 4 m, with most 

wrinkles 1–2 m long. The size of the installation was only 7.5 m by 7.5 m, and consequently most 

likely limited the length of wrinkle that could form.  

 

Rowe et al. (2004) also reported on the distribution of wrinkles that developed on the base of one 

particular landfill cell during construction. These wrinkles were randomly distributed with no 

discernible patterns, thus making it challenging to quantify their length and spacing. Wrinkles 

developed at, and parallel to, the geomembrane seams as well at locations both perpendicular and 

inclined to the seams. The longest wrinkle was at least 17 m, and may have extended the entire 
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length of the cell (≈40 m). The shortest wrinkle was roughly 1 m long, and the minimum spacing 

between wrinkles was about 0.5 m. The wrinkles inclined to the seams appeared to be connected 

to the long wrinkles at each seam. Such a distribution of wrinkles provides an extensive 

preferential pathway for liquid migration beneath the geomembrane if there are any holes in the 

geomembrane at any point on the connected wrinkles.  

 

These previous studies provide a useful starting point to quantify wrinkles, but they are limited to 

three particular sites. Additional data are required to better quantify geomembrane wrinkles 

during large-scale installations. However, one major obstacle to studying wrinkle formation at the 

scale of field installation is the limitations with the previously used methods of data collection. 

The objective of the present study is to report on the development of a stable, low-altitude aerial 

photography platform and digital image processing methodology to quantify geomembrane 

wrinkles more easily prior to placement of overlying materials. Details relating to capturing and 

processing of the digital images are presented. The application of the new technique is illustrated 

by presenting results from an aerial survey of a 1.5-mm-thick high density polyethylene (HDPE) 

geomembrane.  

2.2 Low-altitude aerial photography platform 

The size of an exposed geomembrane during installation may exceed tens of thousands of square 

metres. However, the field data reported in the literature indicate that geomembrane wrinkles are 

typically of the order of 0.2 - 0.3 m wide and 0.05 - 0.1 m high. Therefore, if these comparatively 

small features are to be capable of being accurately quantified over such a large area using digital 

image processing, these features must be captured at a high resolution. In the present study the 

target resolution of the images was set as one pixel representing 0.010 m.  
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At this high resolution, the entire exposed geomembrane cannot be captured in a single image 

with current digital camera technology.  A low-altitude aerial photography platform is therefore 

required to allow capture of the wrinkle distribution over the area of the as-placed geomembrane.  

The design of an aerial photography platform is an optimisation of image resolution, ground 

coverage, image lens distortion and platform stability, while minimizing the bulkiness, weight 

and complexity of the system (Appendix A, Chappel et al. 2007). The chosen platform for the 

low altitude aerial photography is shown in Figure 2-2, and consists of a 6.4 m long by 2.1 m 

diameter helium-filled blimp. The blimp is controlled by the operator using a 60 m long tether 

line. Much like a kite, the orientation of the blimp is determined by the prevailing wind direction. 

As shown in the inset picture of Figure 2-2, a 13.3 megapixel Canon 5D full frame digital single 

lens reflex (DSLR) camera was attached to the underside of the blimp within a remote-controlled 

mechanism that enables in-flight panning and tilting of the camera. The camera shutter release is 

controlled by infrared remote control from the ground. During data collection, the blimp operator 

walks at a normal pace over the geomembrane, while a second operator controls the camera to 

ensure complete image coverage of the exposed geomembrane.  

 

2.3 Image transformation 

2.3.1 Raw digital image 

In order for the images acquired across the entire area of exposed geomembrane to be useful for 

the quantification of geomembrane wrinkles, they must first be corrected for camera position, and 

the coordinates of the transformed image must be associated with real-world coordinates (i.e. 

metres). These processes are referred to as geometric transformation and image registration (e.g. 
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Gonzalez et al. 2004). The need to perform these processes can be seen in the sample image of an 

exposed 1.5-mm-thick HDPE geomembrane captured at an elevation of 60 m by the camera on 

the blimp included as Figure 2-3. This image, captured with the Canon 5D camera, is 4368 pixels 

wide by 2912 pixels tall. Coordinates of the pixels within this image are presented on the image-

space axes of (u, v), the column and row of the pixel coordinates, and are defined from an origin 

at the upper left-hand corner of the image. The wrinkles in the HDPE geomembrane appear in the 

image as linear features that reflect the sunlight on their leading edge and cast shadows on their 

trailing  edge (the wrinkles are also visible when cloudy). It is immediately apparent in this image 

that the long wrinkles that form regularly in the roll direction are not oriented parallel to either the 

u or the v axis. The orientation of the blimp, and therefore the default orientation of the camera, is 

a function of the prevailing wind direction at the time of shutter release. Since the wind direction 

is not constant during the survey, each image will have been captured at a slightly different roll, 

pitch and yaw from its predecessors. Further, variations in the strength of the wind will affect the 

elevation of the blimp slightly, as any change in the angle of the tether line will result in a slight 

change in blimp elevation.  

 

The consequences of these minor changes in camera position and orientation is image distortion. 

In a nominally vertical air photo, a small amount of distortion will result from lens distortion, and 

significant distortion from the three-dimensional orientation of the camera position relative to the 

plane that the geomembrane wrinkles occupy, which means that, across a photo, the number of 

millimetres that are represented by one pixel will vary considerably.  This distortion results in a 

change in scale between the centre of the photo and the edges. The photos taken from the blimp 

are near vertical, which minimises the geometric distortion. Images that are taken at oblique 
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angles have an exaggerated distortion because the change in scale across the image is much 

greater.  

2.3.2 Control reference points 

The variable camera position and orientation of the series of aerial images can be overcome by 

performing an image transformation operation using control points (CPs).  These CPs are 

locations on the geomembrane which can be identified in the aerial images that have known real-

world coordinates (X,Y).  Thus, by knowing the coordinates of the CPs in both image space and 

object space, a direct transformation can be made between the coordinate systems (u, v) and (X, 

Y). This transformation allows the correction of distortion in the photo (mostly caused by 

unpredictable camera position in space) to create an orthogonal image, as well as defining the 

exact location of the transformed image in the global site coordinates. The transformation adopted 

in the present study is the projective transformation, which requires a minimum of four high-

quality control points. Although this transformation is relatively simple, it is highly successful in 

this application, as geomembranes are typically installed with highly planar geometry, thus 

simplifying the requirements of the transformation.  

 

In the field, CPs were created by marking an ‘X’ and an alphanumeric grid coordinate label on 

the geomembrane every 10 m (5 m at subsequent sites) along each seam of the geomembrane. 

These HDPE geomembrane rolls were 6.8 m wide. The as-seamed width between seams typically 

ranges from about 6.5 to 6.6 m. Thus a grid of CPs at nominal spacing of 10 m by 6.5 m was 

adopted (i.e. the typical minimum width of the as-seamed roll). An example of CPs is shown in 

the enlarged inset photo of Figure 2-3. With a field of view of approximately 35 by 25 m, the 

chosen CP spacing ensures that there will be in excess of 10 CPs in each aerial image.  After the 
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CPs were marked on the geomembrane, their exact object-space (X, Y) coordinates were 

surveyed. Although increasing the number of CPs would further increase the redundancy, 

providing a better least squares adjustment, or permit the use of a more complex camera model, 

the resulting marginal increase in precision does not warrant the large increase in time required to 

survey potentially hundreds of extra grid locations.   

2.3.3 Coordinate and scale transformation   

The first stage of the image transformation process is to locate the CPs in the image to be 

corrected – in this case, the sample image already presented as Figure 2-3. The image-space 

positions of the CPs contained in the image of Figure 2-3 are displayed in (u, v) image space in 

Figure 2-4a, without the associated image. Although the CPs are not square; it is less obvious that 

there is a lack of consistency of scale across the image. The redundancy in the CPs allows for 

some control markers to be obscured from view or poorly defined in the image owing to glare or 

interference from the construction work, such as was the case for CP E5 in Figure 2-4a. In Figure 

2-4b, the same CPs are shown in (X, Y) object space. The locations of these points have been 

determined by surveying, and have a constant distance scale over the area. The (X, Y) axes have 

been chosen to be parallel to the roll and cross-roll direction of the geomembranes, respectively.  

 

The second stage of the image transformation process is to use these 10 CPs to transform the 

uncorrected image of Figure 2-3 into the geometrically corrected image of Figure 2-5. In this new 

image the field of view has been rotated, but perhaps less obvious is the creation of a constant 

scale factor across the image of 1 pixel to 0.010 m. This specified scale factor is not only 

convenient (as shown in Figure 2-5, this scale allows the measurement of distances digitally in 

pixels, and then simply dividing by 100 to find the object space distance in metres), but it also is a 
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part of the vital groundwork enabling multiple aerial images to be stitched together. Since the CPs 

place the image in its global coordinate system context, it allows the creation of a conglomerate 

image of the geomembrane area. Once this high-resolution master image has been generated, the 

wrinkle network can be quantified simultaneously across the full site. Given that the pixel 

resolution of a geometrically corrected image is 0.010 m, the accuracy of the technique greatly 

exceeds that required for practical quantification of wrinkles. 

2.4 Wrinkle quantification 

2.4.1 Definition of individual wrinkles 

The first challenge of wrinkle quantification is to answer the question, ‘What constitutes a single 

wrinkle?’ The difficulty in defining individual wrinkles is perhaps best demonstrated in the close-

up image of wrinkled geomembrane presented in Figure 2-6.  This close-up image corresponds to 

slightly more than one panel of geomembrane in width, and has been sampled from the region 

identified with a white box in the geometrically corrected image of Figure 2-5.  Even in this small 

area, the buckles in the geomembrane adjoin, butt against, and intersect each other.  There are 

also, clearly, large geomembrane buckles and small buckles.  Single wrinkles could be defined as 

one of these roughly linear wave features; however, this simple definition breaks down somewhat 

when two such wrinkles intersect.  In this case it is not entirely clear whether both wrinkles 

should be considered continuous.  To help overcome these difficulties, two separate definitions of 

wrinkles have been adopted in the present study – the geometric and hydraulic definitions of 

single wrinkles.  

 

In the geometric definition, major wrinkles are defined as roughly linear buckled features in 

which there is airspace between the geomembrane and the material beneath it in excess of a 
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threshold height.  The threshold height in this study was determined to be 0.03 m, which is likely 

to be hydraulically significant after covering (assuming a flat and horizontal subgrade), because 

Gudina and Brachman (2006) found that wrinkles with an initial height of 0.03 m do not flatten 

under 250 kPa of pressure over a CCL.  The wrinkle selection verification process has been 

verified with three different operators, as well as one operator selecting wrinkles on the same 

image twice, with one year between the two selection processes (Appendix H).  Wrinkles are 

more likely to be assumed to be shorter than the threshold than larger than the threshold.  

Although this assumption slightly underestimates the number of wrinkles, these wrinkles are also 

more likely to be shorter in length, and therefore have less influence on the size of the wrinkle 

network. 

 

Two definitions are proposed to quantify wrinkles. If two major wrinkles intersect, both are 

considered as separate entities and are treated as continuous over their entire length (i.e. ignoring 

their intersection). This definition is useful for the description and quantification of the geometry 

of individual wrinkles in the wrinkle network, such as distributions of wrinkle length and width. 

In order to estimate leakage, the degree of hydraulic connection between these wrinkles is also 

important. For this reason, a hydraulic definition of a single wrinkle is proposed in which all 

wrinkles that are hydraulically connected constitute a single wrinkle. 

2.4.2 Geometric quantification 

The aim of the geometric definition is to enable the quantification of the geometry of wrinkles on 

an exposed geomembrane.  As shown in Figure 2-6, in the geomembrane used at this specific 

field site, wrinkles predominately form in two directions, parallel and perpendicular to the roll 

direction.  With this particular geomembrane product there are typically two wrinkles per roll that 
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are parallel to the roll direction.  These are very long linear features, which dominate the wrinkle 

network geometry, and are approximately 3.4 m apart.  These roll direction wrinkles are artifacts 

of the manufacturing process for this particular geomembrane (formed at the location of a 

temporary fold in the material during manufacturing).  The resulting wrinkles have a distinct 

peak, instead of forming a curve resembling a Gaussian distribution. 

 

The first stage of wrinkle quantification is image segmentation of the image into its constituent 

wrinkle regions by selecting the pixels that make up each wrinkle, because, in the geometric 

definition, individual wrinkles are allowed to intersect.  Pixels constituting intersecting wrinkles 

must be defined in separate images; otherwise, they would be treated as a single entity. Owing to 

the strong alignment of the geomembrane wrinkles in the roll and cross-roll directions, the image 

segmentation process is performed in two separate images corresponding to these two directions. 

One image is for wrinkles aligned in the roll direction (e.g. Figure 2-7), and one image is for 

wrinkles predominantly oriented in the cross-roll direction (e.g. Figure 2-8). In these images, the 

pixels constituting each wrinkle have been selected by digitally setting the pixels that comprise 

the wrinkles to a value of unity using a manual variable-width tool while keeping the background 

pixels at a value of zero. As shown in both Figure 2-7 and Figure 2-8, wrinkles (indicated by the 

highlighted portion of the image) in both the roll and cross-roll directions are considered to be 

continuous even if they are intersected by other wrinkles.  

 

Using the two segmented images, the wrinkle properties are found by determining which pixels 

belong with which wrinkle, and determining the properties of each wrinkle.  A schematic of the 

computed wrinkle properties is shown in Figure 2-9, which represents an area of about 35 m2. 
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Initially, all of the selected pixels that touch are considered to be a single wrinkle. A major axis is 

selected that runs through each individual wrinkle, and a cubic polynomial is chosen as a best-fit 

line through the length of a wrinkle.  The polynomial is integrated to determine the wrinkle 

length. The wrinkle area is determined by counting the number of pixels in a selected wrinkle 

region. The average wrinkle width is found by dividing the wrinkle area by its length. The 

precision of the wrinkle length and width obtained using this approach is determined by the 

degree of care exercised by the manual image segmentation process. For the present analysis the 

precision is estimated to be better than 3 pixels (0.03 m, see Appendix H for details).  

 

The resulting network of identified wrinkles is presented in Figure 2-10. The aerial photo was 

taken on 17 August 2006 at 1600 hrs at site DB06, at a latitude of 43o14 N and an air temperature 

of 24oC. The number and size of wrinkles were found to vary throughout the day at this site. The 

time selected for analysis is representative for the period of time corresponding to the greatest 

number of wrinkles. The significant number of wrinkles with heights less than 0.03 m, but clearly 

visible in the picture as undulations that reflect sunlight, demonstrates both the ability of the 

HDPE geomembrane to wrinkle, and the sensitivity of the aerial photography system to capture 

the smaller features. The image is a sample size of approximately 0.12 ha.  Of this area, 13.9% 

has been identified as being covered by wrinkles above the nominal threshold of 0.03 m in height.  

 

Based on the database of wrinkle geometry extracted from the segmented images, the geometric 

wrinkle length and width statistics are presented in Figures 2-11 and 2-12, respectively. In the 

histogram of wrinkle length (Figure 2-11), the increments on the x-axis have been selected to 

correspond with one half the nominal roll width.  Interestingly, Figure 2-11 shows that nearly 
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80% of the total number of identified wrinkles are shorter than one nominal roll width. The 

corollary to this observation is that a small number of very long wrinkles dominate the wrinkle 

network. The length of these long, roll-direction wrinkles is limited by the field of view of the 

single image used herein to present the experimental methodology of this technique 

(approximately 30 m in the roll direction), whereas in reality the length of the wrinkles is limited 

by the length of the unrestrained geomembrane. Thus, as seen in the inset to Figure 2-11, which 

describes the wrinkle network, many of these large wrinkles touch the edge of the field of view, 

indicating that their true length is much larger than presented here.  

 

The histogram of wrinkle width for this case is presented in Figure 2-12. The wrinkle widths fit a 

Gaussian distribution with a mean width of 0.31 m and a standard deviation of 0.06 m. These 

results are consistent with the typical range of wrinkle widths reported by Pelte et al. (1994), but 

much narrower range than reported by Touze-Foltz et al. (2001).   

2.4.3 Hydraulic quantification 

The aim of the hydraulic wrinkle definition is to identify geometric wrinkles that are sufficiently 

hydraulically connected to be considered one wrinkle from a fluid transport perspective. Here, 

hydraulic connection is defined as a fluid transport pathway between touching wrinkles or closely 

spaced wrinkles.  This definition does not take into account orientations of the geomembrane 

other than horizontal (i.e. wrinkles on a slope).   

 

The most obviously connected wrinkles are those in the roll and cross-roll directions that intersect 

and cross over each other. The outlines of these wrinkles are presented in Figure 2-13, with the 

solid lines representing the outlines of each individual wrinkle as defined using the hydraulic 
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definition. In this small close-up region, only two pairs of wrinkles intersect. However, in the 

wider image, 28% of the total number of wrinkles intersect.  This is because the long roll-

direction wrinkles dominate the wrinkle geometry.  

 

In the image segmentation process, wrinkles that adjoin or butt against each other are 

intentionally not connected, so that they remain separate entities in the geometric statistics. 

However, these are clearly connected in the field. An algorithm is therefore required to determine 

which wrinkles are hydraulically connected or are sufficiently close enough together to be 

effectively hydraulically connected.  The methodology behind this test of connectivity is 

presented in a schematic form in Figure 2-13.  Initially, the outline of each geometric wrinkle is 

expanded by a specified number of pixels (which are equal to centimetres at the scale of these 

geometrically corrected images).  This expanded area, denoted by a dashed outline, becomes a 

search zone around the periphery of each wrinkle, as seen in Figure 2-13.  If the search zones of 

two individual wrinkles overlap, then these two wrinkles are considered to be hydraulically 

connected. These wrinkles are then given a common identity in the wrinkle database, and their 

original area and length (i.e. not their expanded area and length) are summed. As shown in Figure 

2-13 (and demonstrated in the sensitivity study in Figure 2-14), a search zone of 0.10 m has the 

result of interconnecting a large percentage of wrinkles.  

 

The ability of wrinkles to be hydraulically connected depends primarily on the number of 

wrinkles that touch or intersect, and secondarily on the interface transmissivity between the 

geomembrane and the underlying soil for wrinkles that have a space between them.  To compare 

wrinkle connections between wrinkles that are touching or intersecting at the time that photos 
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were taken (search zone of 0 cm during analysis), and connections that only occur due to an 

assumed wetted radius (search zone of 15 cm on all sides of all wrinkles), the maximum 

connected wrinkle length for both cases is compared to the percent area of wrinkles for Case 

DW08 (Figure H-4).  The maximum connected wrinkle length was 50 m or less when the percent 

area of wrinkles was 13% or less when only the wrinkles that are touching are considered.  When 

considering the search zone of 15 cm, the maximum connected wrinkle length was an order of 

magnitude larger.  The curves for both search zones are roughly bilinear, with a steeper slope 

occurring when the percent area was greater than 13%.  As the area of wrinkles at the site 

increases, more wrinkles touch, and there are longer hydraulically connected wrinkles that are not 

reliant on the assumption of a wetted radius (i.e., when there was 20% wrinkles on the site, the 

maximum connected length for wrinkles that were touching was half of the length of wrinkles 

connected with a search area of 15 cm). 

 

The choice of search zone size is a function of the image segmentation process in which the 

individual wrinkles were defined under the geometric definition. In other words, the search zone 

must be large enough to span the gap intentionally placed between adjoining wrinkles.  The 

sensitivity to the choice of search zone is investigated in Figure 2-14 by incrementally increasing 

the search zone from 0.00 to 0.20 m and investigating the resulting impact on the length of the 

largest hydraulically connected wrinkle network and the number of wrinkles that are 

hydraulically connected.  At a search zone of 0.00 m, the only connected wrinkles are those roll-

direction and cross-roll-direction wrinkles that intersect and cross over each other. As the search 

zone is increased there is initially very little change in either the length of the longest connected 

wrinkle or the number of wrinkles that are connected.  However, after the search zone is 

expanded to past the 0.05 m minimum gap used in the image segmentation process, wrinkles 
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begin to be quickly connected. Wrinkles continue to be connected until the process reaches a 

quasi-steady state at a search zone of approximately 0.12 m.  The evolution of the longest 

hydraulically connected wrinkle network is presented at search zones of 0.00, 0.05, 0.10 and 0.12 

m in Figure 2-15.  Initially, at a search zone of 0.00 m (just the overlapping wrinkles), the longest 

hydraulically connected wrinkle network is 75 m and is contained in a specific region of the 

exposed geomembrane.  As the search zone is expanded, the longest wrinkle expands until it 

forms a network that covers the full field of view at a search zone of 0.12 m. Even at this 

relatively small search zone, the 0.12 ha portion of exposed geomembrane contains one 

hydraulically connected wrinkle that constitutes over 90% of the total number of geometrically 

defined wrinkles. This one wrinkle network has an aggregate length of 520 m. A search zone of 

0.12 m is comparable to the calculated wetted width of wrinkles (e.g. Rowe et al. 2004).  Such 

calculations depend on estimation of interface transmissivity and particularly on what happens to 

the wrinkle when subject to vertical pressure.  The results of the sensitivity study in Figures 2-14 

and 2-15 demonstrate that the user of this technique must exercise judgment in selection of the 

search zone to quantify wrinkles (see Appendix H for details).   

2.5 Discussion 

The maximum connected wrinkle length is limited by the restrained area bounded by sandbags at 

the edges of the geomembrane and in drainage trenches, and anchor trenches.  The maximum 

connected wrinkle length should not be normalized (to m/ha), mainly because the maximum 

connected wrinkle length is a function of the area (Figure G-1a), but not the percent area of 

wrinkles (Figure G-1b), or the number of holes per hectare.  The maximum connected length after 

covering and loading will be different than the snapshots in time of wrinkles as presented here, 

because the geomembrane is covered gradually over the day.  Although the wrinkle data 
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presented herein is an approximation of the wrinkles after covering, it quantifies the length of the 

maximum connected wrinkle length under different conditions.   

 

After the geomembrane wrinkles are locked in after covering and loading, there is variable 

leakage through the geomembrane due to varying hydraulic head over the liner, the slope of the 

liner, and where the hole(s) are located in the geomembrane.  Leakage through a composite liner 

in a landfill has wide variations (Bonaparte et al. 2002) because the hydraulic head over the liner 

varies, mostly due to rainfall events.  The changing hydraulic head interacts with the wrinkles in 

the geomembrane, especially on a slope, because wrinkles perpendicular to the slope can form 

small dams, and if a hole is located within the area under the perched water table resting on the 

wrinkle, the perched water can drain through the hole.  On the other hand, if the hole in the 

wrinkle is located near the top of the slope, and/or the hole is on a wrinkle parallel to the slope, 

there are limited times when there is sufficient hydraulic head to cause leakage through the hole, 

as long as the leachate collection system is still working. 

2.6 Conclusions 

A new method to quantify geomembrane wrinkles in the field has been developed using low-level 

aerial digital photography and image processing techniques.  This analysis procedure has been 

demonstrated to be a useful tool to quantify geomembrane wrinkles at a large scale. Despite using 

only one aerial photograph, the results reported herein are the most detailed description of 

geomembrane wrinkle formation to date.  Work is currently under way to investigate the factors 

influencing geomembrane wrinkle formation, and to quantify the wrinkles at the full scale of 

various landfill installation sites.  The ability to quantify wrinkles at this level of detail and 

precision has required the careful crafting of two new definitions for geomembrane wrinkles.  In 
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the geometric definition, wrinkles are defined as roughly linear wave features in which there is 

airspace between the geomembrane and the material beneath it in excess of 0.03 m in height.  In 

order to assess the potential leakage pathway distance, a second definition has been developed 

based on hydraulic connectivity, which identifies geometric wrinkles that are sufficiently 

hydraulically connected to be considered one wrinkle from a fluid transport perspective. 

 

The application of the new technique was illustrated by presenting the results from one particular 

case of a 1.5-mm-thick HDPE geomembrane located at a latitude of 43o14 N and where the 

wrinkles were photographed on 17 August 2006 at 1600 hrs when the air temperature was 24oC. 

At the date and time the aerial image was captured, 100 wrinkles with heights greater than 0.03 m 

were identified and were found to cover 13.9% of the total area (0.12 ha) of the exposed HDPE  

geomembrane. More importantly, over 90% of these wrinkles were found to be hydraulically 

connected over the entire field of view of the exposed HDPE geomembrane. This one 

hydraulically connected wrinkle was found to have an aggregate length of 520 m. The results 

presented are from one particular site at one specific time of day and time of year, before the 

geomembrane was covered. Further investigations are currently under way to use this technique 

to investigate the wrinkle formation process, and in particular the effect of geomembrane 

temperature, solar exposure levels, materials, and installation techniques. 
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Figure 2-1. Implication of wrinkles in composite landfill liner systems. 
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Figure 2-2.  Low-altitude aerial photography platform and remote camera control system 
(inset). 
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Figure 2-3. Aerial photograph of geomembrane liner in image space (u,v) and highlighted 
CPs (enlarged inset). 
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Figure 2-4. Position of CPs in a) image-space (u,v), and b) object-space (X,Y). 

a) 

b) 
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Figure 2-5. Geometrically corrected image in both image (u,v) and object space (X,Y) 
coordinates. 
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Figure 2-6. Definition of roll and cross roll-direction wrinkles. 
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Figure 2-7. Selected pixel regions comprising wrinkles predominantly oriented in the roll-
direction . 
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Figure 2-8. Selected pixel regions comprising wrinkles predominantly orientated in the 
cross roll-direction. 
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Figure 2-9. Computed wrinkle properties. 



 

  45

 

Figure 2-10. Map of major wrinkle networks in both image (u,v) and object space (X,Y) 
coordinates.  Wrinkle undulations of height < 0.03 m reflect sunlight, and are visible. 
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Figure 2-11.  Histogram of wrinkle length (inset: plan view of wrinkle network showing 
significance of 30 m maximum wrinkle length). 



 

  47

 

Figure 2-12. Histogram of wrinkle width. 
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Figure 2-13. Definition of hydraulically connected wrinkles. 
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Figure 2-14. Effect of search zone on calculated wrinkle hydraulic connectivity. 

a) 

b) 
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Figure 2-15. Longest hydraulically connected wrinkle network at search zones of 0, 5, 10, 
and 12 cm. 
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Chapter 3 

Large-scale quantification of wrinkles in a smooth, black, HDPE 

geomembrane 

3.1 Introduction 

During the service life of the geomembrane in a composite liner (Rowe and Rimal 2008a,b; Rowe 

et al., 2008, 2009), contaminant transport through the base of a landfill will controlled by 

diffusive and advective transport though the geomembrane (El-Zein and Rowe 2008).  The 

diffusive transport will be primarily dependant on the contaminant (Rowe et al. 2004) and can be 

significant for some volatile organic compounds but negligible for many inorganic contaminants 

such as heavy metals (Rowe et al. 2004).  The advective transport will depend on leakage through 

holes in the geomembrane (Saidi et al. 2008) but also on the presence of wrinkles with holes 

(Rowe 1998, 2005). 

 

Wrinkles are vertical, out-of-plane buckles (sometimes referred to as waves) that form in high-

density polyethylene (HDPE) geomembranes during installation and when left exposed to solar 

heating from restrained in-plane thermal expansion (e.g., see Giroud 2005).  Wrinkles create a 

physical gap between the geomembrane and the underlying material (e.g., in a landfill this may be 

compacted clay or a geosynthetic clay liner (GCL), as shown in Figure 3-1).  Approaches to deal 

with wrinkles may vary quite substantially from one extreme where there is no control on the 

extent of wrinkling prior to placing cover materials, to the other where no wrinkles are allowed in 

the geomembrane (e.g., Averesch and Schicketanz 1998, Müller 2007). 
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Wrinkles may experience a reduction in height and width, but do not necessarily go away when 

buried and subjected to overburden pressures (Soong and Koerner 1998, Gudina and Brachman 

2006, Brachman and Gudina 2008b).  They may also exacerbate the tensile strains induced in the 

geomembrane from any overlying gravel of a leachate collection system (Gudina and Brachman 

2006, Brachman and Gudina 2008b).  However, the main implication of wrinkles is that the 

leakage of fluid through any hole in the geomembrane is much greater if that hole is at or near a 

wrinkle.  Theoretical solutions exist to quantify the potential leakage through a hole in a wrinkle 

(Rowe 1998, Rowe et al. 2004).  Information on the number of wrinkles, wrinkle width and 

wrinkle length are necessary to permit calculations to estimate potential leakage rates from 

practical cases.  However, there is a paucity of data to quantify the properties of the wrinkles that 

may develop.   

 

Pelte et al. (1994) provided some initial data quantifying wrinkles in a 1.5-mm-thick black HDPE 

geomembrane (overlying compacted clay in a 30 m by 30 m landfill cell).  Wrinkles were 

observed parallel to the length of the geomembrane roll at the location of the seams, and also 

perpendicular to the seam direction.  Large wrinkles were reported to be between 0.05 to 0.1 m 

high, 0.2 to 0.3 m wide, and at a spacing of 4 to 5 m, and extended across a significant length of 

the cell.   Rowe et al. (2004) also reported on the wrinkles that developed at one particular landfill 

cell.  Wrinkles developed parallel to the geomembrane seams as well at locations both 

perpendicular and inclined to the seams.  The longest wrinkle extended at least the entire length 

of the 40 m cell and was most likely even longer as the wrinkles inclined to the seams were 

connected to the long wrinkles parallel to the seam creating a much longer connected wrinkle 

feature.  While these previous studies provide a useful starting point to quantify wrinkles, they are 

limited to two relatively small sites.  
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The objective of this paper is to quantify the wrinkles that formed in a smooth, black, 1.5-mm-

thick, HDPE geomembrane overlying a GCL at one particular landfill over the course of a sunny, 

summer day during a large-scale installation.  Low altitude aerial photography and digital image 

analysis are used to enable the quantification of the number, distribution, length and width of 

wrinkles that developed.  The results provide insights into how wrinkles form and what simple 

things may be done to limit potentially very large networks of connected wrinkles that may 

develop. 

3.2 Site description 

Geomembrane wrinkles were quantified on the flat base portion of a municipal solid waste 

landfill located at 44o23 N 79o43 W on June 11, 2007 (referred to as BB07 herein).  The air 

temperature and solar radiation values over this day are reported in Table 3-1.  Unfortunately, 

efforts to directly measure the geomembrane temperature were unsuccessful due to equipment 

failure.  Plan views of the 55 m by 140 m base area are shown in Figures 3-2 and 3-3.  Three 

diagonal leachate collection trenches running from the north-east to the south-west and spaced at 

approximately 42 m divided the landfill base from west to east into four flat sections, which were 

labeled A through D in Figure 3-3.  At the time the wrinkles were quantified, the north, south and 

west edges of the geomembrane on the base were seamed to the geomembrane on the side slopes, 

while only sand bags were used to restrain the east edge (Figure 3-3).   

 

A smooth, black, 1.5-mm-thick HDPE geomembrane was installed over a scrim reinforced and 

thermally treated GCL (with the nonwoven cover geotextile in contact with the geomembrane), 

which, in turn was on top of a sand foundation layer.  The panels of GCL and geomembrane were 
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placed from the west to the east.  The progression of the installation was from the north to the 

south.  The three geomembrane panels on the northern side of the site were installed (placed and 

seamed) during the afternoon of June 7th, when the air temperature ranged from 20-23oC.  The 

fourth panel was installed by midday on June 8 when the air temperature was 29oC.  The 

remaining three panels were installed on June 9, when the air temperature ranged from 13oC to 

20oC.  

3.3 Method 

The images of the geomembrane were acquired by low altitude aerial photography as described in 

Appendix A (Chappel et al. 2007).  The method uses a Digital Single Lens Reflex (DSLR) 

camera mounted under a 6.4-m-long helium-filled blimp.  Each image captures a portion of the 

entire installation.  An area of approximately 19 m by 28 m is captured in each image using a 50 

mm lens on a full frame camera from an altitude of 60 m.  An image scale of 1 pixel to 5 mm is 

obtained under calm and bright conditions.  Before photos were taken, a grid of control points 

(CPs) were marked, labeled, and surveyed on the geomembrane every 5 m along the seams of the 

geomembrane.  These CPs are used to transform the individual images to obtain a constant scale 

of 10 mm to one pixel (Chapter 2, Take et al. 2007).  A single master image of the entire area is 

then created by stitching the transformed images together using the global coordinates of the CPs.  

The pixels in the digital master image that correspond to geomembrane wrinkles are selected, 

then digitally quantified as explained in Chapter 2 (Take et al. 2007).  The origin of the master 

image is shown in Figure 3-2 with the cross roll direction coordinate X oriented north-south and 

the roll direction coordinate Y oriented east-west. 
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3.4 Results 

3.4.1 Typical results 

To illustrate the nature of geomembrane wrinkling observed, images of a 7.5 m by 5.5 m portion 

of the base with its origin located at X=34 m and Y=30 m (as marked in Figure 3-3) taken at 

0845, 1225 and 1715 are shown in Figure 3-4.  The geomembrane is highly reflective, which 

results in almost every undulation in the geomembrane being visible in the photos.  For reference, 

the hot-wedge fusion weld used to seam adjacent geomembrane panels is the linear feature visible 

along i = 6.5 m (the left-hand edge of the panel is located at i = 0 m). 

 

Initially, consider an image of the geomembrane taken at 1225 (Figure 3-4b) to describe the two 

distinct types of wrinkles observed.  The first and most commonly observed wrinkle type featured 

gradual changes in curvature up to a peak height – resembling the shape of a Gaussian 

distribution (Figure 3-1a).  These wrinkles had a variety of lengths, typically from less than 1 m 

to around 10 m, and had no discernible pattern (e.g., see the wrinkle from i=4.8, j=1.2 m to i=2.4, 

j=4.2 m in Figure 3-4b). The second wrinkle type, illustrated in Figure 3-1b, exhibited a more 

abrupt change in curvature at its peak height.  These wrinkles appeared as linear features with 

lengths between 5 m to 24 m.  Two of these wrinkles were visible for each panel of geomembrane 

and are visible along i=1.8 m and i=5 m in Figure 3-4.  These wrinkles are remnants of the 

blown-sheet extrusion manufacturing process (e.g., see Koerner 1998 for details on blown sheet 

extrusion).  After passing through the circular die, the cylindrical bubble making up the 

geomembrane panel is flattened as it passes over the rollers of the cooling tower.  The cylindrical 

bubble is then cut and the panel is unfolded prior to being rolled; however, fold lines (that 

occurred at the outer extent of the flattened bubble) remain and are visible when the panel is 
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unrolled.   These fold lines act as geometric imperfections that experience vertical out-of-plane 

deformation when subjected to planar thermal expansion.     

 

The images in Figure 3-4 permit a qualitative evaluation of how wrinkles change with the time of 

day for one particular location.  Early in the day in Figure 3-4a, there is less distinction between 

the wrinkled and non-wrinkled zones, although wrinkles are still visible.  For example, an 

approximately 5-m-long wrinkle is visible in Figure 3-4a from i=4.5, j=1.5 m to i=2, j=5 m.  The 

fold lines are also visible, but at this time of day they are small (less than 0.03 m high).  In Figure 

3-4b at 1225, the geomembrane wrinkles are taller and more numerous than at 0845.  The 

wrinkles that were present at 0845 are taller, and the spaces between these wrinkles have been 

filled in with 1- to 2-m-long wrinkles.  In addition, wrinkles with a short length and low, rounded 

cross section have formed along the panel seam along i=6.5 m, most of these were less than 0.03 

m high.  The wrinkles that remain at 1715 (Figure 3-4c) have a decreased height relative to 1225.  

The 1- to 2-m-long wrinkles that appeared have decreased heights, and are below the 0.03 m 

threshold.  The sharply peaked wrinkles on the fold lines remain greater than 0.03 m high, as are 

the longer wrinkles with a rounded cross section (Figure 3-4c). 

3.4.2 Wrinkle selection 

The process of quantification begins with selecting wrinkles by looking at the images and 

manually identifying each wrinkle. Faced with the large number of wrinkles (approximately 50 

wrinkles alone in the small region shown in Figure 3-4b) and keeping in mind the objective of the 

wrinkle quantification was to measure the major features present in the geomembrane, only 

wrinkles that were judged to have a height greater than 0.03 m have been selected (see Appendix 

H for the wrinkle selection verification process).  This decision was made by taking into 
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consideration that the shorter wrinkles are less significant hydraulic features and the possibility 

that all wrinkles will be shorter and narrower under load, thus reducing them further.  This 

selection process involved a comparison of the contrast differences between wrinkles, which is 

indicative of their height as discussed in Chapter 2 (Take et al. 2007) and Appendix H.  In 

addition to having a smaller height, wrinkles that were not selected have a shorter length and 

width than the average wrinkle used in analysis.  The result from the wrinkle selection process is 

demonstrated in Figure 3-5, which is an image of the selected wrinkles from Figure 3-4b.  This 

approach will underestimate the number of wrinkles and the area of wrinkles present.   

3.4.3 Number and geometry of wrinkles  

The significant wrinkles over the entire base area for three times during the day are shown in 

Figure 3-6.  The number of wrinkles for the entire base is summarized in Table 3-2.  At 0845 

there were less than 500 wrinkles/ha, while at 1225 there were nearly 5000 wrinkles/ha, reducing 

to just over 1000 wrinkles/ha at 1715.   

 

A summary of the distribution of individual wrinkle lengths is given in Table 3-2.   Between 1110 

and 1645, over 90% of wrinkles had lengths of 0.5 to 5 m, and wrinkles with a length of 1 to 2 m 

were most common.  The vast majority of wrinkles shorter than 20 m have orientations other than 

the roll direction.  The longest individual wrinkles were approximately 20 m long and were 

oriented in the roll direction. 

 

The mean wrinkle widths at each time (plus and minus one standard deviation) are plotted in 

Figure 3-7.  The mean wrinkle width over the day was quite consistent, varying between 0.22 m 

and 0.24 m.  The wrinkles ranged between 0.12 m and 0.4 m wide.   
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For the three times of day shown in Figure 3-6, wrinkles comprised approximately 3% of the total 

geomembrane area at 0845, 20% at 1225 and 7% at 1715.  The area occupied by wrinkles is 

examined in greater detail in Figure 3-8.  Here, the areas of the wrinkles as a percentage of the 

area of each of the four base sections (A-D) are plotted versus time of day.  Section A and D 

consistently had the largest and the smallest percent area of wrinkles, respectively, although at 

1305 the maximum percent area of wrinkles varied between 18 and 22% between sections A-D.  

Overall, the nature of wrinkles in sections A-D were quite similar. 

3.4.4 Length of connected wrinkles 

While the individual wrinkle lengths are of interest, the lengths of the connected wrinkles are of 

greater importance since these features would govern the extent to which fluid could migrate on 

top of the clay liner without resistance if there is a hole in the geomembrane at any location in the 

connected network and hence increase the amount of leakage through that hole. Wrinkles can 

form a hydraulic connection if they intersect, directly touch, or if they are close enough that their 

wetted radii overlap.  The wetted radius is the area around a hole or wrinkle where fluid flows 

horizontally at the interface between the geomembrane and the underlying material.  A search 

zone around each wrinkle is used to check for hydraulic connection; in this case it was 150 mm 

on each side of the wrinkle.  This is not an unreasonable value based on theoretical calculations 

for a geomembrane–GCL interface (Rowe et al. 2004).   

 

The maximum connected wrinkle lengths over the course of the day are given in Table 3-3.  The 

locations of the longest connected wrinkle feature for select times of the day are highlighted in 

Figure 3-9.  In addition to the selected area of the wrinkles, the 150 mm search zone is included 
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in Figure 3-9, such that the wrinkles appear wider than in Figure 3-6.  Early in the morning, 

individual wrinkles are not either large enough or close enough to one another to form a 

significant connected wrinkle.  At 0845 the maximum connected length of 30 m was less than 

twice the maximum individual length.  This wrinkle feature was located only within section B of 

the base, as shown in Figure 3-9a.  Between 1225 and 1345, there were extensive connections 

between wrinkles and the maximum connected wrinkles were greater than ten times longer than 

the maximum individual wrinkles.  The overall maximum connected wrinkle feature was 2510 m 

at 1345.  As shown in Figure 3-9c, this feature extended across the leachate collection trench 

separating sections A and B, thereby allowing a much longer connected feature to develop that 

covered much of sections A and B.  The length of connected wrinkle features then decreased in 

the late afternoon as most of the remaining wrinkles are far enough apart that only a fraction of 

the connections are present. 

 

The sandbag-lined trenches appear to limit the western extent of the maximum connected feature.  

The second and third longest connected features were each confined by the leachate collection 

trenches to sections C and D of the base.  Only one wrinkle was observed to cross a trench.  A 

close up view of this wrinkle is shown in Figure 3-10a and its location is shown in Figure 3-3. 

This wrinkle created a bridge for the longest wrinkle feature to develop across sections A and B.  

If there were no connection across the trench, then the longest connected wrinkle would have 

been less than 1500 m.  Conversely, if there were no trenches with sandbags, then it is likely that 

a much longer connected feature would have developed.  The wrinkle was able to cross the trench 

in between sandbags where they were placed at about 1 sandbag per metre (Figure 3-10a).  

Placement of sandbags at an average of 3 per metre (Figure 3-10b) appeared to be sufficient to 

limit wrinkles from crossing from one section into another.  



 

  60

 

Table 3-3 also reports connected wrinkle length per hectare.  Since the drainage trenches between 

sections B and C limited the extent of the largest connected wrinkle feature, the combined area of 

base sections A and B was used to normalize the wrinkle feature length.  For example, at 0845 the 

longest connected wrinkle had a normalized length of 80 m/ha; whereas, at 1345 it was 6600 

m/ha. 

3.4.5 Relationship to temperature and solar radiation 

The time of day has been shown to influence the area of wrinkles (including wrinkle length and 

number) and the length of the connected features, but it is of interest to know which daily variable 

affects geomembrane wrinkling.  The air temperature and solar radiation are shown in Table 3-1.    

The air temperature does not change greatly over the middle part of the day compared to the 

changes of the solar radiation and the percent area of wrinkles.   

 

The proportion of the area covered by wrinkles is plotted against air temperature and solar 

radiation in Figures 3-11a and 3-11b, respectively.  In these plots the times measured before the 

peak solar radiation are plotted as circles and the points after the peak as squares.  The results in 

Figure 3-11a show that air temperature is a contributor to the formation of a greater area of 

wrinkles, but there is a poor correlation, particularly after the hottest part of the day.  The 

correlation between wrinkle area and solar radiation is more apparent.  Figure 3-11b shows that 

increases in solar radiation have a modest consequence on the percent area of wrinkles until an 

intensity of about 700 W/m2, beyond which the area of wrinkles increases from 9% to 14% with 

only a slight increase in solar energy.  The upper boundary of the percent area of wrinkles is 
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limited by the available solar energy during the heating cycle, and to a lesser extent the air 

temperature and wind speed. 

 

While solar radiation is the energy input leading to the thermal expansion of the geomembrane 

that causes wrinkles, the temperature of the geomembrane is also of interest.  Geomembrane 

temperatures were calculated using the method developed and validated by Pelte et al. (1994) 

using the measured air, solar radiation and wind data and are plotted in Figure 3-11c (for details 

see Appendix C).  When the geomembrane temperature was above 45°C, there was a substantial 

increase in the area of wrinkles, up to a threshold of 20% of the geomembrane, and a maximum 

geomembrane surface temperature of 55°C. 

 

The maximum length of connected wrinkles is plotted against the geomembrane temperature in 

Figure 3-12.  When the geomembrane temperature was about 30°C, the longest effective wrinkle 

was 30 m.  Once the geomembrane temperature was over about 44°C in the morning, the longest 

wrinkle feature was over 1500 m long.  The longest connected wrinkle was between 1500 and 

2500 m long when the geomembrane temperature was between about 50 and 55°C.     

3.5 Discussion 

3.5.1 Field observations 

To many people who have been at a geomembrane installation, the results presented in this paper 

are consistent with qualitative field observations, with the least number of wrinkles early in the 

morning, the greatest number and size around noon, and a reduction in size and number towards 

the end of a clear day.  The results provide some evidence to suggest that any cover soil should be 
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placed over the geomembrane when it is cooler (i.e. early in the day or very late in the day) to 

avoid locking in a significant area of wrinkles and long connected wrinkles.  This is consistent 

with a suggestion from Koerner (2002) that geomembranes could be backfilled when the 

geomembrane temperature is close to the daily low, maybe even at night to improve 

geomembrane contact with the underlying material. 

 

It is noted that the ambient air temperature was not especially high on the day monitored 

(maximum of about 26oC).  The geomembrane wrinkle analysis reported here was quantified 

before the placement of cover material, so the lateral movement and final size and shape of 

wrinkles could be different than the geometry seen here.  For example, it has been reported that 

exhumed wrinkles (i.e. after covering) showed evidence of having been pushed together to form 

larger wrinkles or folding over (Koerner et al. 1999).   

 

The length of connected wrinkles found at this site is quite consistent with the level of connected 

wrinkle that Rowe (2005) indicated was required to explain the observed leakage rates reported 

by Bonaparte et al. (2002). 

3.5.2 Impact on potential leakage rate 

The main implication of geomembrane wrinkles, like those observed at this site, is on the 

potential leakage of fluid – defined here as advective flow under a hydraulic gradient – through 

the composite liner (e.g., a geomembrane over a compacted clay liner (CCL), or as in this case, a 

GCL).  If there are no holes in the geomembrane then there will be no advective leakage through 

the composite liner.  However if there are holes, the leakage rate will depend on (Rowe et al. 

2004): the hydraulic conductivity of the material beneath the geomembrane, the transmissivity of 
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the interface between the geomembrane and the underlying material(s), the number and size of 

holes, the hydraulic gradient across the composite liner, and most importantly, if the hole 

coincides with a wrinkle.  When the hole is at or near a wrinkle there is essentially unopposed 

lateral flow beneath the wrinkle and hence a small hole in the geomembrane can lead to flow 

through the underlying material over a much larger area.  In such a case, the leakage rate will 

typically depend on the number, length and width of connected wrinkle(s) with (a) hole(s). 

 

For the data measured at this site, if wrinkles occupied 20% of the liner area (e.g., see Figure 3-

8), and there were 2.5 to 5 holes in the geomembrane per hectare (consistent with guidelines 

suggested by Giroud and Bonaparte (2001) for geomembranes installed with strict construction 

quality assurance), the probability that at least one of those holes is coincident with a wrinkle is 

43 to 67% (see Appendix J).  In such a case, explicit consideration of the leakage through holes in 

wrinkles would be required to assess the potential leakage rate. 

 

Calculated leakage rates are presented in Figure 3-13, for the case where there is either a 0.6-m-

thick CCL or a 0.01-m-thick GCL beneath the geomembrane, to illustrate the impact of connected 

wrinkle length on the potential leakage rate (assuming a hole at some point in the connected 

wrinkle is large enough that flow is not controlled by Bernoulli’s equation).  These values are for 

a geomembrane with a hole in a wrinkle using the solution of Rowe (1998) considering flow 

extending along the interface between the geomembrane and clay liner where the pressure head is 

zero. (Note that leakage can be larger, especially for the case with a CCL, if consideration is 

given to leakage over a larger area when taking account suctions developing in the 

geomembrane/CCL interface and CCL due to the condition of zero pressure head at the bottom 
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on the composite liner as would be the case for a primary liner of a double liner).  Details 

regarding the assumed input parameters are summarized in the caption to Figure 3-13.    

 

Figure 3-13 shows that leakage is linearly proportional to the wrinkle length.  This means that the 

large variations in connected wrinkle length reported in Table 3-3 can lead to significant 

differences in potential leakage rates.  For example, the calculated leakage would be 75 times 

larger if the geomembrane were to have a hole in a connected wrinkle with a length of  6000 m/ha 

(e.g., data from Table 3-3 for the hottest part of the day) than for a wrinkle with a maximum 

connected length of 80 m/ha (e.g., data from Table 3-3 for early in the morning).  Such 

differences in potential leakage could be used as input in contaminant transport analyses (e.g., see 

Rowe et al. 2004) to assess the possible impact of long connected wrinkles with holes on landfill 

design. 

 

Since there is a narrower range of possible wrinkle widths than lengths, the calculated leakage 

rates were much less sensitive to the range of wrinkle widths measured at this site and depend on 

the hydraulic characteristics of the clay liner.  For example, a 50% increase in width from 0.2 to 

0.3 m (e.g., the approximate range of data in Figure 3-7) increased the calculated leakage by 40% 

for the case with a GCL beneath the geomembrane and very good contact away from the wrinkle 

(θ = 6x10-12 m2/s) because the very low interface transmissivity creates a situation where the 

hydraulic conductivity controls the flow.  Alternatively, the same 50% increase in width had no 

practical effect on leakage (less than 4%) with the CCL beneath the geomembrane, because of the 

much higher interface transmissivity (θ = 2x10-8 m2/s for good contact) governs the flow through 

the composite liner.   
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The very long wrinkle lengths reported in this paper are also useful to confirm judgments made in 

previous assessments of observed leakage rates through composite GM/CCL and GM/GCL liners.  

For example, Rowe (2005) showed that the mean post-closure field leakage rate of 50 lphd 

reported by Bonaparte et al. (2002) for GM/CCL composite liners could be theoretically 

explained by having either: upwards of 100 holes per hectares with no wrinkles, or 3 holes per 

hectare in wrinkles that were 100 m long.  Although at that time the longest published length was 

the order of 40 m, based on the observation made by Rowe et al. (2004) that wrinkles could be 

longer if there were significant interconnections between wrinkles, Rowe (2005) argued that a 

few holes in 100-m-long wrinkles was the more likely explanation of the observed field leakage 

rates.  The results in Figure 3-13 shown that a leakage rate of 50 lphd (the maximum flow for a 

composite liner with a geomembrane on a GCL in Bonaparte et al. 2002) would be calculated for 

a 200-m-long wrinkle for a CCL and about a 460-m-long wrinkle for a GCL below the 

geomembrane (in both cases with a single hole and good contact between away from the 

wrinkle).    

 

It is important to note that the actual length of wrinkle required to explain a given leakage 

depends on assumptions regarding the head above and below the liner, hydraulic conductivity, 

and interface transmissivity away from the wrinkle.  For example, a 50 lphd leakage through a 

composite primary liner involving a 0.6 m CCL could be explained by a single wrinkle having a 

length of between 25 m and 1225 m with one hole per hectare, (depending on the assumptions 

regarding other properties) but most probably within the 100-300 m range with Figure 3-13 

giving a result near the middle of this range.    Further, for the assumptions used to establish 



 

  66

Figure 3-13, observed field leakage rates of 500-600 lphd for GM/CCL composite liners is 

calculated assuming a 2000-m-long wrinkle with a hole.   

 

The data reported in Table 3-3 clearly demonstrates that it is possible to develop wrinkle 

networks sufficiently large to explain the measured leakage rates in the field.  The corollary to all 

of these calculations with very long wrinkle lengths is that potential leakage can be greatly 

reduced if the geomembrane is covered prior to developing significant wrinkles. 

3.6 Conclusions 

Low altitude aerial photography and digital image analysis were used to quantify wrinkles in a 

smooth, black, 1.5-mm-thick HDPE geomembrane over a 55 m by 140 m area on one sunny day 

(maximum air temperature of 26oC) prior to the placement of any covering material.  

Geomembrane wrinkle geometry, air temperature, and solar radiation were reported.  For the site 

specific materials and weather conditions examined, the conclusions are: 

1. Wrinkles varied over the course of the day, increasing from the fewest wrinkles in the 

morning to a maximum just after noon and then decreasing as evening approached.  The 

total area of geomembrane wrinkles was 3%, 20% and 7% of the surveyed area at 0845, 

1225 and 1715, respectively. 

2. The average wrinkle width was 0.23 m and was relatively consistent over the day. 

3. Connected wrinkle features greater than 2000 m long were found and appeared to be 

limited by leachate collection trenches lined with about three (20-30 kg) sandbags per 

metre that subdivided the surveyed area into four smaller portions.  The shortest 

maximum connected wrinkle of 150 m/ha was measured at 0845; the longest was 6600 

m/ha at 1345.  
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The reported data provides guidance on the possible number, length and width of wrinkles that 

may develop for use in leakage calculations.  It also identifies that it is the connected wrinkle 

length (and not just individual wrinkle length) that would govern potential leakage rates if a hole 

was at or near the wrinkle.  However, the most important practical implication of this work is that 

time of day has a significant affect on the overall length of these connected wrinkle features.  The 

observations and results confirm the engineering judgment of some that the extent of wrinkling 

can be reduced by limiting the available exposure to solar radiation by restricting the time of day 

when cover soil is placed on the geomembrane.  Additional data on wrinkles featuring different 

site conditions would be useful to obtain a more complete understanding of geomembrane 

wrinkling under a greater variety of conditions. 
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Table 3-1.  Air temperature and solar radiation. 

Time Air 
temperature (oC) 

Solar radiation 
(W/m2) 

0800 19 400 
0900 21 575 
1000 23 675 
1100 25 810 
1200 25 900 
1300 25 940 
1400 26 925 
1500 26 850 
1600 26 825 
1700 25 575 
1800 22 475 
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Table 3-2.  Number and individual length of wrinkles. 

Time Wrinkle 
Property 0845 1110 1225 1305 1345 1450 1525 1615 1645 1715 

Total number 263 2148 3593 3284 3407 2629 2312 1873 1193 739 
Wrinkles per 
hectare 440 3050 5180 4650 4960 3730 3370 2730 1810 1080 

Distribution 
of wrinkle 
length (%) 

          

0-0.5 m  3 2.0 4 3 3 2 2 2 0.6 2 
0.5-1 m  4 28 37 31 35 31 31 28 24 12 

1-2 m  27 44 41 44 43 44 43 44 44 40 
2-5 m  49 21 16 19 16 19 20 22 26 36 

5-10 m  14 3 2 3 2 3 3 4 5 8 
10-20 m  2 1 0.8 0.9 0.6 1 1 0.9 0.7 2 
20-25 m  0 0.1 0 0 0.1 0 0 0 0 0 

Maximum 
individual 
wrinkle length 
(m) 

18 20 22 24 22 21 23 19 15 20 
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Table 3-3.  Connected wrinkle length. 

Time Wrinkle 
Property 0845 1110 1225 1305 1345 1450 1525 1615 1645 1715 
Longest 
connected 
wrinkle (m) 

30 1580 2360 2070 2510 1990 1680 870 150 290 

Base 
section(s)* 
occupied by 
longest 
connected 
wrinkle 

B A&B A&B A&B A&B A&B A&B A&B A&B A 

Longest 
connected 
wrinkle# 
(m/ha) 

80 4200 6300 5400 6600 5200 4500 2300 450 760 

* Location of base sections shown in Fig. 3. 
# Normalized by area covered by base sections A and B. 
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Figure 3-1.  Illustration of wrinkles that form in HDPE geomembranes: a) wrinkle with 
gradual change in curvature and b) wrinkle with abrupt change in curvature. 
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Figure 3-2.  Master image of entire flat portion of the landfill showing extent of wrinkles at 
1225. 
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Figure 3-3.  Plan view showing extent of base portion of the landfill and locations of close up 
images. 
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Figure 3-4.  Images of the same portion of the geomembrane for the region shown in Figure 
3-3 when taken at: a) 0845, b) 1225 and c) 1725. 
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Figure 3-5.  Illustration of the selected wrinkled areas for quantification for the image 
shown in Figure 3-4b at 1225. 
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Figure 3-6.  Significant wrinkles for the entire base portion of the landfill at: a) 0845, b) 
1225 and c) 1715. 
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Figure 3-7.  Wrinkle width (mean +/- one standard deviation) versus time of day. 
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Figure 3-8.  Area of wrinkles as a percentage of total area for sections A-D versus time of 
day. 
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Figure 3-9.  Significant wrinkles for the entire base portion of the landfill highlighting the 
longest connected wrinkle features at a) 0845 b) 1225 c) 1305 and d) 1715. 
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Figure 3-10.  Images of the drainage trenches for the region shown in Figure 3-3: a) a 
wrinkle crossing the trench where there was only 7 sandbags and at b) there was close 
contact between the geomembrane and GCL where there are 21 sandbags. 
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Figure 3-11.  Variation in area of percentage wrinkles versus: a) air temperature b) solar 
radiation and c) calculated geomembrane surface temperature (Appendix C). 
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Figure 3-12.  Wrinkle length versus predicted surface temperature. 
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Figure 3-13.  Calculated leakage rate through a GM wrinkle with a hole on top of either: a 
0.6-m-thick CCL with hydraulic conductivity of 1x10-9 m/s, or a 0.01-m-thick GCL with 
hydraulic conductivity of 2x10-10 m/s.  Obtained using the solution of Rowe (1998) for a 
wrinkle width of 0.2 m, depth of leachate on top of the GM of 0.3 m, and zero head at the 
base of composite liner.  Interface transmissivities (θ) for good and poor contact between 
the GM and underlying material obtained from data compiled by Rowe et al. (2004). 
Assumes that leakage is not limited by the flow capacity through the hole.  Note: lphd = 
L/ha/day. 
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Chapter 4 

A field study of wrinkles in a geomembrane at QUELTS  

4.1 Introduction 

 

Even if a high density polyethylene (HDPE) geomembrane is initially flat and in direct contact 

with the underlying soil (Figure 4-1a), when it is exposed to solar radiation, the combination of 

solar heating, a high coefficient of thermal expansion, and restrictions on lateral expansion results 

in the development of wrinkles (also called waves) in the geomembrane (e.g., Giroud and Morel 

1992, Giroud 1995, Giroud 2005, Rowe 1998, Take et al. 2012a).  These wrinkles create a gap 

between the geomembrane and the underlying material (Figure 4-1b).  If the wrinkles are covered 

and subjected to overburden pressures, they will experience some reduction in height and width, 

but a gap remains between the geomembrane and the underlying soil (Stone 1984, Soong and 

Koerner 1998, Gudina and Brachman 2006, Brachman and Gudina 2008, Take et al. 2012a).  If a 

geomembrane is used as part of a composite liner with either a geosynthetic clay liner (GCL) or 

compacted clay liner (CCL), wrinkles represent a zone where there can be essentially 

unrestrained flow of fluid through a hole in the geomembrane and the consequent development of 

the full leachate head directly on the clay liner, removing any composite liner action directly 

beneath the wrinkle (Rowe 1998, 2012). 

 

Often calculations of leakage through composite liners assume that the geomembrane is in direct 

contact with the underlying clay (e.g., Giroud 1997).   This condition can be achieved by special 

attention to the elimination of wrinkles (e.g., Averesch and Schicketanz 1998, Müller 2007) or at 

certain times of the day by good luck (Figure 4-1a), however in most parts of the world when a 
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geomembrane is covered with a soil layer there will be some wrinkles.  There is now strong 

evidence to suggest that wrinkles can be extensive (Chappel et al. 2012)  and that  holes in 

wrinkles must be considered when estimating leakage rates through a composite liner (Rowe 

2005, 2012).  Rowe (1998) considered the case of a wrinkle in a geomembrane forming part of a 

composite liner and presented an analytical solution that allows the calculation of the leakage 

through a connected wrinkle with a hole which, for the simplest case where there is no interaction 

between wrinkles, can be written as:  

     Q = 2 L [k b + (k D θ) 0.5] hd / D                               [1] 

where Q is the leakage [m3/s], L is the length of the wrinkle [m]; 2b is the width of the wrinkle 

[m]; k is the hydraulic conductivity of the clay liner [m/s]; θ is the transmissivity of the 

geomembrane-clay liner interface [m2/s]; hd is the head loss across the composite liner [m]; and D 

is the thickness of the clay liner [m].  The two key wrinkle dimension needed are its length L and 

width 2b. Equation 4-1 has the limitation that leakage at the end (over the distance 2b at either 

end) is not considered. Touze-Foltz et al. (1999) presented a slightly enhanced version of this 

equation that addresses this limitation, however this limitation is considered negligible in 

practical applications since the length L is typically on the scale of many tens to hundreds or 

thousands of metres long while the typical width is of the order of less than 0.5 m and commonly 

about 0.2 m before loading (e.g. Chappel et al. 2012).   

 

When applying Eq. 4-1 for applications where the liner is subjected to significant load (e.g. from 

overlying waste in a landfill), the winkle width needs to be adjusted to reflect the change likely to 

occur due to an applied load.  For example, a wrinkle that was initially 0.2 m wide in a 1.5 mm 

HDPE geomembrane reduced to about half this width under a normal pressure of 250 kPa 

(Brachman and Gudina 2008).   
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Gudina and Brachman (2006) observed that a 250 kPa normal pressure did not eliminate wrinkles 

with an initial height of 0.03 m (or greater).  It was assumed herein that wrinkles with an initial 

height less than 0.03 m when covered will decrease in height under load, and may be pressed 

close enough to the CCL or GCL to be described as a “poor contact” transmissive zone by Giroud 

and Bonaparte (1989b) rather than a distinct wrinkle.  Thus wrinkles judged to have a height less 

than 0.03 m were not counted as wrinkles in the present study. 

 

There is now a reasonable amount of data regarding the transmissivity of geomembrane-GCL 

interfaces (e.g., Harpur et al. 1993, Barroso et al. 2008, 2010, Mendes et al. 2010a, 2010b).  

Using available data for typical leachate heads, liner hydraulic conductivity, liner thickness and 

interface transmissivity, Rowe (2005) demonstrated that the observed leakage through primary 

liners in double lined landfills  (Bonaparte et al. 2002) was considerably greater than would be 

expected for the typical number of holes in geomembranes if the geomembrane were in intimate 

contact with the underlying clay liner, however the observed leakage could be explained by the 

holes in, or closely adjacent to, wrinkles in the geomembrane using Eq. 4-1 and a range of 

connected wrinkle lengths of between about 100 m at the low end and about 2000 m for the 

higher flows reported.  However, at that time there was little data to confirm the likely length and 

width of wrinkles that might be expected.   

 

Prior to recent studies by the writers (Take et al. 2007, Chappel et al. 2008, 2012), there was 

relatively little data concerning wrinkle dimensions.  Giroud and Peggs (1990) reported that a 

temperature increase in the geomembrane to 50°C could cause a wrinkle height of about 0.1 m for 

HDPE geomembranes.  Pelte et al. (1994) observed that major wrinkles occurred parallel to the 
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roll length of a 1.5 mm thick black HDPE geomembrane at the location of seams for a 

geomembrane overlying clay in a 30 m by 30 m cell (0.09 ha).  These large wrinkles were 

between 0.05 to 0.1 m high, 0.2 to 0.3 m wide, and at a spacing of 4 to 5 m.  Small wrinkles (less 

than 0.05 m high and 0.2 m wide) were also reported perpendicular to the seams.  Observing a 2 

mm thick HDPE geomembrane over a smaller 7.5 m by 7.5 m region, Touze-Foltz et al. (2001) 

reported wrinkle heights between 0.05 and 0.13 m, wrinkle widths between 0.1 and 0.8 m, and 

spacing between wrinkles of between 0.3 and 1.6 m.  Rowe et al. (2004) reported at least 81 

wrinkles in an approximately 630 m2 (0.063 ha) region with the longest wrinkle being at least 17 

m and possibly extending the entire length of the cell (≈ 40 m).  Rowe et al. (2004) introduced the 

suggestion that it was not just individual wrinkle length, but rather the hydraulically connected 

length of wrinkles that would be significant with respect to evaluating the leakage through a 

composite liner.  However, at that time, no technique had been developed for quantifying the 

connected length of a wrinkle network (L in Eq. 4-1).  

 

To enable the study of connected wrinkles, Take et al. (2007) and Chappel et al. 2008) developed 

a low-altitude aerial photogrammetric technique for quantify geomembrane wrinkles.  Chappel et 

al. (2012) then quantified wrinkles on a 0.68 ha base portion of a municipal solid waste landfill 

located at 44o23’ N 79o43’ W on June 11, 2007.  The connected wrinkle lengths were limited by 

leachate collection trenches lined with sandbags that subdivided the surveyed area into four 

smaller portions.  They found that wrinkles varied over the course of the day, with the proportion 

of the total geomembrane area being beneath wrinkles ranging from 3% at 0845, 20% at 1225 and 

7% at 1715.  The average wrinkle width was relatively consistent at 0.23 m over the day.  The 

connected wrinkle length increased to 2500 m for the longest wrinkle at 1345.  For the times 

surveyed, the shortest maximum connected wrinkle of 30 m was measured at 0845.  
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Chappel et al. (2012) provided insight regarding the potential extent of wrinkle networks and 

wrinkle dimensions.  However it only considers a landfill base at one location on one day.  

Questions arise as to how wrinkling varies with time and how they might differ between the side 

slope and base.  Thus, the primary objective of this paper is to quantify the length of the longest 

hydraulic features (connected wrinkles) that formed in an exposed composite liner at different 

times of the day and year over a period of several years on both a 33H:1V (3%) base slope and a 

3H:1V (33%; 18.3o) south facing side slope.  The second objective is to examine the factors that 

influence the energy input to the geomembrane that give rise to the wrinkling.  The third 

objective is to examine the changes in width and height of wrinkles with time.   The final 

objective is to compare the wrinkling reported by Chappel et al. (2012) at one site on June 11, 

2007 with what is observed at this different site at different times of year.   

4.2 Field Site Details 

The Queen’s University Environmental Liner Test Site, QUELTS, was constructed at latitude of 

44o34’N and longitude 76o39’W, 40 km north-northwest of Kingston, Ontario, Canada in 

September 2006 to study the long term performance of exposed geosynthetic composite liners.  

Specific details have been reported by Brachman et al. (2007).  The relevant portion of the test 

site was 76 m wide (west to east) with a 21 m long 3H:1V slope facing south and 19.4 m long 

base with a 3% grade (Figure 4-2).  Four different GCLs (Table 4-1 and Figure 4-3) were laid in a 

north-south direction over native silty sand (SM) from the anchor trench at the top of the slope 

(north), down the slope, and across the base to the anchor trench at the south of the site (Figure 4-

2).  Three panels of each GCL were installed.  All GCL panels were overlapped by 300 mm.  As 

will be shown later, the overlapping of GCLs panels impacted the resulting wrinkle pattern.  

Textured black, 1.5 mm thick HDPE geomembrane was placed down the slope over the central 
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two-thirds of the slope with smooth black, 1.5 mm thick HDPE geomembrane on the two outer 

sections (i.e., over GCL2 at the west and GCL3 at the east – see Figure 4-3b).  A smooth 1.5 mm 

thick HDPE GM was placed on the base with its roll direction running from east to west (a 

comparison of the different geomembrane/GCL combinations for the base and slope are in 

Appendix F, Figures F2 – F4).  The geomembrane was seamed (Figure 4-1) with dual hot wedge 

thermal fusion, and quality control tests were performed throughout installation (Brachman et al. 

2007).  The GCLs and geomembrane were terminated in a perimeter anchor trench with a depth 

and width of 0.5 m.  Sandbags were placed in a continuous line side-by-side along the toe of the 

slope.   

 

A weather station, installed at the centre of the top of the slope, recorded weather data at ten 

minute intervals over the course of the experiments including the air temperature and solar 

radiation.  The soil temperature 50 mm below the bottom of the GCL, and the interface 

temperature between the geomembrane and the GCL were monitored every ten minutes while the 

geomembrane temperature was periodically monitored.   

4.3 Method 

A low altitude aerial photogrammetry system (Take et al. 2007) was used to capture images of 

the geomembrane for quantification of wrinkles. Before the camera was flown over the site, a 

grid of labeled control points (CP) was painted on the geomembrane every 5 m along each seam 

of the geomembrane. These CPs were surveyed to identify exact locations for digital image 

alignment. The aerial photographs were taken using a Digital Single Lens Reflex (DSLR) camera 

mounted on the underside of a 6.4-m-long helium-filled blimp.  Each photo covers an area of 

approximately 19 m by 28 m when taken with a 50 mm lens at an elevation of 60 m. For the 

particular camera used, this results in an image scale of 1 pixel corresponding to 5 mm.  
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To account for some distortion of the scale across an image that can arise due to camera 

orientation, the image pixel coordinates were correlated to real world coordinates using the 

known locations of the CPs, and the image was geometrically corrected through image 

transformation to create a constant scale factor of 1 pixel to 0.01 m (Take et al. 2007).  The CPs 

were used to create a single master image of the geomembrane over the site by stitching together 

the individual images. These master images were then used as a basis for measuring wrinkle 

dimensions at a given time. 

 

To validate the measurement of wrinkle dimensions from the photographs, the height and width 

of wrinkles were measured by hand on a number of occasions when photographs were taken. 

These hand measurements were conducted at twenty-one (21) locations, each corresponding to 

one photo image (for details, see Appendix H).   

 

Images of the geomembrane were taken on specific days between September 2006 and August 

2009.  Data collection days were weather-dependent, with a focus on hot, sunny and calm days.  

All data is reported with respect to Eastern Standard Time. The slope and base of the 

geomembrane were analyzed as two separate populations of wrinkles since these two zones were 

isolated by the sandbags running along the toe of the slope. 

 

Wrinkles greater than a threshold height of about 0.03 m were identified on the master images 

and the length, width, and area of these wrinkles were digitally computed for each individual 

wrinkle (see Appendix H for verification).  Wrinkles that were hydraulically connected were 

digitally linked to calculate the total length of hydraulically connected wrinkles (see Chapter 2, 
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Take et al. 2007 for details).  The longest hydraulically connected wrinkle was recorded (together 

with the area below the wrinkle and average width) each time images of the geomembrane was 

taken.  The longest hydraulically connected wrinkle was documented for both the base and the 

slope at each such time.    

4.4 Results 

4.4.1 Wrinkle types and patterns 

When a restrained HDPE geomembrane experiences thermal expansion, it will wrinkle. 

Wrinkling will occur even if there are no geometric imperfections (e.g., as modelled by Giroud 

and Morel 1992).  However, in field situations there will invariably be geometric imperfections 

which will act as points where the wrinkles will develop.  As discussed below, these geometric 

imperfections may arise from many sources including the geomembrane itself, GCL overlaps, 

construction details such as geomembrane seams or anchor trenches, or local irregularities in the 

foundation soil.  

 

The geomembrane installed at QUELTS was manufactured using the blown film process which 

involves folding and then unfolding the geomembrane during the cooling process before it is 

rolled.  This folding introduces two creases in the roll direction to each geomembrane roll (Figure 

4-1a).  For the geomembrane used on this site the creases were located about 1.6 – 1.7 m from 

each edge of the roll and were about 3.3m apart (Figures 4-4 and 4-5).  These creases are small 

enough to be almost unnoticeable on the finished roll, but are a sufficient geometric imperfection 

to initiate wrinkling when the geomembrane undergoes thermal expansion.  At these locations the 

wrinkles have a “peaked” shape (Figure 4-1b) and since they occur at the creases, they run 

parallel to the roll direction. These wrinkles ran across the width of the base (i.e. east-west in 
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Figures 4-3c-d and 4-4), but on the slope they ran down slope (i.e., north-south in Figures 4-3a–b 

and 4-5). 

 

The wrinkles that formed at locations other than at creases were rounded (Figure 4-1b).  Short 

wrinkles (less than 1 m in length) often originated from a seam but this was not generally the case 

for longer wrinkles.   

 

On the base of QUELTS, long (i.e., greater than 1m in length) wrinkles consistently formed at 

locations directly above the GCL panel overlaps (i.e. north-south features seen in Figure 4-3c and 

d, and Figure 4-4; one can visually identify the location of all the panel overlaps on these photos). 

These north-south wrinkles, together with east-west peaked wrinkles formed at geomembrane 

creases, created an orthogonal grid-like wrinkle pattern shown in Figures 3c & d and 4.  However 

while these well defined “geometric imperfections” (i.e., geomembrane creases and GCL panel 

overlaps) represent the primary wrinkles on the base, they are not the only wrinkles.  Rounded 

wrinkles also formed at various angles between these primary wrinkles (Figures 4-1b, 4-3c, 4-3d 

and 4-4) and were often connected with primary wrinkles (as seen in Figure 4-1b, where a 

wrinkle over a crease in the geomembrane intersects other wrinkles). 

  

On the slope, the GCL overlaps and the geomembrane creases both ran north-south, parallel to 

the roll direction.  Primary wrinkles occurred in this direction, often at the location of a GCL 

overlap or geomembrane crease. However despite the lack of obvious geometric imperfections 

(e.g., GCL overlaps or geomembrane creases) across the slope, wrinkles also formed in this 

direction and at various other angles to the slope (Figure 4-3a and b, Figure 4-5).   
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Construction wrinkles, initiated where the geomembrane was folded to fit into the anchor 

trenches, formed at approximately 45° angles at the southeast and southwest corners of the base 

and ran towards the centre of the base.  They were often observed to be the first wrinkles to form 

in the morning when the sun rose and some remained at night even at low geomembrane surface 

temperatures.   

 

All large wrinkles described above would diminish in size on cooler days and all but the 

construction wrinkles near the anchor trenches described above would disappear completely on 

cold nights when the temperature approached freezing.  However, even on relatively cool days, 

when the geomembrane was warmed by the sun, the pattern of wrinkles would appear in 

essentially the same locations every day (Figure 4-12).  On the base, this pattern did change 

somewhat over the three years that wrinkles were monitored and this was attributed to changing 

conditions between the geomembrane and the GCL as noted below. 

4.4.2 External energy sources and sinks 

Pelte et al. (1994) presented the following equation to describe the heat balance between solar 

radiation, ambient air temperature, the heat flux to the soil and geomembrane temperature: 

 ( )
dt

tdTCtxTtThG GM
pGMaGM

)(),0()( μφα +=+−=          [2] 

where α is the coefficient of absorbed solar energy, G [W m-2] is the solar energy per unit area, h 

is the heat exchange coefficient (which depends on wind speed) [Wm-2 oC-1], TGM [°C] is the 

surface temperature of the geomembrane, Ta [°C] is the ambient air temperature, φ [W m-2] is the 

heat flux in the soil per unit area, μGM [kg m-2] is the mass per unit area of the geomembrane, Cp [J 

kg-1 °C-1] is the specific heat of soil, x [m] is the vertical distance below the top/bottom surface of 

the geomembrane, and t [s] is time.  Although an idealized relationship, this equation does 
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highlight the potential importance of solar radiation and the underlying soil on the difference 

between the geomembrane temperature and ambient temperature.  Figure 4-6 shows the air 

temperature, geomembrane temperature and soil temperature 50 mm below the surface of the 

subgrade at the times of day when wrinkles were monitored in June, July and August (the three 

months of the year when average ambient temperature is typically highest).  At 0630 the soil acts 

as a heat source rather than sink in these warm months (due to heat stored in the soil) as is at a 

higher temperature than the geomembrane.  However by about 0800 to 0900 (depending on the 

day) the geomembrane temperature is already greater than the soil and it begins to warm the soil. 

The air temperature is generally lower than either the soil or geomembrane temperature.  The 

geomembrane temperature exceeded 30oC between 0900 and 1630 and reached a maximum at 

about 1300. The maximum temperature of 62°C was observed when the ambient air temperature 

was 33°C.  Air temperature increased during the morning until 1200 to 1300 (highest value of 

33°C) and often remained high until after 1600 in the late spring and summer giving a relatively 

steady thermal energy input throughout the afternoon.  The soil temperature at a depth of 50 mm 

continued to rise during the day reaching a maximum of 40°C at about 1500 to 1600.  

 

It is evident from Figure 4-6 that the geomembrane temperature is much higher than either the 

soil or ambient temperature throughout most of the day.  To help explain why, Figure 4-7 shows 

the variation in geomembrane surface temperature and solar radiation for a range of days 

(between April and October and spread over 3 years).  There are fewer reported times with 

measured surface temperature than solar radiation due to instrumentation problems.  To illustrate 

the relationship between these two variables and connected wrinkle length, the data symbols 

represent the occasions when the connected wrinkles were (a) less than 20 m long (representing 
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negligible wrinkling), (b) between 20 m and 500 m long (modest wrinkling), and (c) more than 

500 m long (extensive wrinkling), using grey, white and black coloured symbols, respectively.  

The increase in geomembrane surface temperature (Figure 4-7a) is strongly related to the input of 

solar energy (Figure 4-7b), being low in the early morning, increasing to a peak around 1200 to 

1300, and decreasing in the afternoon.  The geomembrane surface temperature for days in late 

July and August ranged from 24°C at 0600 to 50-62°C at 1300.  In late May and June, the 

geomembrane surface temperature ranged from 8-18°C at 0500 to a maximum of 55°C around 

1300.  As a result, even in the late spring under Southern Ontario climatic conditions, the solar 

radiation is enough to give high geomembrane temperatures. 

 

The solar radiation is affected by the amount of cloud cover thus the solar radiation sometimes 

changed substantially within a matter of 10-20 minutes when a large cloud passed over the site.  

This contributes to the variability in solar radiation reported in this chapter.  In general, the solar 

radiation was greatest close to the summer solstice (21st June) and then reduced with time away 

for the solstice.  On a sunny day in late May and June at the site, sunrise was before 0500.  The 

solar radiation peaked around noon at 800-1100W/m2 and the decreased to around 550 W/m2 at 

1600.  In late July and August, sunrise was after 0500, the solar radiation increased to a maximum 

of 750 to 950 W/m2 and decreased to 450 W/m2 at 1600.  Not only was the solar radiation 

greatest near the summer solstice, but there were also more daylight hours.  This resulted in a 

longer time span where solar energy was available to provide energy to the geomembrane.   

 

Wrinkles of less than 20 m connected length were observed for geomembrane surface 

temperatures of less than 30°C and solar radiation of less than 600 W/m2 (Figure 4-7).  Wrinkles 

exceeding 500 m in connected length were observed between about 1100 and 1530 when the 
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geomembrane temperature was between about 30°C and 62°C and solar radiation was between 

600 W/m2 and 1100 W/m2.   

 

Wrinkling is influenced by the current solar radiation and geomembrane surface temperature, and 

also by the thermal history.  The variation in solar radiation prior to a specific time when the 

geomembrane wrinkling and solar radiation was reported can result in some apparent 

inconsistencies between the observed connected wrinkle length and the current solar radiation. 

For example, the greatest solar radiation reported on Figure 4-7a, observed at about 1030 on 16 

June 2009, corresponded to a geomembrane surface temperature of 38oC and only modest 

wrinkling (L = 479 m; white square on Figure 4-7a) despite the high solar radiation (1127 W/m2).  

This situation arose because the high solar radiation value was preceded by a large dip in solar 

radiation due to a thick cloud passing between the sun and the geomembrane during the previous 

hour.  Also, the energy stored in the air and the soil can result in longer connected wrinkle lengths 

for given amount of solar radiation in the afternoon compared to the morning.  For example, at 

1700 on 11 June 2008, the solar radiation was 480 W/m2.  The longest wrinkles on the base and 

slope were 49 m and 134 m, respectively.  These lengths in the afternoon are longer than at 0740 

on 11 June 2008 when the solar radiation was 510 W/m2, corresponding to a maximum wrinkle 

length of 6 m on the base.  

4.4.3 Wrinkle Height 

For the purposes of this study of exposed wrinkles, it was considered that wrinkles with a height 

greater than 0.03 m were likely to be most hydraulically significant after covering and loading 

(Gudina and Brachman 2006).  Wrinkles that are below this threshold are assumed to reduce in 

size, plausibly being described by Giroud and Bonaparte’s (1989b) “poor interface” condition.  It 

is acknowledged that this approach may underestimate the number of wrinkles and the area of 



 

  101

wrinkles present since wrinkles smaller than 0.03 m in height were not included in the estimate of 

the area covered by wrinkles or the interconnected wrinkle length. 

   

The height of a given wrinkle will vary with time of day because of the surrounding thermal 

conditions (energy sources and sinks) on a given day.  Figure 4-8 shows the mean wrinkle height 

for twenty one (21) selected wrinkles on three different days.  The mean wrinkle height exceeds 

the 0.03 m threshold after about 0700 and typically ranges from 0.05-0.08 m between about 0900 

and 1600.  The mean height of the entire data set was 0.05 m (standard deviation 0.03 m).  The 

general trend is for the average wrinkle height to increase in the morning until about 1100, then 

decrease after 1400.  Figure 4-9 shows a histogram of the highest wrinkles observed on these four 

days at noon (measurements taken between 1145 and 1210).  The vast majority (about 85%) of 

wrinkles were 0.04 m to 0.08 m with the average wrinkle height being 0.06 m (standard deviation 

0.03 m) and a maximum wrinkle height of 0.18 m. 

4.4.4 Wrinkle Width 

Wrinkle width was assessed based on data from the analysis of the aerial images of the 

geomembrane on days between April and October, and measured by hand on days in June, July 

and August.  For the wrinkles above the 0.03 m high threshold (averaged for each analysis time 

by dividing the wrinkle area by the length from the aerial images), the average wrinkle widths 

were 0.20 m (standard deviation 0.04 m) on the base and 0.22 m (standard deviation 0.04 m) on 

the slope.  The mean wrinkle width did not change greatly over the day (Figure 4-10).  The 

greatest variability in wrinkle width was early in the morning and late in the afternoon, because 

there were the fewest wrinkles at these times.  For example, in the early morning, there could be 

as few as 3 or 4 wrinkles exceeding the threshold of 0.03 m high, which were mostly larger 

construction wrinkles.  In contrast, at around noon there were typically hundreds of wrinkles of 
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different sizes but with a smaller standard deviation in wrinkle width.  The greatest wrinkle 

widths were typically observed around noon.  A histogram of manually measured wrinkle widths 

around noon is found in Figure 4-11.  The wrinkle widths were measured from where the 

geomembrane touched the subgrade on either side of the wrinkle, at the same times and locations 

that wrinkle height was measured (as described in Appendix F including the selection bias, Figure 

H-2 visually demonstrates that five of the eight wrinkles measured on the base were below 

average size (length and width) wrinkles and hence the average width is biased toward the 

smaller wrinkles).  The measured widths around noon ranged between about 0.20 m and 0.43 m 

but most of the wrinkles were between 0.23 m and 0.36 m with a mean of 0.29 m (standard 

deviation 0.05 m) for 83 wrinkles. Based on these observations a reasonable estimate of wrinkle 

widths at this site would be at least 0.2 m to 0.3 m. 

4.4.5 Connected Wrinkle Length 

A visualization of hydraulically connected wrinkles is useful to understand the factors that 

influence the maximum connected length.  Figure 4-12a shows that at 1030 on 30 October when 

the solar radiation was 600 W/m2 but the ambient temperature only 11oC and geomembrane 

surface temperature only 24oC, the longest hydraulically connected wrinkle (coloured in grey) 

was only 15 m.  The four wrinkles that were connected include one roll direction wrinkle, and 

three wrinkles that are spaced approximately 2 m apart.  At this time, the longest connected 

wrinkle network is near a 1-m-long wrinkle (i.e., at the location with coordinates (57, 2)), but 

they are separated by more than 0.15 m. As the geomembrane heats and the peaked roll direction 

wrinkle grows, this connection will be made with previously unconnected wrinkles (like the one 

just noted) and the length of connected wrinkle will increase by more than simply the extension 

of the peaked wrinkle alone. 
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Figures 12b and 12c both show significant wrinkles at or near 1000 when the solar radiation in 

both cases was 750 W/m2, the air temperature was about 20°C, the geomembrane surface 

temperature was 46°C, and the wrinkle area was 8% on June 11 (Figure 4-12b) and 10% on 9 

August (Figure 4-12c).  There are many similarities in the wrinkling at these two times, but they 

have significantly different maximum connected wrinkle lengths.  On 11 June, the maximum 

connected length was 110 m (highlighted in grey in Figure 4-12b) and on 9 August the maximum 

connected length was 350 m (highlighted in grey in Figure 4-12c).  Wrinkles are at many of the 

same locations in each image.  When visually comparing the two images, the effect of a 2% 

difference in wrinkle area on the length of connected wrinkles can be appreciated by looking in 

the easternmost half of the images.  The wrinkles present on 11 June also are present on 9 August 

but they are longer.  There are two distinct patterns of wrinkles on this half of the site where the 

longest connected wrinkle is observed.  On the 1/3rd of the site immediately to the east of the 

centerline (between 38 m and 64 m on the x-axis), the pattern is dominated by the roll direction 

peaked wrinkles and the orthogonal wrinkles over the GCL panel overlaps combined with a few 

shorter, intermediate wrinkles.  Many wrinkles in this area that are close on 11 June were not long 

enough to connect but with the little extra wrinkling on 9 August these wrinkles now connect 

forming a network that was three times longer that on 11 June for otherwise fairly similar 

conditions.  On the eastern side of the site (between 64 m and 76 m on the x-axis), there are many 

short, irregularly spaced and orientated wrinkles on both dates but the slightly greater number and 

length of these wrinkles on 9 August was sufficient for them to form a significant connected 

network that links to the roll direction peaked wrinkles and the orthogonal wrinkles over the GCL 

panel overlaps as highlighted in blue (Figure 4-12c) on this date.  This serves to illustrate that 

initially the sum of the wrinkle lengths is much greater than the longest connected wrinkle, 

however as the wrinkling increases it reaches a “tipping-point” beyond which the longest 
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connected wrinkle begins to grow rapidly as many previously unconnected wrinkles become 

connected (as will be explored in greater detail later). 

 

Long connected wrinkles do not just occur in hotter parts of the year.  Figure 4-12d shows the 

wrinkles at 1100 on 16 April when the air temperature was 13°C but the solar radiation was 800 

W/m2 and the geomembrane surface temperature 36°C.  At this time, the roll direction wrinkles 

were extensive across the site and together with the orthogonal wrinkles they formed a hydraulic 

link between many other wrinkles over more than two thirds of the width of the site, forming a 

maximum connected wrinkle length on the base at this time of 780 m.  The second longest 

interconnected wrinkle (shown in blue) was 190 m long and it can be see that it would only 

require a minor extension of the length of one of the east-west peaked roll direction wrinkles to 

connect this to the longest connected wrinkle, thereby substantially increasing the connected 

wrinkle length. 

 

Both the geomembrane surface temperature (on the upper/exposed side of the geomembrane) and 

the temperature at the interface between the geomembrane and the GCL were monitored on most 

dates as indicated in the caption to Figure 4-12.  The interface temperature was 1-5oC cooler than 

the geomembrane surface temperature on these dates. On 23 May 2007 the surface temperature 

was lost due to instrumentation problems, however the interface temperature was 50-51 °C at the 

time of taking the photos in Figure 4-12e and 13 can be taken to infer that the geomembrane 

surface temperature was at least 51oC and possible 56oC. 

 

Figures 12e and 13 show the longest wrinkle on the base (at 1105) and slope (at 1140) on May 

23, 2007, respectively.  At these times the air temperature was only 23°C but, because of the high 
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solar radiation (950 W/m2), the interface temperature was 50-51°C. On the base (Figure 4-12e) 

there were orthogonal wrinkles due to the peaked roll direction wrinkles running east west and 

the wrinkles over GCL panel overlaps running north south, as noted previously. These provide a 

highly connected network with a length of 1530 m at a time when 25% of the base is comprised 

of wrinkles.   It might be tempting to believe that the extensive wrinkling was because the 

geomembrane rolls and GCL panels were laid in opposite directions, however inspection of the 

wrinkles on the slope (Figure 4-13) shows that even if the geomembrane rolls and GCL panels 

were laid in the same (north-south) direction as on the slope, there can be an even more extensive 

connected wrinkle network (with a connected length of 2020 m and 32% of the area being 

covered by wrinkles).  Thus even though there is no obvious point of initiation for east-west 

(horizontal) wrinkles, they still form.  Although not examined at this site, it is the first author’s 

experience that even if a geomembrane produced with a flat-die (which has no creases) is used, 

wrinkles still develop parallel to the roll.  Thus the data presented in this chapter should not be 

interpreted to suggest that wrinkling will be less if a geomembrane produced with a flat-dye were 

used instead of one produced using a circular dye (blown film process) as was used at this site 

because the flat dye does not decrease the coefficient of thermal expansion. 

 

As illustrated by Figure 4-12a, when wrinkles first begin to form there is predominantly a set of 

individual wrinkles that are not hydraulically connected.  Plotting data from many similar 

observations when the number of wrinkles is relatively small, the longest connected, and hence 

hydraulically significant, wrinkle (vertical axis on Figure 4-14) was found to be much shorter 

than the sum of the lengths of the individual wrinkles above a threshold of 0.03 m in height as 

shown on the horizontal axis of Figure 4-14.   At QUELTS it was found that when the longest 

(connected) wrinkle was less than about 110 m (e.g. see Figures 12a and b), most of the wrinkles 
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were hydraulically isolated and the connected wrinkle length was much shorter than the sum of 

the wrinkle lengths (Figure 4-14). However, once the number of wrinkles reached a threshold 

level (tipping point), the probability of individual wrinkles intersecting and becoming 

hydraulically connected to the single longest connected wrinkle feature began to increase and the 

length of the connect wrinkle relative to the sum of all wrinkle lengths increased significantly 

(Figure 4-14).  When the sum of all wrinkles lengths is between 400 m and 1400 m, there is the 

largest variation in connected wrinkle lengths relative to the sum of the wrinkle lengths due to its 

dependence on exactly where wrinkles have formed at a given time (e.g. see Figures 12b and c).  

However, eventually there are so many wrinkles that the probability of them not being 

hydraulically connected becomes small (see Figures 12e and f). There is an almost 1:1 ratio 

between the connected wrinkle length and sum of lengths of all wrinkles once the connected 

length reached about 1200m (Figure 4-14).  At this point, when a wrinkle grows to the sufficient 

height to be counted, it becomes part of the longest connected wrinkle. 

 

Just as there is a generally non-linear relationship between the longest connected wrinkle length 

and the sum of the wrinkle lengths, there is also a nonlinear relationship between the longest 

connected wrinkle and the percentage of the total area made up of wrinkles (Figure 4-15; Table 4-

2).  When the area of wrinkles was 3% or less, the longest connected wrinkle was less than 30 m 

(insert to Figure 4-15).  For the area of wrinkles of 5% or less, the longest connected wrinkle was 

110 m or less.  For the area of wrinkles of 9% or less, the longest connected wrinkle was 160 m 

or less.  For areas between 9 and 11%, the lengths increased up to 500 m.  For between 9% and 

about 22% of area covered by wrinkles, the longest connected length was highly variable but 

generally increasing with greater area.  When the area of wrinkles was greater than 22%, there 

was a strong correlation between area and longest connected length, increasing from around 1350 
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m at 22% of area being wrinkles to about 1950 m at 29% of the area being wrinkles. However 

there appears to be a maximum length of wrinkle that can be developed within a given restrained 

area.  On the slope, this appears to have been approached at a length a little in excess of 2000 m, 

when approximately 1/3rd of the total slope area was wrinkled.  One can anticipate the size of the 

area that is restrained will place a constraint on the maximum connected wrinkle length and that 

this will increase with the size of the total restrained area.  The effect of restrained area will be 

discussed in the next section. 

4.5 Discussion 

4.5.1 Effect of time of day and year on connected wrinkle length  

Figure 4-16a shows a plot of the maximum connected wrinkle on the slope and on the base 

against the time of day.  The different symbols are used to represent different times of the year 

and the white and black symbols represent wrinkles on the slope and base, respectively.  The 

longest wrinkles were observed around noon on the slope.  Since the area of the slope is larger 

than the area of the base, this suggests that the greater connected length may be related to more 

potential for a long wrinkle over a larger unrestrained area.  To normalize for area, Figure 4-16b 

shows the connected wrinkle length per hectare of the area in which the wrinkle could potentially 

develop.  This reduces the discrepancy between the longest wrinkles on the slope and the base, 

but the longest normalized wrinkles were still observed on the slope (see Appendix F for details 

of the similarities between the areas with different geomembrane/GCL combinations).   

 

The wrinkles that will contribute to potential leakage are those that are locked in when they are 

covered with the soil ballast layer or leachate drainage layer.  Since the time of day, and to some 

extent year, has a strong influence on the wrinkle network (Figure 4-16), the time of day at which 
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a geomembrane is covered with a soil layer can be expected to also have a significant effect on 

the length of the buried wrinkle network.  For a climate similar to that at the field tests site, the 

connected wrinkles could be kept to a low value by covering before 800 in the late spring and 

summer and before 1000 in the fall and early spring (before April).  Wrinkling is related to a 

change in geomembrane temperature relative to the temperature when free geomembrane 

expansion (without wrinkling) was prevented by welding and other restraints such as an anchor 

trench. If the geomembrane temperature increases, thermal expansion will cause wrinkles; 

conversely if the temperature decreases relative to the as-placed temperature, thermal contraction 

can cause tension.   At QUELTS the geomembrane was placed when the ambient temperature 

was about 14oC and the geomembrane temperature was 20-30oC.  For this site, with a 

geomembrane placed at this temperature, covering when the geomembrane temperature is below 

about 30°C would appear to minimize the risk of a significant network on connected wrinkles 

(Figure 4-7). 

4.5.2 Comparison with another monitored site 

Chappel et al. (2012) reported the wrinkling of a 1.5mm black HDPE geomembrane overlying a 

GCL on the base of a landfill at latitude 44o 23’ N on 11 June 2007.  The geomembrane, GCL, 

and latitude were similar to that at the QUELTS (latitude 44o34’N), however whereas the base at 

the QUELTS had a total (restrained) area of 0.15 ha on the base, the Chappel et al. (2012) site 

had a total area of 0.68 ha, which was generally split into four sub-areas (A, B, C, and D) by a 

series of sandbags laid along the proposed location of the leachate collection pipes in trenches.  

These sand bags restrained the area over which connected wrinkling could develop to between 

0.12 ha and 0.23ha except that, due to several bags missing in one ditch, the longest connected 

wrinkle sometimes passed across the ditch between two sub-areas (A and B) giving a total 
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combined area in this case of 0.38 ha.  This allows an examination of the effect that unrestrained 

area can have on the maximum length of connected wrinkle as discussed below. 

 

Figure 4-17 shows the data for the longest connected wrinkle with time of day on the 0.15 ha base 

at QUELTS as well as the longest connected wrinkle constrained to the four sub-areas and the 

longest connected wrinkle when it crossed the sub-area boundary at the location where a few 

sand-bags were missing (total combined area 0.38 ha) based on data reported by Chappel et al 

(2012).  The Figure 4-demonstrates that restrained area makes a difference to the connected 

wrinkle length.  On the day monitored by Chappel et al. (2012), the maximum connected wrinkle 

length was consistently shortest in the smallest sub-area D (0.12 ha), intermediate for the next 

size sub-area A (0.15 ha) and greatest for the larger sub-areas C (0.20 ha) and B (0.23 ha), with 

the largest sub-area B generally having the longest connected wrinkle length.  The longest 

connected wrinkle was about 1400 m in sub-areas B and C.  The effect of restrained area is best 

highlighted by considering connected wrinkles that could cross between sub-areas A and B 

(0.38ha).  These were substantially longer than those confined to a single sub-area, and reached a 

maximum connected wrinkle length of more than 2500 m.  Thus, the larger the unrestrained area, 

the greater the connected wrinkle length that can develop.  The data for the base at QUELTS was 

taken over many days and due to different solar radiation on those days there is much more 

scattered than the data reported for one day by Chappel et al. (2012) for a single day.  However 

the connected wrinkle lengths developed at QUELTS are generally consistent with that for the 

small sub-areas and well below that for the large combined sub-area A and B reported by Chappel 

et al. (2012), providing additional support to the importance of the size of the restrained area in 

controlling the connected wrinkle length. 
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Figure 4-18 compares the percentage of area covered by wrinkles on the base on a specific June 

day as reported by Chappel et al. (2012) with those observed at QUELTS from May to August.  

When normalized in this way, there was no apparent difference between the data from the four 

sub-areas or the full area for the site and day examined by Chappel et al. (2012).  The Chappel et 

al. data consistently falls within the midst of range of values observed at QUELTS.   

4.5.3 Potential impact of leakage rate 

It has long been recognized that a geomembrane installed as part of liner system generally cannot 

be installed without some holes (2.5 to 5 holes per hectare being most commonly assumed: see 

Giroud and Bonaparte 2001, Rowe et al. 2004).  It is reasonable to expect that some of these 

holes will align with wrinkles, and in fact, the leakages that have been observed in landfills with 

double liners can only reasonably be explained by taking account of some wrinkles with holes 

(Rowe 2005).  Based on Figure 4-10, the typical wrinkle width (2b in Eq. 4-1) at QUELTS was 

about 0.2 m, however Brachman and Gudina (2008) showed that for a 1.5 mm HDPE 

geomembrane over a GCL at 250 kPa, a 0.2 m wide wrinkle was reduced to about 0.1 m.  Thus to 

illustrate the effect that a hole in a connected wrinkle can have on leakage, calculations were 

performed using Eq. 4-1 assuming a width of 0.1 m for a geomembrane over a (a) 0.9 m thick 

compacted clay liner (CCL), and (b) a 0.01 m thick GCL assuming that both form part of a 

primary composite liner underlain by a leak detection system.  For a CCL with a minimum 

specified hydraulic conductivity of 1x10-9 m/s it is assumed that consolidation under the weight of 

the waste will reduce the operational hydraulic conductivity to 5x10-10 m/s and that the GCL had a 

hydraulic conductivity of 5x10-11 m/s (Rowe 2012).  The transmissivity of the geomembrane CCL 

interface was assumed to be “good” (1.6x10-8 m2/s; Rowe 1998, 2005) and for a natural sodium 

bentonite GCL (3x10-11 m2/s; based on the average value for both reinforced GCLs with sodium 

bentonite tested (Mendes et al. 2010a, b).  The transmissivity for a GCL is three orders of 
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magnitude lower than a CCL because the bentonite swells into the geotextile and small 

irregularities between the GCL and the overlying geomembrane thereby lowering the 

transmissivity as discussed by Rowe (1998, 2012).  A typical design head of 0.3 m was assumed 

to be acting on the liner.  

 

The data from QUELTS with a restrained area of 0.15 ha indicates that at this site, had the liner 

been covered with a leachate collection layer or ballast soil very early in the morning (Figure 4-

16) or when the surface temperature was less than 30oC (Figure 4-7), the longest connected 

wrinkle would have been 20 m or less.  One could expect at least 7 of these wrinkles per hectare. 

If only one such wrinkle per hectare had a hole, the leakages for a composite liner with a CCL 

and GCL (for the assumed conditions) calculated from Eq. 4-1 were 12 lphd (which is an industry 

used abbreviation for litres per hectare per day) and 0.68 lphd respectively (Table 4-3).  

Assuming no interaction between wrinkles, if there were 5 such wrinkle with holes per hectare 

the leakage increases by about five fold to 62 lphd and 3.4 lphd for the CCL and GCL case 

respectively (Table 4-3).  Unless covered very early or when quite cool, wrinkles with a 

connected length of 100 m are readily achieved (Figure 4-16) and since this was for a restrained 

of area of only 0.15 ha there could easily be 7 such 100 m connected wrinkles per hectare.  

Assuming only one with a hole, the leakage would be the same as for five 20 m long connected 

wrinkles with a hole (62 lphd and 3.4 lphd for the CCL and GCL case respectively; Table 4-3).  

Figure 4-16 shows that considerable care would be required to avoid connected wrinkles up to 

500 m in length over a restrained area of 0.15 ha (and again there could easily be 7 such 500m 

connected wrinkles per hectare).  Assuming one 500 m long connected wrinkle with a hole per 

hectare the leakage increases to 310 lphd and 17 lphd for the CCL and GCL case respectively 

(Table 4-3).  One hopes that the geomembrane would not be covered at a time when wrinkling 
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exceed 10% of the area since wrinkle length can then go to between 500-1500 m for the 

restrained area of 0.15 ha (and greater, as shown, if the restrained area were larger).  At 1500 m, 

only one of 7 possible large wrinkles with a hole would give leakages of 930 lphd and 51 lphd or 

the CCL and GCL case respectively (Table 4-3).  The range of values reported in Table 4-3 are 

within the range or reported observed values (Bonaparte et al. 2002) and illustrate the significant 

role that buried wrinkles may have in leakage through composite liners. 

 

Flow through a hole in a geomembrane, with no CCL or GCL below (i.e., into the space under a 

wrinkle) is limited by Bernoulli’s Equation (Giroud and Bonaparte 1989a, Rowe 2012): 

woB ghrCQ 22π=                                        [3] 

where Q is the flow [m3/s], CB is a coefficient describing the shape of the edges of the holes, a 

value of 0.6 is used for sharp edges [-] (Giroud and Bonaparte 1989a), ro is the radius of the hole 

[m], g is gravitational acceleration [m/s2], and hw is the head pressure over the hole [m].  For the 

values used in the calculations above, holes with radii of 0.4, 1.0 and 2.0 mm would allow 

leakages of about 60, 400, and 1600 lphd, respectively.  Therefore, in the case of a composite 

liner with a GCL, one hole with a radius of 0.4 mm would not limit the flow through a hole in a 

1500 m long wrinkle (51 lphd, Table 4-3).  For a composite liner utilizing a CCL, a hole with a 

radius of 2 mm would not limit the flow in a 1500 m long wrinkle (see leakage calculation results 

in Table 4-3, see Appendix F for details of the similarities between the areas with different 

geomembrane/GCL combinations). 

4.6 Summary and Conclusions 

The length of the longest hydraulic features (connected wrinkles) that formed in an exposed 

geomembrane forming part of a composite liner at different times of the day and year over a 
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period of several years has been quantified for both a 3% base slope and 3H:1V side slope at the 

Queen’s University experimental liners test site north of Kingston, Ontario, Canada.  The 

following conclusions were reached based on the available data for this site: 

5. The longest connected wrinkle feature on the 0.15 ha base was about 1500 m.   

6. The longest connected wrinkle feature on the 0.17 ha slope was about 2000 m.  

7. The length of connected wrinkled was related to energy input and, in particular the solar 

radiation, although the soil and ambient temperature played a role in maintaining 

wrinkles in the afternoon as solar radiation decreased.   

8. Wrinkles of less than 20 m connected length were observed for geomembrane surface 

temperatures of less than 30°C and solar radiation of less than 600 W/m2.  

9. Wrinkles exceeding 500 m in connected length were observed when the geomembrane 

temperature was between about 30°C and 62°C and solar radiation was between 600 

W/m2 and 1100 W/m2.   

10. The time of day that the geomembrane is covered with ballast or leachate collection 

gravel will be critical to the length of connected wrinkle that will control leakage though 

the composite liner if there is a hole in the wrinkle. 

11. The average wrinkle height increased in the morning until about 1100, then decreased 

after 1400.  The vast majority (about 85%) of wrinkles were 0.04 m to 0.08 m high, with 

the average wrinkle height being about 0.06 m (standard deviation 0.03 m) and a 

maximum wrinkle height of about 0.18 m. 

12. The average wrinkle widths were 0.20 m (standard deviation 0.04 m) and 0.22 m 

(standard deviation 0.04 m) on the base and slope respectively. Based on these 

observations a reasonable estimate of wrinkle width would be about 0.2 m to 0.25 m for 

conditions similar to those at QUELTS. 
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13. The size of the area in which the connection of wrinkles is constrained made a significant 

difference to the connected wrinkle length.  With a restrained area less than 0.15 ha, the 

maximum connected wrinkle length on the base was about 1500 m. At a site where the 

restrained area was 0.38 ha, the longest connected wrinkle increased to more than 2500 

m.  

1. A range of potential wrinkle lengths was used to demonstrate the magnitude of leakage 

rates through a composite liner with a GCL or CCL.  The leakage ranged from 10 – 1000 

lphd assuming wrinkle lengths of 20 – 1500 m over a 0.9 m CCL.  The same set of 

wrinkle lengths applied to a 0.01 m GCL resulted in leakages from 1 to 50 lphd.  
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Table 4-1.  Description of GCLs used at the field site 

GCL Lower GT Upper GT GCL  
mass  
(g/m2) 

Layer connection 

GCL1  Woven  
slit-film  
(W) 

Nonwoven 
needle-
punched 
(NW) 

5460 Needle-punched, 
thermally treated 

GCL2 
 

Scrim 
reinforced 
nonwoven 
needle-
punched 
(SRNW) 

Nonwoven 
needle-
punched 
(NW) 

4540 Needle-punched, 
thermally treated 

GCL3 
 

Nonwoven 
needle-
punched 
(NW) 

Woven 
slit-film  
(W) 

5260 Needle-punched 

GCL4 
 

Nonwoven 
needle-
punched 
(NW) 

Nonwoven 
needle-
punched 
(NW) 

5360 Needle-punched 
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Table 4-2.  Calculated leakages assuming leachate head of 0.3m above liner and wrinkle 
width (2b) of 0.1m. Numbers rounded to two significant digits. 

Liner Connected 
wrinkle length 

(m) 

Number of 
holes wrinkle/ 

ha 

Leakage 
(lphd) 

Leakage 
(m3/m2/yr) 

20 1 12 0.00045 
20 5 62 0.0023 
100 1 62 0.0023 
500 1 310 0.011 

0.9m CCL1 

1500 1 930 0.034 
20 1 0.68 0.000025 
20 5 3.4 0.00012 
100 1 3.4 0.00012 
500 1 17 0.00062 

0.01m GCL2 

1500 1 51 0.0019  
1 CCL Hydraulic conductivity = 5x10-10 m/s, Interface transmissivity 1.6x10-8 m2/s 

(Rowe 1998; 2005) 
2 GCL Hydraulic conductivity = 5x10-11 m/s, Interface transmissivity 3x10-11 m2/s 

(Mendes et al. 2010) 
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Figure 4-1.  Geomembrane on base in November a) early morning Ta=3oC, no significant 
wrinkles and b) late morning Ta=17oC. 
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Figure 4-2.  Cross-section through Queen’s University Environmental Liner Test Site 
(QUELTS).  Modified from Brachman et al. (2007). 
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Figure 4-3.  a) Significant wrinkles on side slope, b) aerial images of geomembrane on the 
side slope, c) aerial image of geomembrane on the base, d) significant wrinkles on the base.  
Specific areas to be discussed are indicated.  Images taken on May 28, 2008 at 1300, 
SR=1000W/m2, Tair=14oC, a-b) Lmax=1500m, Awrinkle=23%, Tinterface=47oC, c)Lmax=1400m, 
Awrinkle=22%, Tsurface=55oC, Tinterface=48oC. 
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Figure 4-4.  Close-up of grid-like network on base shown in Figure 4-3 arising from the 
orthogonal creases in the geomembrane (peaked wrinkles) running left to right (east to 
west) and overlaps of the GCL panels running top to bottom (north to south). 
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Figure 4-5.  Close-up of wrinkles on slope shown in Figure 4-3 showing peaked wrinkles 
arising from creases in the geomembrane running parallel to the slope (north-south) and 
random wrinkles in the cross-roll direction.  Note: on the slope, the creases in the 
geomembrane and the GCL panel overlaps are parallel, however there are still significant 
cross roll wrinkles formed. 
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Figure 4-6.  Variation in a) air temperature, b) geomembrane surface temperature, c) soil 
temperature at 50 mm depth with time of day on days when wrinkles were monitored in 
June, July and August. 
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Figure 4-7.  Variation in a) solar radiation and b) geomembrane surface temperature with 
time of day on a number of occasions when wrinkles were monitored.  Connected wrinkles 
that are < 20 m long are represented by grey symbols, white symbols are for wrinkles with 
20 m < L < 500 m, and black symbols are for wrinkles > 500 m. 
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Figure 4-8.  Variation in wrinkle height for a typical wrinkle formed over a GCL overlap in 
the base with a) time of day and b) interface temperature.  The photo shows the wrinkle at 
1140 on July 16, 2009. 
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Figure 4-9.  Histogram of wrinkle heights between 1145 and 1210 hours on the days that 
wrinkle height was measured. 
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Figure 4-10.  Variation in wrinkle width with time of day over 11 days between April and 
October.  Average wrinkle width +/- 1 standard deviation. 



 

  132

 

Figure 4-11.  Histogram of wrinkle widths between 1145 and 1210 hours on the days the 
width was manually measured. 
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Figure 4-12. Network of significant wrinkles on the base (wrinkles in longest network are in 
light grey; wrinkles in the second longest network are blue, other wrinkles are in black) and 
lengths of longest connected wrinkle under different conditions: a) 1030 October 30, 2007, 
Lmax=15m, Awrinkle=3%, SR=600W/m2, Tair=11oC, Tsurface=24oC, Tinterface=20oC b) 0940 June 
11, 2008, Lmax=110m, Awrinkle=8%, SR=750W/m2, Tair=21oC, Tsurface=46oC, Tinterface=42oC (c) 
1000 August 9, 2007,  Lmax=350m, Awrinkle=10%, SR=750W/m2, Tair=20oC, Tsurface=46oC, 
Tinterface=41oC d) 1100 April 16, 2008, Lmax=780m, Awrinkle=17%, SR=800W/m2, Tair=13oC, 
Tsurface=36oC, Tinterface=35oC e) 1140 May 23, 2007, Lmax=1530m, Awrinkle=25%, SR=950W/m2, 
Tair=23oC, Tinterface=51oC. 
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Figure 4-13.  Network of significant wrinkles on the slope in grey; (wrinkles not connected 
to the longest network are in black) on 1105 May 23, 2007,  Lmax=2020m, Awrinkle=32%, 
SR=950W/m2, Tair=23oC, Tinterface=50oC. 
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Figure 4-14.  Variation in maximum connected wrinkle length, L with the sum of the 
lengths of all wrinkles. 
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Figure 4-15.  Maximum connected length versus the area of the geomembrane that is 
wrinkled.  White symbols represent data from the slope and black symbols represent data 
from the base.  Inset is a close-up of the data from 0 to 15% wrinkle area in the boxed area 
at lower left of figure. 
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Figure 4-16.  Variation with time of day of: a) maximum connected wrinkle length and b) 
maximum connected length per hectare.  White symbols represent data from the slope and 
black symbols represent data from the base. 
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Figure 4-17.  The maximum connected wrinkle length of the base during May to August at 
QUELTS, and on the base in June at the site reported in Chapter 3. 
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Figure 4-18.  The area under the wrinkles on the base during May to August at QUELTS, 
and on the base in June at the site reported in Chapter 3. 
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Chapter 5 

A comparison of geomembrane wrinkles for nine field cases  

5.1 Introduction 

Following installation of a high density polyethylene (HDPE) geomembrane, the heating of the 

exposed geomembrane due to solar radiation, combined with a high coefficient of thermal 

expansion and in-plane limitations on expansion, results in the creation of wrinkles (also called 

waves; Figure 5-1) in the geomembrane (e.g., Giroud and Morel 1992, Giroud 1995, Rowe 1998, 

Giroud 2005, Take et al. 2012).  The available data suggests that wrinkles will reduce in height 

and width if covered and subjected to overburden pressures, but that a gap remains between the 

geomembrane and the underlying material at locations where there was a substantial wrinkle 

(Stone 1984, Soong and Koerner 1998, Gudina and Brachman 2006, Brachman and Gudina 2008, 

Take et al. 2012).  geomembranes are often used in conjunction with a compacted clay liner 

(CCL) or geosynthetic clay liner (GCL) to form a composite liner where the clay component 

serves to reduce the leakage though any holes in that may develop in the geomembrane, 

especially when the geomembrane is in direct contact with the clay liner (Rowe et al. 2004, Rowe 

2005, 2012). With a composite liner, if a hole in the geomembrane coincides with a wrinkle, a 

linearly extensive area is formed that allows essentially unrestricted flow of fluid beneath the 

width and length of the wrinkle.  This results in the fluid head developing on the underlying clay 

liner over the area of the wrinkle hydraulically connected to the hole, plus lateral migration in the 

transmissive zone where the geomembrane is in contact with the clay liner adjacent to the wrinkle 

(Rowe 1998, 2005, 2012).  Wrinkles can be so prevalent at a site that 20-30% of the area of the 

geomembrane can be wrinkled (Chappel et al. 2012, Rowe et al. 2012a, 2012b).  Many of these 

wrinkles will be hydraulically connected to one another (Chappel et al. 2012, Rowe et al. 2012a, 
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2012b).  The fluid migration (leakage) through a composite liner where there is a hole in, or 

hydraulically adjacent to, a wrinkle in the geomembrane will depend on the length of the 

connected wrinkle and, to a lesser extent, on the width of the wrinkle (Rowe 1998, 2005, 2012).  

 

Prior to studies by Chappel et al. (2012) and Rowe et al. 2012a, 2012b), there was relatively little 

data concerning wrinkle dimensions at the field scale.  A technique was developed for low-

altitude aerial photography (Chappel et al. 2007) and a method of digital image correction and 

analysis was created (Take et al. 2007) to facilitate the study of hydraulically connected wrinkles.  

The methods were used to quantify wrinkles on a (0.68 ha) base portion of a smooth 

geomembrane/GCL composite liner on 11 June 2007 (Chappel et al. 2012).  At this site, the 

maximum connected wrinkle lengths were limited by three parallel leachate collection trenches 

lined with sandbags that subdivided the surveyed area into four sections. Two of these sections 

(with areas of 0.17 and 0.09 ha)  were isolated such that wrinkles did not cross the trench but a 

wrinkle could cross the trench between the two sections allowing a potential hydraulic connection 

of wrinkles over an area of 0.38 ha.  It was found that the longest connected wrinkle varied over 

the day, with the shortest connected wrinkle being 30m at 0845 and the longest being 2500m at 

1345.  The average wrinkle width was relatively consistent at 0.23m throughout the day.   

 

Wrinkles on a 1.5-mm-thick geomembrane over a GCL at the Queen’s University Environmental 

Liner Test Site (QUELTS) were studied over a 3 year period (Rowe et al. 2012a). The longest 

connected wrinkle observed at this site was about 1500 m on the 0.15 ha base and about 2000 m 

on the 0.17 ha, 3H:1V slope.  The average wrinkle width was 0.20+/- 0.04 m on the base and 

0.22+/- 0.04 m on the slope.  
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The same methods were also used to quantify wrinkles in a 1.5-mm-thick textured HDPE 

geomembrane over a compacted clay liner on a 3H:1V slope at six times over the course on one 

day on 25 August 2007 over an area of 0.25 ha (Rowe et al. 2012b).  The longest hydraulic 

feature at this site on this day ranged from less than 20 m at 0840 to 1400m at 1510.  The mean 

wrinkle width (0.31m) was relatively constant throughout the day but was greater than that at the 

sites with a geomembrane/GCL composite liner (i.e., 0.20-0.23m, Chappel et al. 2012, Rowe et 

al. 2012a).  

 

The Chappel et al. (2012) and Rowe et al. (2012a, 2012b) papers provided insight regarding the 

potential extent of site-specific wrinkle networks and wrinkle dimensions, but additional data is 

needed from field sites to make generalized statements and conclusions about the formation and 

potential solutions to reduce wrinkles.  Therefore, the effect of site characteristics such as 

subgrade material, area of geomembrane, and the orientation of the geomembrane (i.e. base or 

slope, slope orientation) on wrinkle height, width and connected length require investigation.  

Thus, the primary objective of this paper is to examine the length of the longest hydraulic features 

that formed in an exposed geomembrane for different sites and exposure conditions (base or 

slope; geomembrane installed over a GCL, CCL or sand subgrade; and textured or smooth 

geomembrane).  The second objective is to examine the wrinkle formation (width, percent area of 

wrinkles, relationship between the longest wrinkle length total and the length of all wrinkles) 

under field conditions, and to evaluate the effect of the size of the unconstrained area of 

geomembrane on the connected wrinkle length.  The third objective is to compare the effect of 

slope orientation between one south and two west facing slopes on wrinkle development.   
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5.2 Cases Examined 

The orientation, geomembrane, area, subgrade, location and dates of observation for nine cases at 

six field sites is given in Table 5-1.  The case labels (Column 1, Table 5-1) are defined as follows:  

the first letter designates the site; the second letter represents the orientation of the geomembrane 

(B= base, W=west facing slope, S=south facing slope); and the two digit number is the year the 

observations were made for the cases when only one set of observations were made that year.  

Three of the cases had a GCL, one had sand, and the rest had a CCL beneath the geomembrane.  

The case study boundary conditions are listed below.     

 

For Case AW06 observations of wrinkling were made over a 100-m-wide portion of a 700-m-

wide, and 65-m-long west facing slope on a 150-mm-thick sand subgrade (Chappel et al. 2008).  

The top boundary of the slope was effectively restrained such that wrinkles could not extend over 

the slope crest.  At the bottom of the slope was a trench lined with sandbags that prevent wrinkles 

extending further in this direction.  The geomembrane continued unrestrained on either side of the 

area of observation.  The fact that wrinkles extended a significant distance in both directions is 

not reflected in the estimates of connected wrinkle length presented later; thus these estimates 

reflect a lower bound on the connected wrinkle length.  

 

The details for Case BB07 were reported in Chappel et al. (2012).  Here the 0.68 ha base area of 

the geomembrane was divided into four sections of roughly equal area by three diagonal drainage 

ditches.  At the time the wrinkles were quantified, the north, south and west edges of the 

geomembrane on the base were seamed to the geomembrane on the side slopes, while sand bags 

were used to restrain the east edge, limiting the extent of connecting wrinkles to the analyzed 

area. 
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Case CB07 is a site that has not been previously reported.  A plan view is shown in Figure 5-2.  

The area of exposed geomembrane at CB07 varied with time during the period that observations 

were made because geomembrane was being placed and welded to existing geomembrane, and 

the geotextile protection layer was being installed almost immediately after the geomembrane 

was installed.  Therefore the area of observation increased from 0.51 ha on June 25 at 0910 to 

0.95 ha at 1530 (Figure 5-2), and then decreased to 0.40 ha at 1330 on June 26.  The 

geomembrane was covered with geotextile starting from the northwest corner (Figure 5-2).  The 

area of observation for sections A1, B1 and C1 was selected for comparison below because it was 

the largest area of the geomembrane that was similar over the two days.  Sections A, B and C 

(Figure 5-2) were hydraulically separated by two drainage trenches with sandbags and rolls of 

geotextile.  At the north and south boundaries of the site, the geomembrane was seamed to the 

side slopes and there was a row of sandbags holding down the geomembrane.  The west edge was 

one panel width past the analysis area with a few sandbags.  Connected wrinkles could extend 

further east than the area of analysis because the east edge was not restrained.  Since the 

maximum connected wrinkle length was only measured over the photographed area, estimates 

provided are a lower bound on the connected wrinkle length (restrained at the north, south and 

west boundaries, but not on the east boundary).   

 

Case DB06 also has not been previously reported.  The investigated area of Case DB06 was 0.42 

ha (Figure 5-3).  The north and west edges were seamed to the side slopes, which prevented 

wrinkle connections.  The east edge was terminated with a line of sandbags.  The liner was being 

installed to the south, so the geomembrane extended beyond the area monitored, permitting 
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connections of wrinkles outside the area of observation, therefore the connected wrinkle lengths 

presented here are lower bounds. 

 

The slope and base of the geomembrane at site D were analyzed in 2008 as two cases because 

these two areas were isolated by the sandbags running along the toe of the slope, and because 

photos were taken on separate days.  The details of DW08 were reported in Rowe et al. (2012b).  

The top of the slope (south boundary) of DW08 was secured by an anchor trench.  The north (toe 

of the slope) and west boundaries were seamed to the base and the geomembrane placed in 2007, 

respectively.  There was one geomembrane panel with a row of sandbags past the east boundary 

of the area of observation; as a result, the reported connected wrinkle lengths are shorter than the 

potential wrinkle lengths at the site.  The north and south edges of DB08 were seamed and there 

was a row of sandbags on the geomembrane holding it down against wind uplift, which also 

prevented wrinkles from extending out of the area of observation.  There was one panel between 

the area of observation and the previously placed geomembrane to the west, and the 

geomembrane was being laid to the east, therefore wrinkles could extend further than the area of 

observation.  The area of observation for DB08 was 0.28 ha (Figure 5-4). 

 

Cases GB and GS are the base and slope at the Queen’s University Environmental Liner Test Site 

(QUELTS).  This paper uses data collected during the months of June, July and August from 

2007 to 2009 for comparison with observations in these summer months at other sites.  Site 

details have been reported by Brachman et al. (2007) and wrinkle quantification and analysis by 

Rowe et al. (2012a).  The slope and base of the geomembrane were analyzed as two separate data 

sets since they were isolated by a continuous line of sandbags above the geomembrane along the 

toe of the slope.  The other edges of the base and slope were restrained in anchor trenches. A 



 

  146

weather station recorded the air temperature and solar radiation (as well as additional weather and 

temperature data) at ten minute intervals over the course of the experiments while the 

geomembrane temperature was monitored between July 2007 and June 2008 due to 

instrumentation problems.   

5.3 Method 
The images of the geomembrane used to quantify wrinkles were captured using a low altitude 

aerial photogrammetry system (Chappel et al. 2007).  The system involved a full frame digital 

single lens reflex camera with a 50mm lens mounted below a 6.4-m-long blimp which was flown 

at a height of about 60m.  Each photo captured an area of approximately 19m by 28m with an 

image scale of 1 pixel to 5mm under ideal conditions. Thus it was necessary to take a number of 

photos at each time of observation and these were subsequently transformed and fused into a 

single master image of the geomembrane (Take et al. 2007) such as shown in Figures 2-4.  Before 

the images were acquired, a grid of labeled control points (CP) were painted on the geomembrane 

every 5m along the seams of the geomembrane and surveyed to identify their locations.  These 

CPs were used to digitally transform the images to a constant scale of 1 pixel to 0.01m to account 

for some distortion of the scale across an image that can arise due to camera orientation and lens 

distortion (Take et al. 2007).  Geomembrane wrinkles which exceeded a threshold height of about 

0.03 m were identified and the pixels representing individual wrinkles were digitally quantified 

(see Take et al. 2007).  Wrinkles that were hydraulically connected by proximity were digitally 

linked to calculate the total length of hydraulically connected wrinkles (see Take et al. 2007 for 

details).  The data acquired from images at each observation time and discussed herein were: the 

longest hydraulically connected wrinkle; the area below the wrinkles; and the average wrinkle 

widths.   
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Digital results were verified against the physical hand measurement of wrinkle dimensions from 

the images.  Specifically, the height and width of a number of wrinkles were measured by hand 

on a number of occasions at three of the days when photographs were taken at GB and GS, and 

all times for DB08, DW08 and EB08. This method was most accurate over noon, when the 

wrinkles were the tallest, and the sunlight conditions were ideal.  It was more likely that wrinkles 

would be considered shorter than 0.03 m than taller than 0.03 m, therefore evidence is provided to 

support the assumption that wrinkles are underestimated.  The wrinkles measured are not 

necessarily representative of the entire population of wrinkles at the site, especially at GB, where 

the wrinkles were unusually small and random  (see Appendices F and H for details).   

 

The images of the geomembrane discussed herein were taken on specific days between July 2006 

and August 2009.  Data collection days were weather-dependant, with a focus on hot, sunny and 

calm days at GB and GS, and on calm days that were at least partly sunny at the other field sites.  

All data is reported with respect to Eastern Standard Time, except for AW06, which is reported in 

Atlantic Standard Time.   

5.4 Consistency of analyses 

The consistency of the analysis is demonstrated by comparing the percent wrinkle area 

over time (Figure 5-5a) and the maximum connected length over time (Figure 5-5b) for the four 

sections at BB07 (Chappel et al. 2012) and the three sections at CB07.  The consistency is 

demonstrated by the internal comparison (comparing the different sections of each site), and the 

comparison between the two sites.  The comparison of hydraulically different sections at one site 

controls for weather, subgrade, time, climate, and installation conditions, and provides insight 

into the range of variation across a site.  Comparing two distinct sites with different conditions 
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(i.e., geomembrane/clay liner combinations, and month) is a method of evaluating how results 

have been affected by hand analysis and the area of the geomembrane.  

 

For each time in BB07, the four sections had similar percent area wrinkles for each of the times 

of analysis, with the widest spread at 1345 from 14 to 22% (Figure 5-5a).  After noon, BB07-A 

consistently had the greatest percent area of wrinkles.  BB07-B had the greatest area (0.21 ha) of 

the four sections, and correspondingly, usually had the longest connected wrinkle compared to 

the other sections (Figure 5-5b).  BB07-A (0.14 ha) and -C (0.17 ha) had similar connected 

wrinkle lengths over the day, usually within 200m, except at 1215 and 1305, where there was a 

difference of about 600 m. BB07-D had the smallest area (0.09 ha) and consistently had the 

shortest connected wrinkle length (< 500m).    

 

At case CB07, the percent area of wrinkles in the geomembrane in the different sections at each 

time were very similar, with the greatest spread at 1230 from 15 to 20% (Figure 5-5a).  Before 

noon, section CB07-C had a slightly greater percent area of wrinkles, but in the afternoon CB07-

B had the greater percent area of wrinkles.  CB07-B had the largest area (0.28 ha), and also 

always had the longest maximum connected length (Figure 5-5b).  CB07-C had the smallest area 

(0.09 ha) and always had the shortest connected wrinkle length (< 550 m).    

 

In general, the percent area of wrinkles was very similar for the two sites, and the area of wrinkles 

over the day for sections of CB07 had less variation than BB07 (Figure 5-5a).  Figure 5-5a shows 

a trend of less than 4% of the area is wrinkled before 0900, then a peak at about 1330, where 

between 14 and 22% of the geomembrane is wrinkled, and then there is a decrease to 4 – 10% at 

BB07 at 1715.  These variations are partially due to the presence of debris on the geomembrane, 
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which are not equally distributed across the site, and partially due to slight variation in the hand 

analysis, but overall is similar and reliable.  BB07-A and -C (0.14 and 0.17 ha) and CB07-A (0.15 

ha) had similar wrinkle lengths (Figure 5-5b), notably around midday, where the most wrinkles 

are connected.   

 

Figure 5-5b provides evidence that the size of the wrinkle catchment area is the limiting factor in 

the maximum length of a hydraulic feature, with the longest wrinkles ranging from 1500 to 1800 

m from the largest section (CB07-B, 0.21 ha) to less than 550 m for CB07-C and BB07-D (both 

0.09 ha).   

 

The variation in the percent area of wrinkles at each time at BB07 is <8%, and at CB07 is <5% 

(Figure 5-5a).  The similarities in the maximum connected wrinkle length for the smallest 

geomembrane areas CB07-C and BB07-D indicates that 0.09 ha is approximately an upper bound 

for a maximum wrinkle length of 500 m, on sunny days with similar climate (Figure 5-5b). 

5.5 Factors affecting wrinkling  

5.5.1 Wrinkle orientation and shape 

Wrinkles form in a restrained HDPE geomembrane when it is subjected to thermal expansion due 

to solar heating. Although wrinkles may preferentially form at geometric imperfections in the 

geomembrane or subgrade under field conditions (i.e. the geomembrane itself, GCL overlaps, 

construction details such as geomembrane seams or anchor trenches, or local irregularities in the 

foundation soil), as discussed by Rowe et al. (2004, 2012a) and Take et al. (2012), they will also 

appear under ideal geometric conditions (e.g., Figure 5-12 and as modeled by Giroud and Morel 

1992).   
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All of the geomembrane installed at the field sites was manufactured using the blown film 

process, which incorporates folding and then unfolding the geomembrane during the cooling 

process before the geomembrane is rolled for shipping.  This folding introduces two creases about 

1.6 – 1.7m from each edge of the roll that run parallel to the roll.  While nearly imperceptible on 

the finished roll, this past crease serves as a geometric imperfection to form – what is defined 

here as – “peaked” wrinkles (Figure 5-1a), that can potentially extend the entire length of the 

uninhibited installed roll.   

 

Apart from the peaked roll direction wrinkles in Figure 5-1a, wrinkles were initiated at locations 

other than obvious imperfections.  As observed by Rowe et al. (2004) and noted by Rowe 

(2012a), wrinkles will also form in geomembranes manufactured with a flat-die (no folds) in the 

roll direction, therefore it is not proposed that geomembranes should be manufactured with a flat-

die instead of a blown-film die for the purpose of wrinkle reduction. 

 

The wrinkles that formed at locations other than at creases had rounded crests, and were usually 

perpendicular to the roll direction (Figure 5-1b).  Wrinkles initiated at seams and extending away 

from the seam frequently had lengths less than 1m.  The longer wrinkles usually were initiated at 

locations other than at seams (e.g., CB07, DB06, and DB08 in Figures 2, 3, and 4, respectively).  

The tallest wrinkles were generally diagonal to the roll direction (e.g., see the feature running 

from coordinates (21 m, 76 m) to (30 m, 92 m) in Figure 5-3); these were remnants of installation 

and are considered as construction wrinkles (e.g., slack during installation prior to seaming or 

anchoring). Sometimes (i.e., DB06, GB) they originated near the restrained corners of the 

installation and ran towards the centre of the installation area.  The construction wrinkles were 
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amongst the first wrinkles to form as the sun rose, and some persisted during the cooler hours of 

the day.   

5.5.2 Solar radiation, air temperature and surface temperature 

The variation in solar radiation, air temperature, and surface temperature with time is presented in 

Figure 5-6a, b, and c, respectively, for the sites and times when measurements were taken.  The 

solar radiation (Figure 5-6a) was measured on-site for cases DW08, DB08, GB, and GS; and 

taken from a nearby weather station for case BB07.  The solar radiation data plots as a band from 

150 to 500W/m2 at 0800, increasing to 600 to 1100W/m2 at noon, and decreasing to 400 to 800 

W/m2 at 1600.  The solar radiation measured at DB08 and DW08 are generally slightly lower 

than average for the times that they were taken, probably because the observation dates (Aug 22 

and 25) were furthest from the summer solstice (21 June), and, in addition, DW08 was a partly 

cloudy day.  The thickness and distribution of cloud cover greatly affects the solar radiation 

reaching an exposed geomembrane. Due to the speed and thickness of cloud cover, there can be a 

considerable change in solar radiation over a short period of time when a cloud moves between 

the sun and the site.  For example, at DW08 the solar radiation changed from 600W/m2 at 1130 to 

almost 900W/m2 at 1245 on the same day simply because of a change in cloud cover.  These 

rapid changes in solar radiation mostly affected the height of the wrinkle and, to a lesser extent, 

connected wrinkles since a wrinkle was only counted if it exceeded a height of 0.03m.  It had 

little effect on wrinkle width.   In addition to daily variations, the solar variation changes 

seasonally – especially the further one moves from the equator with  the longest day at the 

summer solstice (21st June) and the day length reducing with time away for the solstice. As a 

consequence wrinkling will vary with time of year at northern and southern latitudes.  All the data 

reported herein was for latitudes 42oN to 46oN (Table 5-1).   
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The air temperature is also influenced by daily and seasonal variations (Figure 5-6b).  On the 

days when wrinkles were monitored for this paper, the air temperature ranged from 16oC to 24oC 

at 0800, 17oC to 33oC at 1300, and 24 to 29oC at 1600.  The air temperature at DW08 was low 

compared to the other cases and was up to 10oC lower at 1130 on the day the west slope 

observations were made than on the day when the base wrinkles were observed at the same site 

(DB08).  Unintentionally, the days when slopes were analyzed were generally cooler than the 

days when the base was observed. 

 

The surface temperature of the geomembrane was significantly higher than the air temperature 

over most of the day at all sites examined (Figure 5-6c).  The surface temperature was measured 

at DW08 (Rowe et al. 2012b) and between July 2007 to June 2009 at GB (Rowe et al. 2012a).  

Surface temperature was calculated using the Pelte et al. (1994) equation for BB07 (details in 

Appendix C): 
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where TGM is the surface temperature of the geomembrane [oC], Ta is the air temperature [oC], h is 

the heat exchange coefficient between the geomembrane and air  [W/m2/oC], α is the coefficient 

of absorbed solar energy [-], G is the solar energy per unit area [W/m2], λ is the thermal 

conductivity of the soil [W/m/oC],  Ti is the initial soil temperature [oC], and δ(t) is the depth of 

the heat front in the soil [m].  The following finite difference equation can be solved to find the 

change in depth of the heat front, δ(t) (Pelte et al. (1994) :  
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where t is the time step in two second intervals [s].  

Equation 5-1 was found to give good predictions of geomembrane temperature on sunny days in 

June at GB, assuming no variation in temperature across the thickness of the geomembrane, the 

geomembrane contacts the soil, and they have the same thermal properties (Appendix C).  

Equations 5-1 and 5-2 were used to predict the surface temperature at BB07, due to similar 

conditions to GB.   

 

The surface temperatures on the base ranged from 28oC to 31oC at 0800, peaking at 44o to 62oC at 

1300, and 45oC to 47oC at 1630 for cases where the geomembranes was on the base.  The 

calculated temperatures for BB07 fit within the bounds of the measured temperatures at GB.  The 

surface temperature for DW08 increased from 21oC at 0830 to 47oC at 1400, and decreased to 

39oC at 1500 (Rowe et al. 2012b).  The surface temperature at DW08 was generally lower than 

for other cases due to both the lower air temperature on the day of monitoring and fact that the 

slope is facing west (i.e. the geometry between the position of the morning sun in the eastern sky 

and a slope inclined to the west results in a high angle of incidence between the solar beam 

radiation in the morning reducing the solar intensity that is available to heat the geomembrane. As 

a result, the peak solar intensity measured normal to a western facing slope will occur mid-

afternoon, with the exact time depending on latitude).  This difference in surface temperature is 

reflected in the difference between the wrinkle area and length of the longest connected wrinkle 

for west facing slopes AW06 and DW08 compared to the south facing slope GS as discussed 

later. 
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The proportion of the area of the geomembrane that is below wrinkles and the length of the 

longest connected wrinkle are related to the geomembrane surface temperature (Figure 5-7a and 

c) and solar radiation (Figure 5-7b and d).  For the three cases shown in Figure 5-7 (BB07, DW08 

and GB), once the geomembrane temperature exceeded about 37-40oC (solar radiation exceeded 

500-600W/m2) the length of the longest connected wrinkle often exceeded 100 m, and in many 

cases for temperatures over 40oC it exceeded 500m and the corresponding area beneath wrinkles 

often represented more than 10% of the total area. Once these threshold values were reached, 

there was a general trend of increasing area of wrinkles and length of longest connected wrinkle 

with increasing geomembrane temperature and solar radiation.  The results in Figure 5-7 also 

show considerable scatter because wrinkling is a function of the energy that has been absorbed 

from the sun by the geomembrane and stored in the underlying foundation soil, whereas the 

surface temperatures and solar radiation shown are spot values at a specific time (which can 

change quickly, for example, as a cloud passes over). 

 

When the data presented in Figure 5-7 is plotted versus time of day in Figure 5-8, it is evident that 

for the months examined (June - August), significant wrinkling (maximum lengths exceeding 

250m and wrinkle are exceeding 10% of the total area) was often observed after 0830 and before 

1700.   

 

While wrinkling is highly dependent of the energy absorbed by the geomembrane (as manifest 

above by geomembrane temperature and solar radiation), it can also be affected by other factors 

as discussed in the following subsections. 
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5.5.3 Constrained geomembrane area  

The maximum connected wrinkle length is compared with the sum of all individual wrinkle 

lengths in Figure 5-9 for all cases examined.  For the Case BB07 the analyzed areas were sections 

A and B, while for CB07 it was for section B1 (Figure 5-2), to examine only the largest area at 

each time where wrinkles could potentially connect.  Although there is a positive correlation 

between the length of the longest connected wrinkle and the size of the area of observation, the 

size of the area of observation was not observed to influence the percent area of wrinkles 

(Appendix G-1).  The areas examined ranged from 0.15 ha to 0.61 ha.   

 

The results in Figure 5-9 show that when there is limited wrinkling (e.g. early in the morning; ≤ 

8% area wrinkled, Figure 5-8), many of the wrinkles are not connected (i.e. hydraulically 

isolated) and while the sum of the wrinkles may be up to 580m, the longest connected wrinkle 

was less than 200m (Figure 5-9 inset).  Beyond this point, as the geomembrane heats up, the 

wrinkles become sufficiently numerous (sum of lengths 200 m to 600 m; 8% ≤ area wrinkled ≤ 

10%) that at times, many connect. Therefore the length of the longest wrinkle begins to increase 

with the sum of the wrinkle, resulting in a longest connected wrinkle ≤ 400 m, although there is 

much variability in connected wrinkle length depending on whether or not wrinkles connect.  

Further heating increases the sum of wrinkle lengths and thus the probability of wrinkles 

intersecting increases to the point that there is a sharp upturn in the relationship between the 

longest connected wrinkle and the length of wrinkles (see insert to Figure 5-9) once the sum of 

the lengths exceed 600 m (and area wrinkled ≥ 10%). Between reaching this threshold and until 

the sum of the lengths is about 1500 m,  there is still a lot of variability in the longest wrinkle for 

a given sum of connected wrinkles (related to whether or not two modestly long connected 

wrinkles join to form one much longer wrinkle). Up to and including this time, the size of the 
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restrained area had little effect on the length of the longest connected wrinkle.   However once the 

sum of the wrinkle lengths exceeds about 1500 m and the longest connected wrinkle exceeds 

about 1000 m (area wrinkled ≥17%) the probability of wrinkles connecting becomes very high 

and the data for the maximum connected wrinkle length (which cannot exceed the sum of all 

wrinkle lengths) clusters along the 1:1 line in Figure 5-9, which indicates that essentially all 

wrinkles are hydraulically connected.  Once this occurs, the unrestrained area of geomembrane 

where wrinkles can develop has a significant effect on the length of the longest connected 

wrinkle, which increases with the size of the unrestrained area of geomembrane (e.g., the area 

where further wrinkling is prevented by an anchor trench or a continuous lines of sand bags) with 

the maximum connected wrinkle length reaching 5330m for the largest area (0.61 ha). Thus the 

size of restrained area of the geomembrane can greatly influence the maximum length of the 

longest hydraulically connected wrinkle once there is extensive wrinkling. 

 

The effect of the selected area of the geomembrane (as opposed to the area constrained by 

physical barriers) can be evaluated by comparing the statistics for areas B1 (0.28 ha), B2 (0.23 ha), 

and combined B1+2 (0.51 ha) at CB07 (Figure 5-2) at 1530.  In B1, the longest connected length 

was 1600 m with a wrinkled area of 16%, and for B2, the longest connected length was 1500 m 

with a wrinkled area of 19%. When one considers the combined areas of B1+2, the maximum 

connected length was 3100 m and the percent area of wrinkles was 18%.  The area of B1 is about 

half of the area of B1+2, and the maximum connected length is also about half, with a similar 

wrinkled area.  Thus for cases reported herein where the longest wrinkle reported was for an area 

that was not fully physically constrained against wrinkles extending beyond the area examined 

(i.e. Cases AW06, CB07, DB06, and DB08), the longest wrinkle is likely much larger than 

indicated. 
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In terms of practical application of these findings, one possible method of reducing the longest 

connected wrinkle length is to reduce the unrestrained area of the geomembrane by placing a 

continuous line of sandbags on the geomembrane while it is flat.  Based on the capability of 

1500-m-long wrinkles to develop on a 0.15 ha site, it is suggested that an area much smaller (on 

the order of 0.05 ha) is necessary to reduce the longest connected wrinkles to acceptable lengths 

(<200m), without restricting gravel placement over the day.  At very large sites, and/or near the 

summer solstice when days are long, a combination of reducing unrestrained areas and limiting 

placement of sand or gravel to cooler times of the day (before 0800 and after 1700) would 

achieve similar results.  Further research should be done on smaller restrained areas at field scale 

sites.  It should be noted that the placement of sandbags or other restrains should not interfere 

with the leachate collection system (i.e., do not create dams with sandbags perpendicular to a 

slope). 

5.5.4 Slope orientation 

The variation in the wrinkle area and the longest connected wrinkle over a day is compared for 

west and south facing slopes in Figure 5-10.  There was an increase in the percent area of the 

geomembrane under the wrinkles from about 5% at 0600 to a plateau of about 20% between 0900 

to 1400 followed by a decrease after 1400 for the south facing slope (GS, Figure 5-10a).   For the 

west facing slopes, (AW06 and DW08, Figure 5-10a) the percent area of wrinkles was low early 

in the morning and increased until the last images were taken at 1530.  The greatest wrinkled 

areas for the west facing slopes were 20% and 28% for cases DW08 and AW08, respectively.   

 

The change in maximum connected wrinkle length over the day (Figure 5-10b) shows a more 

extreme version of the trend for area of wrinkles (Figure 5-10a), because the maximum connected 
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length is also dependant on the size of the analyzed area.  For both west facing slopes DW08 and 

AW06, there is a large change in the length of the longest connected wrinkle after 1300, where an 

increasing number of wrinkles coalesce into a single long hydraulically connected hydraulic 

feature with a length of 1370 m and 5330 m for DW08 (0.25 ha) and AW06 (0.61 ha) 

respectively at 1500 and 1530.  For the south facing slope (GS, 0.17 ha) the longest wrinkles 

(1250-1370 m) occurred from 0900-1400. The reason for the large variation in the length of the 

longest connected wrinkle is discussed later. 

 

For the west facing slopes AW06 and DW08, the geomembrane could be covered as late as 1200 

(<8% wrinkles and 400 m connect wrinkle length), and still reap the benefits of covering short 

connected wrinkles.  The south facing slope, GS (0.17 ha), must be covered before 0800 to reduce 

connected wrinkle lengths to <100 m (<9% wrinkles) or less.  A suggested method of covering 

multiple slopes to minimize wrinkles slopes could be completed over the day by starting to cover 

the south facing slope until 0800, then moving to the west facing slope until noon, thereby 

maximizing working time, and reducing wrinkles on all slopes.  Further investigation should be 

completed on north and east facing slopes to determine reasonable daily installation time frames. 

5.5.5 Effect of interaction between the geomembrane and the underlying material 

The influence of the material below the geomembrane on wrinkle formation is made by 

comparing the cases that only include the base areas that were restrained at the edges or beyond 

the analysis area.  To minimize the number of variables, attention was focused on results for the 

base for cases as similar as possible although the areas of the section did vary somewhat (DB06 

(0.42 ha); Sections A and B of BB07 (0.38 ha); Section B1 at site CB07 (0.28ha, Figure 5-2); 

DB08 (0.28 ha) and GB (0.15ha)).   

 



 

  159

The percent area of wrinkles (Figure 5-8a) and longest hydraulic feature for each time (Figure 5-

8b) both varied with time of day in a similar manner for geomembranes on a CCL and GCL.  The 

combined results of the size of the geomembrane area (discussed above) and the subgrade 

material can be seen in Figure 5-8b by comparing BB07 and CB07.  At this time, the longest 

connected wrinkle was 3100m for the largest site (0.42 ha) with a CCL below the geomembrane 

(DB06) which also had the greatest wrinkle area (31%).  The second largest site, BB07 with a 

GCL, had an area of 0.38 ha, which is not much smaller, but the longest connected feature was 

substantially less at 2500m with a corresponding wrinkle area of 19%. 

 

When the data for all cases is plotted in terms of the maximum connected wrinkle length versus 

the sum of all wrinkle lengths (Figure 5-11a) or the percent of area wrinkles (Figure 5-11b), there 

is no apparent effect of the material below the geomembrane (sand, GCL or CCL) on the 

connected wrinkle length or area that is wrinkled (although the figure does again show the effect 

of the area examined on the length of connected wrinkle as discussed earlier). 

 

At GB, the GCL rolls were installed perpendicular to the geomembrane, which initiated large 

cross roll wrinkles at the linear bumps under the geomembrane (Rowe et al. 2012a).  This set of 

wrinkles was perpendicular to the peaked roll direction wrinkles, which together, formed an 

expansive grid of hydraulically connected wrinkles that were close to many of the smaller cross 

roll wrinkles. 

 

A comparison of a 67 m2 area of geomembrane for cases DB06, CB07, and BB07 (selected 

because they each have a ≈ 70 m long connected wrinkle) are shown in Figure 5-12, and the 

statistics are in Table 5-2.  The area at DB06 has fewer wrinkles (30), but the average wrinkle 
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width is 0.06 m wider than CB07 and BB07  which explains greater wrinkle area in DB06, 

although there was also more variation in wrinkle width (standard deviation of 0.10m).  There are 

shorter, narrower wrinkles at the section of CB07 than at DB06 (Figure 5-12a), but all of the 

wrinkles are connected with the prevalent roll direction wrinkles, thus, this section has the least 

percent area wrinkles (25%), but it has the longest maximum connected length (73m).  This 

demonstrates that a greater percent area of wrinkles is only a crude indicator of the likely 

connectivity of wrinkles, which is also determined by the proximity of wrinkles to each other 

which can be affected by the interaction between the geomembrane and the clay liner below the 

geomembrane.  In this case, the textured geomembrane in CB07 did not reduce the maximum 

connected wrinkle length even though it reduced both the wrinkled area and the average wrinkle 

width, compared to the smooth geomembrane on a CCL at DB06.  In case BB07 (Figure 5-12c), 

the GCL rolls are parallel to the geomembrane rolls, but their locations are not clearly evident in 

Figure 5-12c.  This section shows a greater number of short wrinkles that are connected to each 

other through proximity to other cross-roll direction wrinkles, not just the single roll direction 

wrinkle. 

 

Although there can be variability in wrinkling depending on local imperfections in the foundation 

and the orientation of GCL panels relative to the geomembrane roll direction as discussed above, 

for the cases examined there was no apparent effect of the nature of  the material (i.e. smooth or 

textured geomembrane on a CCL or GCL) on the longest connected wrinkle length under similar 

solar radiation conditions (unlike the effect of the restrained area which could be  significant as 

discussed above). The effect on wrinkle width is discussed below. 
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5.5.6 Wrinkle width 

Wrinkle widths (for wrinkles above the 0.03m high threshold) were found by dividing the area of 

the wrinkle by the length of the wrinkle, as quantified from air photos (see Chappel et al. 2012) 

for details)., The average wrinkle widths (plus and minus one standard deviation) for all wrinkles 

for each case site are shown in Figure 5-13 and statistics are given in Table 5-3.  The wrinkle 

widths are narrower than hand-measured widths from where the geomembrane touches the 

subgrade, because the wrinkles are visible in the air photos from the reflection of light from the 

flat surfaces.  For the cases examined, (except perhaps at the start and end of the day) the time of 

day did not have an apparent effect on the average wrinkle width (Chappel et al. 2012 and Rowe 

et al. 2012a, and for full details see Appendix H).  

 

Case AW06 with sand beneath the geomembrane, had an average wrinkle width of 0.26 +/- 

0.06m.  The geomembrane/GCL composite liner cases BB07, GB and GS had very similar 

average wrinkle widths (+/- standard deviation) of 0.23+/-0.04m, 0.20+/-0.04m and 0.22+/-

0.04m, respectively.  The populations of BB07 and GB are different at the 5% significance level 

using the t-test (n=21429), probably due to the large n, which magnifies small differences in the 

samples.  For case GS, a smooth or textured geomembrane placed on a GCL did not have any 

apparent effect on the average wrinkle width (Appendix H).  For the three cases with a 

geomembrane on a GCL, 95% of the wrinkles were narrower than 0.3 m, and 96%, 97% and 95% 

of wrinkles were between 0.1 – 0.3m for cases BB07, GB and GS, respectively (Table 5-3).  

Based on the preceding observations, a reasonable prediction of wrinkle width on a GCL would 

be about 0.2-0.23m in an exposed geomembrane.   
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The smooth geomembrane/CCL liners on a base, DB06 and DB08, had average wrinkle widths of 

0.32+/- 0.07m and 0.27 +/-0.05m.  Using the t-test, these two populations were different at the 

5% significance level (n=1620).  Since these wrinkles were observed at the same site under 

similar conditions (air temperature, time of year), and time of day has historically not had an 

effect on wrinkle width, it is possible that installation practice and/or boundary conditions may 

have affected the width.  For example, when comparing DB06 (Figure 5-3) and DB08 (Figure 5-

4), there are differences in the wrinkling, most notably, the fact that for DB06 most of the cross-

roll direction wrinkles were long construction wrinkles at the west and east ends of the site.  

Construction wrinkles are generally taller, wider, and more prevalent over the day than wrinkles 

caused only by solar heating.  Thus, the large number of construction-related wrinkles at DB06 

(compared to DB08) could have skewed the wrinkle width distribution, as well causing a greater 

area of geomembrane that was wrinkled at a similar time of day (Figure 5-8a).  DB06 had a range 

of wrinkle widths from 0.06 – 0.68m compared to 0.09 – 0.53m for DB08, a smaller percentage 

of wrinkles between 0.1 – 0.3 m (46% for DB06 compared to 78% for DB08), and 95% of the 

wrinkles were narrower than 0.45m for DB06 compared to 0.38 m for DB08, which demonstrate 

greater variability, and generally wider wrinkles for DB06 than DB08 (Table 5-3).   

 

Case DW08 had a textured geomembrane on a CCL on a west facing slope.  The average width 

(+/- standard deviation) was 0.31 +/- 0.07m.  This average fits between the average for DB06 and 

DB08, indicating that at this case, the texturing of the geomembrane did not affect the average 

wrinkle width. 

 

Case CB07 (textured geomembrane on a CCL), had an average wrinkle width of 0.24 +/- 0.04m, 

with 91% of wrinkles between 0.1 and 0.3m (Figure 5-13 and Table 5-3).  It is hypothesized that 
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the narrower wrinkle width at CB07 compared to the cases with a smooth geomembrane on a 

CCL arose because of greater friction with the CCL, which made it more difficult for wide 

wrinkles to form, creating an environment for a greater number of narrower wrinkles.  A greater 

number of wrinkles may create more opportunities for wrinkles to hydraulically connect, because 

there were generally longer connected wrinkle lengths for CB07 for the same area of wrinkles 

than for DB08 (both 0.28 ha).  For example, at CB07 at 1115 when 17.6% of the area was 

wrinkled, the longest connected wrinkle length was 3230m, which is more than twice as long as 

the longest connected wrinkle length (1460m) at DB08 at 1530 when 17.7% of the area was 

wrinkled.  

 

Based on these observations, a lower-bound estimate of wrinkle width for a smooth 

geomembrane on a CCL would be about 0.3 m.  A width of 0.3 m was an upper bound of the 

widths reported by Pelte et al. (1994) when wrinkles were quantified in a 1.5-mm-thick 

geomembrane over a CCL in a 30 m by 30 m area; but was a lower bound for wrinkles in a 2.0-

mm-thick geomembrane on a CCL in 50 m2 test sites provided by Touze-Foltz et al. (2001).   

 

For the cases examined it appears that the nature of the material below a smooth geomembrane 

can have an effect on the typical (average) wrinkle width, with the wrinkles in geomembranes on 

a GCL tending to be narrower (around 0.20-0.23 m) than wrinkles in geomembranes on a CCL 

(0.24 - 0.32 m) under otherwise generally similar conditions, with the same method of analysis.   

There was only very limited data to allow a comparison of the effect of texturing of the 

geomembrane.  What little data there is suggested that texturing had no discernible effect on 

wrinkle width for a geomembrane on a GCL (Case GS) although it may reduce wrinkle width for 

a geomembrane in a CCL (Case CB07).  The effect for a CCL yet the lack of effect for a GCL 
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was a little surprising but the latter was for otherwise identical conditions at the same site (Rowe 

et al. 2012a) and was as controlled as could reasonable be obtained.  The effect attributed to the 

texturing over a CCL may be site-specific since it arises from a comparison of wrinkling of 

geomembranes at different sites with a CCL; viz CB07, DB06, DW08 and DB08. 

5.5.7 Wrinkle height 

In this comparative study, a wrinkle was considered worthy of quantification if its height was ≥ 

0.03 m.  This threshold is somewhat arbitrary but was set since laboratory tests (Gudina and 

Brachman 2006) indicated that 0.03-m-high wrinkles do not disappear after loading to a pressure 

of about 250 kPa on a CCL.  It is expected that smaller wrinkles would decrease in size, 

potentially disappear, and be hydraulically less significant (i.e., could be represented by “poor 

interface” conditions as defined by Giroud and Bonaparte 1989).  Larger wrinkles were found to 

generally remain after compression and hence remained potentially important hydraulic features 

after backfilling and loading.  It is acknowledged that the choice of this threshold may result in an 

underestimation of the area and longest connected wrinkle because small undulations are not 

taken into consideration.  Thus the numbers presented herein represent a lower bound to the 

wrinkle area and longest connected wrinkle at the time they were observed.   

 

Over a day, individual wrinkles undergo changes in height that reflect current thermal conditions.  

Figure 5-14 shows the mean and standard deviation, and Table 5-4 presents statistics of wrinkle 

height for wrinkles with a height greater than 0.03 m for hand-measured wrinkles at DB08, 

DW08, EB08, GB and GS.  Since wrinkle heights were always measured at the same locations, 

and there is a height threshold, the general trend for the wrinkle heights in the early morning and 

late in the afternoon is heavily represented by a few, large wrinkles.  On the base, the wrinkle 

height over a GCL had a smaller range of values than the wrinkle height over a CCL, potentially 
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because all of the wrinkles measured on a GCL were at one site (GB), instead of two (DB08 and 

EB08) (Figure 5-14a).  On the slope, the wrinkles on the GCL were slightly taller than wrinkles 

on a CCL (comparing GS to DB08) (Figure 5-14b).  Wrinkle heights ranged up to 0.18 m, which 

is a much greater than the average wrinkle height (≈0.06 m).  The aspect ratio (height/width) of 

the wrinkles that were hand measured was about 0.26 except for case DW08 where it was 0.15.  

The aspect ratio is lower at DW08 because wrinkle width does not change greatly over the day 

(Appendix H), and therefore does not correlate to energy variables (i.e. surface temperature, solar 

radiation).  On the other hand, wrinkle height increases with geomembrane temperature (Take et 

al. 2012).  The set of surface temperatures at DW08 was the lowest measured (Figure 5-6c), so 

the wrinkle heights, and the aspect ratios were correspondingly low.  It should be noted that the 

dataset from DW08 is from one day, and it is not recommended to extrapolate these results. 

 

The changes in wrinkle height with surface temperature have been modeled by Take et al. (2012) 

from small scale testing measuring the change in height of a peaked wrinkle under solar radiation.  

It assumes that all thermal expansion within a distance (2Lo) on either side of the wrinkle is 

captured within one wrinkle: 
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where L1 is the new expanded distance [m] perpendicular to the wrinkle, i is the inflection point 

distance from the midpoint of the wrinkle to the geomembrane and assumed to be a constant [m], 

ymax is the maximum wrinkle height [m], b is half of the wrinkle width [m].  It was assumed that 

the maximum wrinkle height was 0.15 m and the coefficient of thermal expansion was 2x10-4/oC 

(e.g., Pelte et al. 1994 and Scheirs 2009). This equation was used to create upper and lower 

bounds for wrinkle height measurements for roll direction wrinkles in Cases EB08, GB and 
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DW08 (Figure 5-15).  The upper bound assumes an initial surface temperature of 13oC, 2Lo=12 

m, and an inflection point distance of 0.085m, in an attempt to quantify the extra stiffness from a 

2.0 mm geomembrane, because the taller wrinkles were also wider at EB08.  Lo was chosen to be 

6m because there was a lack of roll direction wrinkles in the vicinity of the taller wrinkle (white 

circles) measured at EB08, therefore it was the stress release point for a greater length of 

geomembrane on either side of the wrinkle.  The initial temperature of 13oC was used to 

approximate the morning air temperature.  The assumptions for the lower bound were: the initial 

temperature was 15oC, Lo=3m and i=0.07, which were the assumptions made in Take et al. (2012) 

to show the relationship between the laboratory testing and field wrinkles.  The equation does not 

take into account the friction between the geomembrane and the subgrade, which is substantiated 

by the data, where the wrinkle heights over CCLs (EB08 and DW08) have a wider range of 

heights for the same surface temperature than GB (with a GCL), i.e., at about 47oC, the wrinkle 

heights on the base in a 2.0 mm geomembrane on a CCL had a wider range of heights and were 

taller (0.07 - 0.095 m) than the wrinkles in 1.5 mm geomembrane on a GCL (0.065 – 0.0.8 m), or  

a textured geomembrane on a CCL on a slope (0.06 - 0.07 m). 

 

For roll direction wrinkles in the Take et al. (2012) equation, wrinkle height depends on the 

geomembrane surface temperature (ti), wrinkle collection length (Lo), and the inflection point 

distance (i).  The interface between the geomembrane and the subgrade may not contribute 

greatly to differences in height.  It is also unclear from the data whether the wrinkle collection 

length (Lo) or the increased stiffness of a thicker geomembrane (roughly accounted for with a 

wider i) created taller wrinkles at EB08.  For the 1.5-mm-thick geomembrane, the Take et al. 

(2012) equation captured the relationship between wrinkle height and surface temperature.   
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5.6 Summary and conclusions 

The length of the longest hydraulic features (connected wrinkles) that formed in exposed black 

HDPE geomembranes were compared for nine cases at different times of the day in June to 

August, over a period of three years.  Data has been quantified for both base slopes and 3H:1V 

side slopes facing west or south.  For the cases examined, the following conclusions were 

reached: 

1. Wrinkle formation is strongly related to the geomembrane temperature, which is affected 

by exposure to solar radiation (and therefore controlled by time of day and weather).  

Generally speaking the geomembrane should not be covered when the longest connected 

wrinkle is greater than 200 m (i.e., area wrinkled exceeding 8% for the cases examined).  

The time of covering is important. As a crude guide for the regions examined, to control 

wrinkles to an acceptable value in the late spring and summer, it appears that a 

geomembrane on the base or south facing slope should be covered before 0800 or after 

1700.  A west facing slope should be covered before 1200 or after sunset.     

2. The unconstrained area limited wrinkle development.  The longest maximum connected 

length was over 5000 m when the unrestrained area examined was 0.61 ha (0.61 ha area on 

a sand subgrade, 3V:1H slope).  Over base areas of 0.42 ha on a CCL and 0.38 ha on a 

GCL, the longest connected wrinkle was over 3000 m and over 2500 m respectively.  The 

shortest maximum connected wrinkle lengths were less than 550 m for locations where the 

unrestrained area was 0.09 ha.  Based on the findings from this study, the longest connected 

wrinkle length could be minimized by reducing the size of the restrained areas of 

geomembrane (to on the order of 0.05 ha). 

3. The maximum connected length was not observed to correlate strongly with the subgrade 

or geomembrane texture. 
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4. Once wrinkles developed, the average wrinkle width did not significantly change. The 

average wrinkle widths when on top of a GCL were 0.20 - 0.23 m and 0.24 - 0.32 m wide 

when on top of a CCL.  Due to the method of analysis, these averages are considered lower 

bounds to average wrinkle widths. 

5. For the south facing slope, the longest connected wrinkle length grew rapidly to about 1400 

m at 0900 and remained at about this value until 1400 after which it decrease through the 

remainder of the afternoon.  In contrast, for the two west facing slopes the longest 

connected wrinkles was less than 500 m before 1200, then rapidly increased through the 

afternoon to a maximum of 1400 m and 5330 m for DW08 (0.25 ha)  and AW06 (0.62 ha) 

at around 1600, respectively. 
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Table 5-1.  Cases examined. 

Case 
Label 

Base or 3H:1V 
Slope, Slope 
orientation 

GM Area (ha) Down 
slope 
length 
(m) 

Subgrade Location Date(s) 

AW06 West facing 
slope 

1.5 mm 
textured 

0.62 65 Sand 46°10’ N 
60°06’ W 

July 15, 16, 18 
& 21, 2006 

BB07 Base 1.5 mm 
smooth 

0.68 - GCL 44o23’ N 
79o43’ W 

June 11, 2007 

CB07 Base 1.5 mm 
textured 

0.65-0.95 - CCL 42o57’ N 
79o52’ W 

June 25 & 26, 
2007 

DB06 Base 1.5 mm 
smooth 

0.42 - CCL 43o14’ N 
79o53’ W 

July 24, 2007 

DB08 Base 1.5 mm 
smooth 

0.28 - CCL 43o14’ N 
79o53’ W 

August 22, 
2008 

DW08 West facing 
slope 

1.5 mm 
textured 

0.25 41 CCL 43o14’ N 
79o53’ W 

August 25, 
2008 

EB08 Base 2.0 mm 
smooth 

 -  - CCL 44o21’ N 
78o44’ W 

September 10 
& 11, 2008 

GB Base 1.5 mm 
smooth 

0.15 - GCL 44o34’N 
76o39’W 

June, July & 
August, 2007-
2009 

GS South facing 
slope 

1.5 mm 
textured & 
smooth 

0.17 21 GCL 44o34’N 
76o39’W 

June, July & 
August, 2007-
2009 
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Table 5-2. Statistics for the 67m2 areas of DB06, CB07 and BB07 in Figure 5-11. 

Site and time Number of 
wrinkles 

Percent wrinkles 
(%) 

Maximum 
connected length 
(m) 

Wrinkle width 
+/- standard 
Deviation (m) 

DB06, 1230 30 32 71 0.27+/-0.10 
CB07, 1330 40 25 73 0.22+/-0.05 
BB07, 1345 62 27 70 0.21+/-0.06 
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Table 5-3.  Wrinkle width statistics. 

Case 
Label 

Range 
(m) 

Average 
(m) 

Standard 
deviation 

(m) 

95% of 
wrinkles 
less than 

(m) 

Percent 
between 

0.1 and 0.3 
m (%) 

n 

AW06 0.03-0.66 0.26 0.06 0.38 76 3 599 
BB07 0.03-0.57 0.23 0.04 0.29 96 21 429 
GB 0.03 – 0.41 0.20 0.04 0.28 97 22 834 
GS 0.03 – 0.49 0.22 0.04 0.30 95 16 551 
CB07 0.04-0.46 0.24 0.04 0.32 91 10 233 
DB06 0.06-0.68 0.32 0.07 0.45 46 2 655 
DB08 0.09-0.53 0.27 0.05 0.38 78 1 620 
DW08 0.03-0.58 0.31 0.07 0.42 40 1 161 
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Table 5-4.  Wrinkle height statistics. 

Site 
Label 

Mean +/- one 
standard 
deviation 

Maximum 
(m) 

Aspect ratio 
height:width 

Number of wrinkles 
measured per analysis 
time 

Number of 
wrinkles (n) 

DB08 0.07+/-0.03  0.15 0.27 34 126 
DW08 0.05+/-0.02 0.09 0.15 23 99 
EB08 0.07+/-0.03 0.15 0.22 52 225 
GB 0.05+/-0.02 0.08 0.26 9 170 
GS 0.06+/-0.03 

 
0.18 0.29 11 textured GM, 

2 smooth GM 
387 
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Figure 5-1.  Images of a) peaked roll direction wrinkle and b) cross roll direction wrinkle. 
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Figure 5-2.  CB07 at 1530 on June 25, 2007.  The dashed lines identify two drainage 
trenches which subdivide into areas (A, B, and C).  The dotted line in the roll direction is 
the eastern extent of the geomembrane when observations were first made.  At the time this 
image was taken, the air temperature was 30oC, 21% of the area was wrinkles, and the 
maximum connected wrinkle length was 2430m in section B (B1 & B2).  The mean wrinkle 
width was 0.24+/-0.05m. 
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Figure 5-3. DB06 at 1335 on August 18, 2006.  At this time the air temperature was 28oC, 
19% of the area was wrinkles, the maximum connected wrinkle length was 1940 m and the 
average wrinkle width was 0.36+/-0.07 m. 
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Figure 5-4. DB08 at 1115 on August 22, 2008.  The air temperature was 30oC, the solar 
radiation was 750 W/m2.  19% of the area was wrinkles, with a maximum connected 
wrinkle length of 1700m.  The mean width was 0.27+/-0.05m. 
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Figure 5-5.  The variation in the a) area under the geomembrane that is wrinkled and b) the 
maximum connected length in the divided sections of BB07 (smooth geomembrane on a 
GCL) and CB07 (textured geomembrane on a CCL) over the time of day. 
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Figure 5-6. Variation with time of day of: (a) solar radiation (b) air temperature and (c) 
surface temperature.  White symbols are associated with measurements of surface 
temperature on the base of a landfill cell while the black symbols are associated with 
measurements on a slope.   
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Figure 5-7. Variation in: percent area of wrinkles with a) surface temperature, and b) solar 
radiation; and maximum connected length with c) surface temperature and d) solar 
radiation.  White symbols represent a CCL subgrade and black symbols represent a GCL 
subgrade.     
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Figure 5-8. Variation in (a) percent area of wrinkles and (b) longest hydraulically connected 
wrinkle at sites.  White symbols represent a CCL subgrade and black symbols represent a 
GCL subgrade.   
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Figure 5-9.  Variation in maximum connected wrinkle length with the sum of the lengths of 
all wrinkles on site.  Inset shows the data for a sum of wrinkle lengths from 0 to 1500 m.    
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Figure 5-10.  The (a) percent area of wrinkles and (b) maximum connected wrinkle length 
on the slopes.  White symbols represent west facing slopes and black symbol represents the 
south facing slope.  Inset is a close-up of the data with a maximum connected length of less 
than 1600 m.     
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Figure 5-11.  Variation in (a) maximum connected wrinkle length with the sum of the 
lengths of all wrinkles on site and (b) the percent area of wrinkles.     
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Figure 5-12.  Selected geometric wrinkles area shown for: a) smooth geomembrane on a 
CCL subgrade at site DB06 on August 18, 2006 at 1230 b) textured geomembrane on a CCL 
at site CB07 on June 26, 2007 at 1330 and c) smooth geomembrane on a GCL at BB07 at 
1345 on June 11, 2007.  The corresponding connected wrinkle lengths shown in a), b) and c) 
are 69m, 73m, and 70m, respectively. 
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Figure 5-13.  Variation in average wrinkle width +/- 1 standard deviation. 
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Figure 5-14.  Variation in average wrinkle height +/- 1 standard deviation on the (a) base 
and (b) slope. 
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Figure 5-15.  Variation in individual wrinkle height with surface temperature and 
calculated wrinkle height using Take et al. (2012).  White, grey and black symbols represent 
different wrinkles. 
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Chapter 6 

Conclusions and recommendations 

At the field scale, the geometric properties of individual wrinkles (length, average width, and 

area) and the fluid transport properties of hydraulically connected wrinkles (connected length) 

were investigated for black HDPE geomembranes.  A method of data collection and analysis was 

developed and then applied to the examination of wrinkling for nine cases.  To compare wrinkle 

formation to energy inputs and sinks, the temperature of the air, geomembrane surface, and soil, 

as well as the solar radiation were recorded at the Queen’s University Experimental Liner Test 

Site (QUELTS) located in Godfrey, Ontario.  At other sites, the air temperature, the surface 

temperature, and solar radiation were recorded as conditions and instrumentation permitted.  The 

longest connected wrinkle length was compared to the area of wrinkles, the sum of the individual 

wrinkle lengths, the surface temperature (where available), and the solar radiation.  Investigating 

different sites allowed a comparison between wrinkling for different combinations of 

geomembranes and subgrades (GCL, CCL, or sand), time of day, constrained area of the 

geomembrane, and energy conditions.  The height and width of some wrinkles were hand-

measured for five cases. 

6.1 Geomembrane wrinkle quantification method 

Chapter 2 reported a new method of wrinkle quantification using low altitude aerial photography 

and digital image processing, as well as the analysis results of one image covering an area of 0.12 

ha.  The wrinkle quantification method was created based on the definitions of geometric and 

hydraulic wrinkle properties.  A wrinkle was defined as an undulation in the geomembrane above 

the subgrade with an airspace equal to or greater than 0.03 m.     
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When the technique was applied to an image of a 1.5 mm black HDPE geomembrane taken on 

August 17, 2006 at 1600 at a latitude of 43o16’N when the air temperature was 24oC, there were 

100 wrinkles covering 14% of the geomembrane area.  The connected length of the wrinkles was 

520 m, and over 90% of the individual wrinkles were hydraulically connected.  

6.2 Large-scale quantification of wrinkles in a smooth, black HDPE geomembrane 

In Chapter 3, the geomembrane wrinkles in a 1.5 mm smooth geomembrane were analyzed for 

ten images taken between 0845 and 1715 on June 11, 2007.  The examined area of 0.68 ha was 

divided by three diagonal drainage trenches into four roughly equal areas.  The longest connected 

wrinkle at 0845 was 30 m (3% of the area was wrinkles), at 1345 was 2510 m (19% wrinkles), 

and at 1715 was 290 m (7% wrinkles).  The extent of the wrinkles was limited to the regions 

within the drainage trenches, with the exception of one wrinkle that connected two of the sections 

for a total area of 0.38 m because sand bags were missing at this location.  The average wrinkle 

width (+/- standard deviation) was 0.23 +/- 0.04 m consistently over the day.  The most important 

result from this work is that the connected length of wrinkles is significantly affected by the time 

of day and the constrained area over which wrinkling can develop. 

6.3 A field study of wrinkles in a geomembrane at a composite liner test site 

The variation in the longest connected wrinkle in the geomembrane on the 0.15 ha base and 

3H:1V 0.17 ha slope at QUELTS over a period of three years was presented in Chapter 4.   The 

longest wrinkles observed were 1500 m and 2000 m on the base and slope, respectively.  The 

solar radiation was the prime energy source causing wrinkling and controlling the length of the 

connected wrinkle over most of the day, but the air and soil temperature were important heat 

sources for wrinkles later in the day.  Geomembrane surface temperatures between 30oC and 62oC 

and solar radiation above 600 W/m2 were found to correspond to connected wrinkle lengths 
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greater than 500 m.  Geomembrane surface temperatures less than 30oC and solar radiation less 

than 600W/m2 correlated to wrinkle lengths shorter than 20 m.  The average wrinkle widths for 

the base and slope were 0.20 m and 0.22 m, respectively.  Hand measured wrinkle heights 

averaged 0.06 m, and 85% of wrinkle heights were between 0.04 and 0.08 m.  The tallest wrinkle 

measured was 0.18 m.   

6.4 A comparison of geomembrane wrinkles for nine field cases 

In Chapter 5, a comparison of length of the longest hydraulic features that formed in exposed 

high density polyethylene (HDPE) geomembranes for a range of different sites and exposure 

conditions (date; base or slope; over a GCL, CCL or sand subgrade; textured or smooth 

geomembrane) for nine different field case studied over multiple years was presented.  The size 

of the restrained geomembrane area was shown to limit the longest connected wrinkle.  The 

longest wrinkle observed was 5330 m on a 0.61 ha area on sand, and the shortest observed 

connected wrinkles throughout the day were less than 550m on two areas of less than 0.9 ha.  The 

average wrinkle widths were 0.20 – 0.23 m and 0.24 - 0.32 m on a GCL and CCL, respectively.  

Wrinkle height was found to average 0.06 m, and the maximum height was 0.18 m.  When less 

than 8% of the geomembrane was wrinkled and the sum of the wrinkle lengths was less than 580 

m, the longest connected wrinkle was less than 200 m. 

6.5 Applicability, limitations and future work 

The analysis presented herein is only directly applicable to the site-specific conditions and the 

extrapolation of the results to other sites should be undertaken with discretion.  It is known that 

wrinkles persist after covering, even if there is a decrease in height and width (Soong and 

Koerner 1998, Gudina and Brachman 2006, Brachman and Gudina 2008), but it is not known 

how these decreases affect the hydraulic connections reported while the geomembrane was 
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exposed.  It is also recognized that each set of data is a snapshot of the wrinkles at a time, and in 

actuality the geomembrane is covered slowly over the course of the day and perhaps push 

wrinkles together (Koerner et al. 1999), which would change the applicability of the results 

presented herein. 

 

Further research is needed to understand the relationships between wrinkle geometry and the heat 

balance around the geomembrane, building on the equations presented by Giroud and Morel 

(1992), Pelte et al. (1994) and Take et al. (2012).  The results in this thesis are from mainly sunny 

days with low wind due to problems seeing the wrinkles in the images on cloudy days (under 

diffuse lighting without shadows), and the difficulty and danger inherent in flying the blimp in 

windy conditions.  Future work could explore wrinkles under a wider variety of weather 

conditions, collect more data from later in the day, and investigate a geomembrane with a white 

surface.  Investigating wrinkles in north and east facing slopes would permit suggestions for 

geomembrane covering at times of the day for wrinkle reduction.  Studying the location of holes 

in the geomembrane relative to wrinkles, and studying the potential clogging of holes with 

biofilm would be useful contributions to put the study of wrinkles into context. 
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Appendix A 

Development of a low altitude aerial photogrammetry technique to 

quantify geomembrane wrinkles 

Reference: 

Chappel, M. J., Brachman, R. W. I., Take, W. A., and Rowe, R. K. 2007. Development of 

a low altitude aerial photogrammetry technique to quantify geomembrane 

wrinkles. Proceedings of Geosynthetics 2007, Washington, D.C., USA, p 293-

300. 
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Appendix B 

Image analysis procedure and Matlab code 
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Procedure for Image Analysis 

Rotate and transform the control points that were surveyed to make the panel seams parallel with 
the x or y axis, depending on easiest visualization of the GM at that particular site.  Make point 
(x,y) at (0,0) in image space by addition/subtraction: 
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o Calculate the rotation angle 

 To find the angle: 

• Do linear regression on panel for a statistically significant 

number of points to find dy/dx for a panel after transforming 

(x,y) to (0,0) 

• dx/dy = 1/(dy/dx) 

• angle = arctan (dx/dy) 

 rotx = x * cos(angle) – y * sin (angle) 

 roty = x * sin(angle) + y * cos (angle) 

o Apply the rotation angle to the CPs 

 Swap x and y if this helps with the visualization of the site 

o Multiply by 100 for 100 pixels : 1 m 

o Determine the size of the black.jpg file, which must be larger than the size of the 

site 

o Determine pictures from each survey to use to create the master image 

 Create a template in Excel with the alphanumerical grid coordinates 

 Go through all photos in a set for the master image, and make polygons 

around the CPs on a printout of the Excel spreadsheet, and record the 

image numbers 

 Copy the images to make master images into new folders with date-time 

(-location/orientation) labels  
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o Label the CPs on each photo (if they can’t been seen using the Orthotag code) 

with Arial size 28, bold 

• Stitch together photos using the Matlab m-files 

o Orthotag – digitally corresponds labeled coordinates to pixels 

o Orthoproject – transforms image to size and shape needed to fit the labeled pixels 

for a constant scale across the image 

o Orthostitch – uses user input of one CP to insert an image into the master image.  

Orthostitch saves the previous iteration of the master image, so if a mistake is 

made, delete it, rename the previous image, and continue 

• Make a new folder named with a date/time/location label, and name the master folder the 

same name.  The time is found by finding the average of all photos used to make the 

master images, and rounding to the nearest 5 minutes 

• Print poster of image (if needed) 

o Choose a representative master images from the site 

o Label date/time/location/name stamp on image 

o Size to 36” wide for a good overall view of the wrinkles 

o Pprop paper @ Copy Express 127 Princess 

• Select wrinkles digitally in the roll direction (RD) and the cross-roll (XR) direction in 

different files: 

o At 80% of actual size  

o Red 255, green 0 blue 0 
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o Corrections can be done in white or black 

o Check over the image at several different scales to see if there are discrepancies 

o save in a folder using the date label of the original image, and the letters RD or 

XR for the individual files 

• Make a text file list of the master image files for one site for batch analysis (BatchProcess 

code) 

• Find the outer boundaries of the geomembrane area of interest in pixels, and enter these 

numbers into the apoly variable in AnalyzeGodfreyBase (rename to AnalyzeX, where 

X=new site).  AnalyzeX references Orthomeasure2 code for analysis 

• Batch process the series of images in the text file using BatchProcess code, which calls 

the AnalyzeX code 

• Ensure that all folders and the file names (text file of master images and AnalyzeX) are 

updated in the AnalyzeX and BatchProcess code 
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Appendix C 

Surface temperature prediction at BB07 using Pelte et al. (1994) 

equation 
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Introduction 

The geomembrane surface temperature was not measured at BB07 on June 11, 2007 due to 

equipment malfunction; therefore the equation from Pelte et al. (1994) was calibrated to the 

published results using measured values from the base (GB) at Queen’s University Environmental 

Liner Test Site (QUELTS), and then applied to predict the temperature using local air 

temperature, wind and solar radiation.  The objectives of this appendix are to: 1) with the limited 

information available in Pelte et al. (1994), replicate the published results; 2) use the equation to 

modeling the geomembrane surface temperature at QUELTS over sunny days; and 3) apply the 

equation to June 11, 2007 at BB07, with several assumptions that result in satisfactory prediction 

at GB. 

Model Description 

The temperature at the surface of the geomembrane is a balance of heat transfer through radiation, 

conduction and convection.  The absorbed solar radiation energy is converted into heat, which 

increases the temperature of the geomembrane, and is also lost to the air and soil.  A third degree 

polynomial approximation is used to describe temperature, T [oC] through the semi-infinite soil 

medium: 

32 dxcxbxaT +++=       [C-1] 

With the following first and second order derivations: 

232 dxcxb
x
T

++=
∂
∂        [C-2] 

dxc
x
T 62
2

2
+=

∂
∂         [C-3] 
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Four boundary conditions are necessary to solve the polynomial.    At the surface of the 

geomembrane, a portion of the solar radiation is absorbed, and converted into heat which results 

in the increase in temperature of the geomembrane, which is transferred to the surroundings by 

convection by wind and conduction to soil:  

( )( )
0=∂

∂
−−=

x
aGM x

TTtThG λα       [C-4] 

where α is the coefficient of solar energy [-], G is the power of the solar energy per area [W/m2], 

h is the heat exchange coefficient above the geomembrane (convection and radiation) [W/m2/oC], 

Ta is the air temperature [oC], λ is the thermal conductivity of the soil [W/m/oC], t is time [s] and 

x is the soil depth [m]. The geomembrane is in contact with the soil, which is described by T(x=0, 

t) = Tgm(t).  In the soil, the temperature at the heat front as is the initial soil temperature: 

ix TT =
=δ         [C-5] 

where δ is the depth of the heat front in the soil [m].  The heat front is, therefore, is the location 

where is no heat flux or a change in heat flux across the heat front: 

0=
∂
∂

=δxx
T         [C-6] 

0
2

2
=

∂
∂

=δxx
T         [C-7] 

By substituting the boundary conditions in equations 4-7 into the polynomial and its first and 

second derivatives in equations 1-3, the following equation is found (full derivation found at the 

end of this Appendix): 
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where Ti is the initial soil temperature [oC] and δ [m] is the depth of the heat front.  The initial 

equation to find the depth of the heat front is the second equation of diffusion (Carslaw and 

Jaeger 1958): 

2

21
x
T

t
T

∂
∂

=
∂
∂

α
        [C-9] 

Equation 9 is integrated, and it is solved using a third degree polynomial, and then differentiated 

with respect to time (full derivation is at the end of this Appendix): 

thh
a

∂
∂

⎟
⎠
⎞

⎜
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⎛ +=⎟

⎠
⎞

⎜
⎝
⎛ +

δλδδλδ 6312      [C-10] 

   

Equation C-10 was solved using the Runge-Kutta explicit ordinary differential equation (ODE) 

solver (ode45) in Matlab (2007) because it only required the solution for the previous time step to 

complete the current time step and it is suggested in the Matlab Help for ODEs as the solver to try 

first, and the results presented below are satisfactory (Matlab 2007).  In Pelte et al. (1994) a time 

step of two seconds was used, and a time step of one or two seconds was used for the analyses 

here, with no effect on the results.   

Replication of predicted geomembrane surface temperature  

The geomembrane surface temperature and depth of heat front equations were fit to the measured 

and predicted data in Pelte et al. (1994) to understand how the equation was used by the authors.    
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A plot of the depth of the heat front in Figure 10 of Pelte et al. (1994) was also reproduced to 

replicate (Equation C-10).  The geomembrane surface temperatures for a black geomembrane on 

a sunny and a cloudy day that were plotted in Figures 9 and 11 in Pelte et al. (1994) were 

reproduced to calibrate Equation C-8 (geomembrane surface temperature).  The air temperatures 

were not reported in the original paper, so reasonable temperatures were estimated within the 

range of average, minimum and maximum temperatures during specific weeks at Grenoble, 

France over the past 15 years (Weather Underground).  Both the sunny day and the cloudy day 

were reported to have no wind (Pelte et al. 1994).   

 

A comparison of the theoretical depth of the heat front over time from Figure 10 in Pelte et al. 

(1994) and the current calculation is in Figure C-1.  The published soil characteristics of the sand 

subgrade were a thermal conductivity of 0.265 W/m/oC, a specific heat of 685 J /kg/oC and a 

density of 1380 kg/m3.  The heat transfer coefficient was 20, assuming a clear day with no wind.  

After 12 000 seconds (3.33 hours), the calculation in this study is approximately 0.01 m deeper 

than the published result (Pelte et al. 1994).  This difference will have a negligible effect on the 

geomembrane surface temperature (there is low sensitivity of the surface temperature to the depth 

of the heat front, as examined later).  A sample of the code that was used to create the predictions 

for Figures 9 and 10 in Pelte et al. (1994) is located at the end of this Appendix. 

 

Figure 9 in Pelte et al. (1994) compares the predicted and measured surface temperature of a 

black geomembrane on a sunny day.  The geomembrane measured in this figure was black 

polyvinyl chloride (PVC).  Although this is a different material, the same equation and solar 

absorption coefficient are used in Pelte et al. (1994) for both black PVC and black HDPE because 
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it is assumed that the same amount of solar energy is absorbed by the similarly coloured surface.  

In addition, the thermal properties of the geomembrane (thermal diffusivity and conductivity) are 

ignored in the equation, because they are assumed to be the same as the soil.  The estimated air 

temperature over the time of the experiment is in Figure C-2.  The comparison of the surface 

temperatures is in Figure C-3.  The current prediction is a better fit to the measured data than the 

prediction by Pelte et al. (1994), because it has a smaller change in geomembrane surface 

temperature due to changes in solar radiation.   

 

The predicted and measured temperature of the surface of a black HDPE geomembrane on a 

cloudy day was shown in Figure 11 of Pelte et al. (1994).  The assumed air temperature is shown 

in Figure C-4.  The comparison of the prediction by Pelte et al. and the current prediction to the 

measured temperatures are in Figure C-5a.  The current prediction is highly dependent on 

changes in solar radiation, as will be explored later.  The prediction by Pelte et al. (1994) was 

smoother and closer to the measured values than the current prediction.  The current prediction is 

closer to the measured values on the sunny day (Figure C-3), but is more sensitive to changes in 

solar radiation on the partly cloudy day compared to the prediction by Pelte et al. (1994).  A 

moving average over 600 s was applied to the predicted surface temperature to reduce the 

temperature peaks associated with changes in solar radiation (Figure C-5b).  The moving average 

successfully smoothed the data to predict the measured data better than the calculated values, but 

was not used further because the modification could not be explained with a measured physical 

property, and was simply a mathematical fit. 

Sensitivity analysis and parameter selection using the GB data 
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A sensitivity study and parameter selection was completed using the weather, geomembrane, and 

soil data from Case GB at QUELTS.  The variables that were measured every ten minutes at 

QUELTS were: air temperature, solar radiation, wind speed, geomembrane surface temperature 

and soil temperature (between the geomembrane and the geosynthetic clay liner (GCL), and 50, 

150 and 250 mm below the GCL).  For more information see Brachman et al. (2007).  Selected 

days with specific weather characteristics within this time period were used to calibrate the Pelte 

et al equation to local conditions.  The constants that were found by curve fitting and sensitivity 

studies were the thermal conductivity (λ) and thermal diffusivity (a) of the soil, the percent of 

solar radiation that was absorbed (α), the environmental heat exchange (H) and the depth of the 

heat profile in the soil (δ).  Five sunny days during a period from June 2008 to July 2009 were 

used to calibrate the Pelte et al. (1994) equation to the conditions at GB.   

 

The solar radiation; air temperature; wind speed; soil temperature profile and geomembrane 

surface and geomembrane-interface temperature for June 5, 2009 are shown in Figure C-6 as a 

representation of one of the five sunny days used for calibration.  Measured data from June 23, 

2009 has been reported and used in hand calculations to show the influence of specific parameters 

on the surface temperature. 

Horizontal environmental heat exchange 

The horizontal heat exchange coefficient, h accounts for the heat exchange due to the solar 

radiation conditions on a horizontal surface and convection as a function of wind speed: 

hchr hhh +=  
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Where hhr is the horizontal radiation coefficient and hhc is the convection coefficient [W/m2/oC].  

A value of 14 W/m2/oC was used for hhr because it was the value used in Pelte et al (1994) for all 

of their geomembrane horizontal surface temperature predictions. 

 

The convection coefficient depends on the wind speed: 

vhhc 8.36 +=    

where v is the wind speed [m/s].  Therefore, if it is assumed that there is no wind, the horizontal 

heat exchange coefficient is 20.  An increase in the wind speed increases the heat exchange 

coefficient, and therefore decreases the predicted geomembrane temperature. Figure C-7 shows a 

comparison of using the average wind speed over the sunny part of the day to using a wind speed 

that is a time dependent variable.  As expected, averaging the wind speed decreased the 

variability in the temperature calculation.  The wind speed has an inverse effect on the hh, as well 

as the geomembrane surface temperature. 

Hand calculation for the horizontal environmental heat exchange 

Input data: 

 

0900 June 23, 2009 

α=0.8 

Ta=22 oC 

G= 750 Wm-2 

h=26 
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TGM=45oC 

λ= 1 Wm-1oC-1 

δ=0.06 m 

 

Hand calculation of the effect of the horizontal heat exchange coefficient on the surface 

temperature: 
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If hh=20 (assuming the wind speed = 0): 
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If h=26 (assuming the wind speed = 1.6 ms-1, the wind speed at the time of interest): 
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Solar Absorption 

The solar absorption, α, is the fraction of solar energy, G, that is absorbed by the geomembrane 

and used to heat the geomembrane, soil, and the atmosphere.   A perfectly clean, black 

geomembrane would approximate a black body, absorbing almost all radiation, where α=1 (i.e., 

100% absorption).  Since the solar absorption is multiplied with the solar radiation, the effect of 

decreased absorption on Equation C-8 is greater when the solar radiation is greater, over midday 

(Figure C-8).  The geomembrane at GB is dirty, and therefore less black, so it reflects some of the 
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solar radiation (α < 1).  Figure C-8 shows that a range of solar absorption from 0.8 – 0.9 could be 

used to approximate the surface temperature of the geomembrane at GB. 

Depth of heat front in soil 

The depth of the heat front has a second order effect on the surface temperature of the 

geomembrane.  At GB, the depth of the heat front (Figure C-9) can be visualized differently, by 

comparing it to the average temperature profile at different times (Figure C-10).  The temperature 

at a depth of 0.26 m below the surface is consistently at 20-22oC, which is the definition of the 

heat front (the boundary where the soil temperature does not change).    The surface temperature 

above (at 0.00 m) and below the geomembrane (at 0.01 m) is usually about 5oC different.  At 

1600, the surface temperature is slightly lower than the temperature below the geomembrane 

because the surface is cooling in the late afternoon with decreasing solar radiation.  Although at 

2000 the surface is lower than the temperature at 0.26 m, there is still residual heat below the 

geomembrane (the temperature at 0.06 m is the same as at 1200).  This decrease in temperature is 

not modeled by the equation. 

 

The time that the soil starts heating and the thermal diffusivity used in the equation for the depth 

of the heat front were adjusted to attempt to model the measured movement of heat, by delaying 

the heating equation by 40 minutes. 

 

The wind speed is used in the calculation of the horizontal heat exchange coefficient, which is a 

constant in the depth of heat front equation.  The daily average wind speed from 0700 hours to 

1800 hours was used, because it has a second order effect on the depth of the heat front.   
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Hand calculations for the effect of changing the depth of the heat front 

0900 June 23, 2009 

α=0.8 

Ta=22 oC 

G= 750 Wm-2 

hh=26 

TGM=45oC 

λ= 1 Wm-1oC-1 

 

Effect of the depth of the heat front on the surface temperature: 
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If δ=0 m: 
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If δ=∞ m: 
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Thermal diffusivity 

The thermal diffusivity affects the depth and rate of penetration of the heat front in the soil.  

Changing the thermal diffusivity had a large effect on the depth of the heat front, but the depth of 

the heat front had a small effect on the surface temperature prediction.  A range of thermal 

diffusivity values for silt from Rowe and Hoor (2009) was selected to fit to the measured depth of 

the heat front, and a value of 0.7x10-7 m2/s closely fit the data (Figure C-11a), because it modeled 

a maximum depth of the heat from of 0.25 m, which was very similar to the soil temperature 

profile in Figure C-10.  Changing the thermal diffusivity made no change to the surface 

temperature (Figure C-11b). 

Thermal conductivity of soil 
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Practically, the thermal conductivity had no effect on the depth of heat penetration in the soil and 

on the surface temperature of the geomembrane.  The range of values were chosen from Rowe 

and Hoor (2009) was 0.4-1.4 W/m/oC, and from that 1 W/m/oC was used for modeling. 

Hand Calculations for the effect of changing the thermal conductivity 

0900 June 23, 2009 

α=0.8 

Ta=22 oC 

G= 750 Wm-2 

hh=26 

TGM=45oC 

δ=0.06 m 

 

Effect on the surface temperature: 
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If λ=0.4: 
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If λ=1.0: 
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If λ=1.4: 
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Influence of abrupt changes in solar radiation 

On a sunny day with no clouds, the solar radiation follows a parabolic path over the day from 

zero at sunrise, up to a zenith at noon, and then decreases until the sun sets.  When a cloud covers 

the sun, there can be a sharp decrease in the available solar radiation from one measurement to 

the next. Since the measured values are linearly interpolated between two measurements ten 

minutes apart at GB, this can lead to using a value that is considerably different than the actual 

value, and can create large errors in estimating the surface temperature.  Due to the Pelte et al. 

(1994) equation being extremely sensitive to changes in solar radiation, the equation has only 

been used on perfectly clear days. 

Hand calculation for an abrupt change in the solar radiation 

0900 June 23, 2009 

α=0.8 

Ta=22 oC 

G= 750 Wm-2 

hh=26 

TGM=45oC 

δ=0.06 m 
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If the solar radiation is 750 W/m2: 
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If the solar radiation drops to 400W/m2: 
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Initial surface temperature 
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Since the Pelte et al. equation is used to predict surface temperatures on days that there is no 

measured surface temperature, it is important to know the effect of a guessed surface temperature.  

In Figure C-12, the initial surface temperatures for predictions were 15oC, the measured surface 

temperature (8oC) and 0oC.  Within 10 minutes (before the second measured surface temperature), 

the three initial predictions converged.  As long as the temperature prediction starts more than 10 

minutes before it is used to predict geomembrane wrinkles, an incorrect initial surface 

temperature has a negligible effect on the future predicted values. 

Application to BB07 

In Pelte et al. (1994), the authors were not clear on what variables or constants were actually used 

in their modeling.  The use of the equation has been calibrated to published results as well as the 

conditions at GB, with some information that is assumed (the initial soil temperature, air 

temperature, the horizontal heat exchange coefficient). The equation can replicate surface 

temperature on sunny days in June successfully within two standard deviations on either side of 

the average. 

 

When predicting surface temperature at BB07, the time step was one second. The solar radiation, 

air temperature and wind speed (Figure C-13) are linearly interpolated at each time step between 

the measurements, at one hour intervals. The thermal diffusivity and thermal conductivity were 

assumed to be the same as GB, even through the foundation materials were different (dry sand vs 

silty sand).  This assumption is valid because neither of the soil properties significantly altered the 

predicted geomembrane surface temperature at GB.  The depth of the heat front and the predicted 

geomembrane temperature are in Figure C-14.  Figure C-15 shows the results of using the 
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assumptions at BB07 in Figure C-14 applied to June 5, 2009 at GB.  The predicted surface 

temperatures fall within +/- 2 standard deviations of the measured surface temperature. 

Discussion of limitations 

There are several limitations for this set of equations.  The time frame that the equation will work 

for is limited to less than a day, because the depth of the heat front in the soil increases with time.  

The geomembrane is assumed to have the same thermal properties as the soil (thermal diffusivity 

and thermal conductivity), the geomembrane is assumed to be in contact with the subsurface, and 

the geomembrane and soil are assumed to have constant properties throughout the depth of the 

heat front; these assumptions are the main limitations to the application of the equation.  

Assumptions were made about the usage of the equation and the values used for the air 

temperature, initial soil temperature and horizontal heat exchange coefficient.   

Conclusions 

The equations in Pelte et al. (1994) were successfully used to predict the surface temperature and 

depth of heat front for Figure 9 and 10 in Pelte et al. 1994) for a black geomembrane on a sunny 

day, although the results were not satisfactory for a cloudy day.  It was also satisfactory in 

predicting geomembrane temperatures at GB for five sunny days within an acceptable range of 

accuracy (+/- 2 standard deviations), and herein presented for one day (June 5, 2009).  The 

assumptions used at GB, along with measured air temperature and solar radiation were used to 

predict surface temperatures of the geomembrane at BB07 on June 11, 2007.   
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Derivation of the Pelte et al. (1994) equations 

[1] ( )
dt

tdTCtxTtThG GM
pGMaGM

)(),0()( μφα +=+−=  

Boundary Conditions: 

At the soil surface, which is assumed to be the same as the geomembrane in this model, the 

absorbed solar radiation is a portion of the available solar energy. The absorbed energy is 

converted into heat, which increases the temperature of the geomembrane, and is also lost to the 

air and soil.  Note: numbered equations are not the same as in the body of the appendix. 

[2]   ( )( )
0=∂

∂
−−=

x
aGM x

TTtThG λα           

The temperature at the heat front equals the initial soil temperature. 

[3]   ix TT =
=δ

                                            

There is no heat flux, and no change in heat flux across the heat front boundary. 

[4]   0=
∂
∂

=δxx
T                                              

[5]  0
2

2
=

∂
∂

=δxx
T                                              

A third-degree polynomial approximation is considered here for T: 

[6]   32 dxcxbxaT +++=                                      

Its first order and second order derivatives are:  

[7]  232 dxcxb
x
T

++=
∂
∂                                        

[8]  dxc
x
T 62
2

2
+=

∂
∂                                             

By substituting the polynomial approximation and its derivatives (6-8) into boundary conditions 

(2-5), the following system of equations is found: 

Substitute equation 6 into equation 1 at x=0 
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( )

( ) ( ) 0,32)(

)(

2 =++−−=
∂
∂

−−=

xdxcxbTtThG
x
TTtThG

aGM

aGM

λα

λα
 

[9]   ( )( ) bTtThG aGM λα −−=          

Substitute equation 2 into equation 6    

ix
TT =

=δ
 and        

32 dxcxbxaTi +++= , where x=δ                

[10]   iTdcba =+++ 32 δδδ              

Substitute equation 3 into equation 7 

0=
∂
∂

=δxx
T

 

232 dxcxb
x
T

++=
∂
∂  

2320 dxcxb ++= , where x= δ                     

[11] 032 2 =++ δδ dcb               

Substitute equation 4 into equation 8 

dxc 620 += , where x= δ                                                       

[12] 062 =+ δdc                                    

Rearrange equations 9-12 for the four unknown variables (a-d):        

Rearrange equation 10 

δ

δ

δδδ

δ
δ

δ
δ

δ

δδδ

3

3

3

3
3

2
2

32

bTa

baT

bbbaT

bbbaT

dcbaT

i

i

i

i

i

+−=−

+=

+−+=

⎟
⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛ −++=

+++=
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 [13] δ
3
bTa i −=                                

Rearrange equation 9 

( )( )
( )( )aGM

aGM

TtThGb
bTtThG

−−=
−−=

αλ
λα

             

[14] 
( )( )

λ
αGTtTh

b aGM −−
=             

Rearrange equation 12        

δ
δ

δ

δ

δ
δ

⎟
⎠
⎞

⎜
⎝
⎛−=

−=

−=

−=
+=

23
3

3
2
6
62

620

bc

dc

dc

dc
dc

                     

[15] 
δ
bc −=  

Rearrange equation 11      

2
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2

2

30
360

3)3(20
320

δ

δδ

δδδ

δδ

db
ddb

ddb
dcb

−=

+−=

+−+=

++=

                                                            

[16] 
23δ

bd =                                                                

Rewrite the polynomial in equation 5 in terms of the variable b 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
⎟
⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛−−−=

+−+−=

⎟
⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛−++⎟

⎠
⎞

⎜
⎝
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32

3
2

2

3
2

2

31
3

33

33

δδδ
δ

δδ
δ

δδ
δ

xxxbTT

xbxbbxbTT

xbxbbxbTT

i

i

i

This equation is integrated for equation 17 
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[17] 
3

1
3
1

⎟
⎠
⎞

⎜
⎝
⎛ −−=

δ
δ xbTT i                 

It is assumed that the geomembrane temperature is equal to the temperature of surface. 
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To find the change in the depth of the heat front, the conduction (second equation of diffusion) 

equation is given out as below (Carslaw and Jaeger 1958): 

[19] 2

21
x
T

t
T

∂
∂

=
∂
∂

α
                     

                                             

Integrating Eq.(19), we get the following heat-balance integral equation. 

∫ ∫=
∂
∂δ δ

δ
δα

0 0
2

2

dx
x
Tdx

t
T

  

First, integrate the left side of the equation: 
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 Sub in equation 6 and equations 13-16: 
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Second, integrate the right side of the equation: 

0

0 0
2
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==

∂
∂
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⎠
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⎜
⎜
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∂
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x
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δ

δ  Sub in BC 3 

Put the left and right sides together: 
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⎟
⎠
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[20] [ ]δθα i
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T
tx

T
−

∂
∂

=
∂
∂

−
=0

                                                        

Where  

[21] ∫=
δ

θ
0
Tdx                                                               

We further get the following equations. 

[22] 2

0 12
δδθ

δ bTTdx i −== ∫                                                     

[23] b
x
T

x
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∂
∂

=0
  

Substitute equation 7 into equation 20 
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Equation 20 can be rewritten using equations (22-23). 
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Differentiate equation 18 wrt time: 
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Differentiate equation 14 with respect to time: 
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Sub in equation 24 
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Substitute equation 18 into equation 14 

( )( )

( )

λ

α
λδ

αλ
α

λ
α

GT

h

h
GTT

G
h

Th

b

GTtTh
b

a

ai

a

aGM

−

⎟⎟
⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜
⎜

⎝

⎛

−

⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡

+

⎥⎦
⎤

⎢⎣
⎡ −−

++

=

−−
=

3

3
1  

 



 

  254

[27] 
( )

h

h
GTT

b
ai

λδ

α

3

3

+

⎥⎦
⎤

⎢⎣
⎡ −−

=                                                          

Substitute equations 26 and 27 into equation 24: 
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Solving for the units in equation 18 
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Figure C-1.   Comparing the depth of heat front in the soil in Figure 10 of (Pelte et al. 1994) 
to solving Equation C-10 with the ode45 solver in Matlab (2007).  The characteristics of the 
sand used as a foundation material in the experiments had a thermal conductivity of 0.265 
W/m/oC, a specific heat of 685 J /kg/oC and a density of 1380 kg/m3 (Pelte et al. 1994).   
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Figure C-2.  Assumed air temperature to fit the geomembrane surface temperature 
equation in Pelte et al. (1994) to their measured data in Figure 9. 
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Figure C-3.  Predicting the geomembrane surface temperature from Figure 9 in Pelte et al. 
(1994).  The solar radiation was shown in Figure 9 of Pelte et al., the soil characteristics and 
the heat front were the same as Figure C-1, and the air temperature from Figure C-2 was 
used.  It was assumed that it was sunny with no wind, therefore the horizontal heat 
exchange coefficient was 20 W /m/ oC, and the solar energy absorption coefficient was 1.0. 
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Figure C-4.  Assumed air temperature to fit the geomembrane surface temperature 
equation in Pelte et al. (1994) to measured data in their Figure 11. 
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Figure C-5.  Predicting the geomembrane surface temperature from Figure 11 in Pelte et al. 
(1994), a) compares the results of the current study to the predicted and measured values 
published and b) compares the calculated results in this study to a 600s moving average of 
the calculated results to the measured surface temperature.  The solar radiation was shown 
in Figure 11 of Pelte et al., the soil characteristics and the heat front were the same as 
Figure C-1, and the air temperature from Figure C-4 was used.  It was assumed that it was 
cloudy with no wind.  The horizontal heat exchange coefficient with the best fit was 20 
W/m2/oC, and the solar energy absorption coefficient was 1.0. 
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Figure C-6.  Conditions on June 5, 2009: a) solar radiation, b) air temperature, c) wind 
speed, d) soil temperature profile below the GCL and e) geomembrane surface and 
geomembrane/GCL interface temperature. 
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Figure C-7.  Comparison of using horizontal heat exchange coefficient as a function of wind 
speed (see Figure C-6c) and hh using an average wind speed of 0.97 m/s.  The solar 
absorbance was assumed to be 1, thermal conductivity was 1 W/m2/oC, thermal diffusivity 
was 0.7x10-7 m2/s, and the initial temperature was the initial measured temperature.  The 
measured values shown are the average +/- 2 standard deviations. 
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Figure C-8.  Sensitivity analysis and parameter selection for solar absorption.  The thermal 
conductivity was 1 W/m2/oC, thermal diffusivity was 0.7x10-7 m2/s, the initial measured 
temperature was used as the initial temperature, and hh was calculated using an average 
wind speed of 0.97 m/s.  The measured values shown are the average +/- 2 standard 
deviations. 
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Figure C-9.  Depth of heat front over the day.  The thermal conductivity was 1 W/m2/oC, 
thermal diffusivity was 0.7x10-7 m2/s, and hh was calculated using an average wind speed of 
0.97 m/s.   



 

  266

 

Figure C-10.  Soil temperature profile on June 5, 2009 from 0400 to 2000 hrs. 
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Figure C-11.  Sensitivity of the a) depth of heat front equation and b) surface temperature 
to a range of thermal diffusivities for silt from Rowe and Hoor (2009).  Changing the 
thermal diffusivity made no change to the surface temperature equation.  The solar 
absorbance was assumed to be 1, thermal conductivity was 1 W/m2/oC, the initial measured 
temperature was the initial temperature, and hh was calculated using an average wind speed 
of 0.97 m/s.  The measured values shown are the average +/- 2 standard deviations. 
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Figure C-12.  Sensitivity to initial temperature.  The inset is the first 40 minutes of the 
temperature prediction.  The solar absorbance was assumed to be 1, thermal conductivity 
was 1 W/m2/oC, the initial measured temperature was the initial temperature, and hh was 
calculated using an average wind speed of 0.97 m/s.  The measured values shown are the 
average +/- 2 standard deviations. 
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Figure C-13.  a) solar radiation, b) air temperature, and c) wind speed at BB07 on June 11, 
2007. 
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Figure C-14.  Predicted a) depth of heat front and b) geomembrane surface temperature at 
BB07.  The following assumptions were made: the thermal diffusivity was 0.7x10-7 m2/s, the 
thermal conductivity was 1 W/m/oC, and the solar absorbance was 0.8.  The time step was 1 
second, the wind speed was averaged for the prediction of the depth of the heat front from 
0700 to 1800, and the linearly interpolated measured value was used for the prediction of 
the surface temperature.  The initial geomembrane temperature was assumed to be the 
same as the air temperature (9oC). 
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Figure C-15.  Predicted geomembrane surface temperature and measured surface 
temperature (+/- 2 standard deviations) at GB on June 5, 2009.  The following assumptions 
were made: the thermal diffusivity was 0.7x10-7 m2/s, the thermal conductivity was 1 
W/m/oC, and the solar absorbance was 0.8.  The time step was 1 second, the wind speed was 
averaged for the prediction of the depth of the heat front from 0700 to 1800, and the 
linearly interpolated measured value was used for the prediction of the surface 
temperature.  The initial geomembrane temperature was assumed to be the same as the air 
temperature (9oC). 
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DigitizedDel.txt: 

 

0.0784831 0 

2.51146  0.0121466 

23.6391  0.0176263 

54.7812  0.023103 

86.0803  0.0293634 

126.923  0.0332699 

188.03  0.038346 

258.994  0.0426354 

329.645  0.0453576 

430.496  0.0488546 

501.539  0.0535359 

592.375  0.0570358 

693.304  0.0609246 

804.091  0.0640268 

924.892  0.0671261 

1015.81  0.0710178 

1096.39  0.0733452 

1368.35  0.0811022 

1579.83  0.0869177 

1730.91  0.0911836 

1911.96  0.0950488 

2052.95  0.0989259 

2183.76  0.102022 

2304.56  0.105121 

2485.37  0.107811 

2596.16  0.110913 

2726.97  0.11401 

2887.83  0.117097 
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3058.79  0.120574 

3209.55  0.123272 

3330.12  0.125196 

3450.76  0.127512 

3581.58  0.130608 

3722.33  0.133309 

4174.31  0.139838 

4516.06  0.146007 

4687.01  0.149483 

5048.55  0.154471 

5410.09  0.159459 

5711.63  0.164856 

5852.38  0.167557 

5982.8  0.168695 

6103.21  0.169835 

6254.05  0.172925 

6394.65  0.174843 

6505.12  0.176378 

6776.37  0.180608 

6967.04  0.182512 

7178.05  0.185976 

7398.92  0.188654 

7549.53  0.190569 

7660  0.192104 

7750.29  0.192861 

7910.91  0.194773 

8172.07  0.198615 

8342.87  0.201307 

8553.56  0.203205 

8754.32  0.205497 
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8894.92  0.207415 

9035.43  0.208941 

9186.04  0.210856 

9346.67  0.212768 

9487.18  0.214294 

9617.68  0.215823 

9738.09  0.216963 

9898.72  0.218875 

10049.2  0.220398 

10149.6  0.221544 

10260  0.222687 

10390.4  0.223824 

10490.8  0.22497 

10571.2  0.226122 

10681.5  0.226873 

10791.9  0.228016 

10882.3  0.229165 

10992.6  0.229917 

11173.2  0.231823 

11353.9  0.233729 

11554.6  0.235629 

11735.1  0.237143 

11835.4  0.237898 

11925.9  0.239438 

12076.3  0.24057 

12216.8  0.241704 

12286.9  0.242075 
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Appendix D 

A case study of wrinkles in a textured HDPE geomembrane on a slope 

As published: 

Chappel, M.J., Take, W.A., Brachman, R.W.I. and Rowe, R.K. (2008). “A case study of 

wrinkles in a textured geomembrane on a slope”, GEOAMERICAS 2008, Cancun, 

Mexico, p. 452-458.  
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Appendix E 

Data tables for field sites 
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Appendix F 

Supporting documentation: A field study of wrinkles in a geomembrane 

at QUELTS 
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The procedure for hand measuring wrinkle height and width is included.  Additional tables and 

figures for Chapter 4 are included below, and a comparison of wrinkles with different 

geomembrane/GCL combinations for the base and the slope. Table 4-1 describes the GCLs, and 

Figure 4-3 shows the location of the GCLs at QUELTS.  For more site information, see 

Brachman et al. (2007).  The area of each geomembrane/GCL section is approximately 20 m x 13 

m, therefore boundary effects may affect the results because the areas are very small.  When there 

are one or more section(s) with missing image data, all results for the six sections have been left 

out, so the dataset is much smaller than the available number of images that have been analyzed. 

Hand measurement of wrinkle height and width 

Geomembrane height and width were measured at GB, GS, DB08, DW08 and EB08.  The 

measurements were taken at approximately 10 m intervals (the same interval at which photos 

were taken) at wrinkles that were marked and numbered, so the same wrinkles were measured at 

each time images were taken.  The number of wrinkles at each site are shown in Table 5-1.  

Wrinkles were chosen to represent the average wrinkle, to measure the occasional very large 

wrinkle, and a few small wrinkles.  Geomembrane height and width were measured with a 3’ 

level.  It was held perpendicular to the wrinkle and parallel to the subgrade.  The height was 

measured by averaging the measurements on either side of the wrinkle from the bottom of the 

level to the top of the geomembrane.  The width was measured by marking the location where the 

geomembrane contacted the subgrade on either side of the wrinkle, and measuring the distance 

between the two markers.  This measured with was greater than the average wrinkle width 

measured with highlighting pixels in air photos for several reasons.  The average width is the 

wrinkle length divided by the area, so it is an average for the entire wrinkle, and because the light 

reflecting off of the geomembrane only clearly shows wrinkles to the inflection point, not where 

the geomembrane contacts the subgrade (Appendix F-1). 
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Appendix F-1.  Wrinkle height and width hand measurements a) schematic from the 
ground and b) from an air photo. 
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Appendix F-2.  Maximum connected length in geomembrane (GM)/GCL sections at 
QUELTS over time of day for a) base and b) slope.  Geomembrane is smooth unless 
otherwise noted.  No discernable pattern between sections of the base or slope, or between 
the base and the slope. 
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Appendix F-3.  Maximum connected length vs the sum of the length of all wrinkles for 
difference geomembrane (GM)/GCL sections on the a) base and b) slope.  Geomembrane is 
smooth unless otherwise noted.  There is a longer sum of wrinkles at GCL 2 (for the base 
and the slope) and a corresponding longer maximum connected length.  In a), there is a 
distinct pattern: when there is less than a sum of 80 m of wrinkles, 20 m or less of them are 
connected.  Between 80 m and 240 m, there is a wide range of maximum connected lengths 
per sum of length.  In this region, GCL 4 is an outlier to the trend, as it is close to the 1:1 
line, where the maximum amount of wrinkle lengths are connected.  When the sum of 
lengths is longer than 220 m, the maximum connected lengths of the wrinkles from sections 
GCL 2, GCL 1, and one from GCL 3 (non-woven up) are on the 1:1 line.  In b), the 
maximum connected wrinkle length is much closer to the 1:1 line, and there is variation 
when the sum of the wrinkle lengths is between 0 to 260 m, then the relationship is linear 
when the sum of the wrinkle lengths is longer than 260 m. 
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Appendix F-4.  Comparison of wrinkle widths from different geomembrane (GM)/GCL 
combinations on the a) base and b) slope at QUELTS.  Geomembrane is smooth, except 
when noted.  There are no notable patterns over time, or between sections. 
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Appendix F-5.  Aerial images of geomembrane on base with close-up insert of small, 
random wrinkles.  Image taken on May 28, 2008 at 13:00, SR=600W/m2, Tair=11oC, 
Lmax=1500m, Awrinkle=23%, Tinterface=48oC.  Between 23 May and 26 July 2007, the wrinkle 
pattern on the base in certain locations (dashed areas) began to change, and from the end of 
July 2007 onward, the wrinkle networks developed on the base included unsystematic 
wrinkle networks in a number of areas referred to herein as “small wrinkles” as shown in 
the insert.  These wrinkles formed within the overall orthogonal structure described in 
Chapter 4, but unlike other wrinkles, these “small wrinkles” were numerous and short: 
narrower than 0.15 m wide; spaced closer than 0.15 m; and many were less than 0.03 m in 
height (and hence excluded from calculation of connected wrinkle length).  This contrasts 
with the fewer number of taller, wider wrinkles that had formed previously, and that 
continued to form on the slope.  This change is attributed to the effect of hydration of the 
GCLs between September 2006 and May 2007, followed, between May and the end of July 
2007, by evaporation of moisture from the GCLs on days when the geomembrane 
temperature frequently reached 40-60oC and then condensed at night when the 
temperatures dropped to 10-20 oC.  These thermal cycles resulted in a decrease in moisture 
content of the GCL on the side slopes, and much of this evaporated and condensed water 
ran down the slope and on to the base below the geomembrane increasing the water content 
of the GCLs in areas of very slight depressions in the foundation.  Based on these observed 
facts and an exhumation of the geomembrane in June 2011, it is considered that the “small 
wrinkles” developed because of an accumulation of bentonite between the GCL and 
geomembrane in these locations, resulting in localized suctions developing between the 
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geomembrane and the GCL which changed their buckling behaviour and resulted in the 
formation of the “small wrinkles” with a random pattern that was controlled by the 
location of points of suction (or adhesion when the bentonite dried).  
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Appendix F-6.  Comparison of geomembrane/GCL interface temperature to surface 
temperature on the base of QUELTS.  Below 35oC, the interface temperature is likely to be 
greater than the surface temperature, and above 35oC, there is a higher probability of the 
surface temperature being hotter.  The soil under the geomembrane stores heat, 
maintaining a higher temperature for the geomembrane/GCL interface than the surface, 
which is more affected by atmospheric conditions.  The surface of the geomembrane is 
hotter above 35oC because it is absorbing solar radiation during the hottest time of the day. 
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Appendix F-7.  Maximum connected length vs geomembrane surface temperature on the 
base of QUELTS.  Inset shows the connected lengths below 200 m. 
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Appendix F-8.  View of QUELTS from the ground facing north, on the east side. a) August 
13, 2009 0745 – Air temperature 22oC, solar radiation 390 W/m2, interface temperature 
28oC, maximum connected length 11 m, wrinkle area 4% b) August 13, 2009 1340 – air 
temperature 29oC, interface temperature 48oC, solar radiation 870W/m2, maximum 
connected length 550 m, 15% wrinkles b) August 13, 2009 1340 – air temperature 29oC, 
interface temperature 48oC, solar radiation 870W/m2, maximum connected length 550 m, 
15% wrinkles. 
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Appendix G 

Supporting documentation: A comparison of geomembrane wrinkles 

for nine field cases 
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Appendix G-1.  Comparison of a) wrinkle area and b) connected wrinkle length with the 
area of the geomembrane.  The area of the geomembrane does not seem to influence the 
percent area of wrinkles at each site, although there is a longer connected length with an 
increase in the geomembrane area.  White symbols represent a slope and black symbols 
represent a base. 
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Appendix G-2.  Variation in (a) percent area of wrinkles at sites, using the entire area of 
BB07 and CB07.  White symbols represent a CCL subgrade and black symbols represent a 
GCL subgrade. 
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Appendix G-3.  Boundary conditions for GB and GS.
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Appendix G-4.  Boundary conditions for AW06. 
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Appendix G-5.  Boundary conditions for BB07. 
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Appendix G-6.  Boundary conditions for CB07. 
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Appendix G-7.  Boundary conditions for DB06. 
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Appendix G-8.  Boundary conditions for DB08. 
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Appendix G-9.  Boundary conditions for DW08. 
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Appendix G-10.  Variation in average wrinkle height +/- 1 standard deviation.  All 
measured wrinkles (including undulations < 0.03m) included.   
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Appendix G-11.  Wrinkle width +/- one standard deviation vs time of day for a) GB (June to 
August), b) GS (June to August), c)AW06, d) BB07, e) CB07, f) DB06, g) DB08, and 
h)DW08.  Wrinkle width is consistent over the day. 
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Appendix H 

Wrinkle selection verification 
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The wrinkle selection process has been verified by comparing the selected wrinkles to measured 

heights, and comparing two separate analyses of the image of GB at 1530 on September 21, 2006 

that occurred a year apart.  This will consider the veracity of the 0.03 m threshold and the 

consistency of the analysis.  It should be noted that at GB, wrinkles were not chosen to be 

representative of the entire site (i.e., the average and range of heights are specific to the measured 

wrinkles, due to the initial decisions made when choosing wrinkles, and may not extrapolate to 

the entire population of wrinkles on site).  The wrinkles at DB08 and DW08 may potentially be 

more representative, because the wrinkles were more consistent across the site due to a more 

regular interface with the CCL than at GB on the GCL (i.e., no pooling of water and local suction 

and adhesion, as explained for GB in Appendix F-5). 

 

The measured wrinkle height is compared to the decision made selecting wrinkles from the air 

photos by answering the question: was the correct decision made?  If the wrinkle was equal to or 

greater than 0.03 m and the wrinkle was selected, or, if the wrinkle was less than 0.03 m and was 

not selected, the answer is yes (and vice versa).  This is shown for June 16, 2009 and August 13, 

2009 at GB, DB08, and DW08, for a total of four days (Tables H-1 through H-4, respectively).  

At the bottom of the tables, the number of wrinkles (if different than the labels), number of 

correctly chosen wrinkles, number of false negatives, and number of false positives are listed for 

each time.  June 16, 2009 is explained in more detail, including weather, location of wrinkles, and 

close up images of two wrinkles over the day. 

 

Overall, the analysis is more accurate around noon, when the wrinkles are easiest to see, due to 

the sun reflecting off of the wrinkles as well as the increased height of the wrinkles (Tables H-1 
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through H-4).  In general, wrinkles that were not selected correctly were more likely to be false 

negatives than false positives (more likely that a wrinkle that was taller than 0.03 m was viewed 

to be shorter than shorter wrinkles were thought to be taller).  The result of this assumption in the 

decision making is that this method could underestimate the number of wrinkles at each time, if 

these results are extrapolated to all of the wrinkles.   

 

Limitations of air photo analysis and hand measurements 

The problem with measuring wrinkles while taking air photos at the same time is the hand 

measuring process slows down the image taking, so images are taken over a longer time span.  

For example, at GB, if no photos are taken, walking over the geomembrane and taking photos 

takes about 5 minutes with low wind, and about 13 minutes when the eight wrinkles were also 

measured.  This difference is assumed to be more significant during a partially cloudy day (as 

described below). 

 

One limitation of the method of the digital method of analysis was that wrinkles could not be 

selected close (within 15 pixels or centimetres) to each other in order to differentiate the 

individual geometric wrinkles, therefore, wrinkle selection was reduced by the programming code 

in areas of complex and closely spaced wrinkles (such as the “small wrinkles described in 

Appendix F-5), because closely spaced selected regions would be recognized as one wrinkle.  

Therefore, the spacing sometimes reduced the number of wrinkles that could be selected.   

 

Limitations of data collection at GB 
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The weather and temperature measurements at GB are taken every ten minutes and interpolated, 

so the reported measurements are approximations.  These time and measurement discrepancies 

may result in measuring wrinkles over a period when there is cloud cover, or when the 

geomembrane surface temperature is changing due to cloud conditions, such as at 1030 or at 

1330, as seen in the Figure H-1b and c, below.   

 

One day case study: June 16, 2009 at GB 

Figure H-1 shows the weather and temperature conditions.  From 0730 to 1630, the air 

temperature ranged from 18oC to 24oC (Figure H-1a).  The surface temperature ranged from 30oC 

to about 60oC (the times the blimp was flown is shown on the interface temperature curve, Figure 

H-1b).  The day was mostly sunny, with cloud cover events just before 1030, and between 1230 

and 1330 (Figure H-1c).  The wind speed ranged from about 16 km/h to 25 km/h at the times 

when the blimp was flown.  The affect of cloud cover can be seen at 1030, just after the 

~700W/m2 drop in solar radiation, at the time of measurement, the solar radiation is at a peak 

(1100 W/m2), but the surface temperature has not recovered from the cloud cover, has dropped 

about 14oC, to the temperature of the interface between the geomembrane and the GCL.     

 

Figure H-2 shows the location of the eight wrinkles that were hand-measured.  Wrinkles 1 and 5 

are over the GCL overlaps.  Wrinkles 1, 2, 3, 4 and 8 are small, random wrinkles (described in 

Appendix F-5).  Wrinkle 6 is a peaked wrinkle.  All of the wrinkles, except 5, 6, and 7 are within 

zones of small, random wrinkles. 
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On June 16, 2009 at GB, the wrinkle selection was perfect at 1130 and 1330, and the accuracy 

was not as good further from noon (Table H-1).  There was only one false positive, therefore the 

general assumption was wrinkles looked smaller than they were measured to be.  Figure H-3 is a 

close up comparison of wrinkles 1 and 4, where wrinkle 1 was always taller than 0.03 m, and the 

decision was always correct, and wrinkle 4 is a small, random wrinkle, where the decision was 

not always correct. Figure H-3a and b shows the difference between a wrinkle that is 0.035 m and 

0.02 m tall, respectively.  The image in Figure H-3a is not clear because it was difficult finding 

photos that focused on the image early in the day and late in the day, when the beam of the sun 

was less direct.  In most of the following images, the wrinkles are clear and brightly outlined, but, 

Figure H-3n is an exception.  There is a small amount of cloud cover over the time that the 

images were taken at 1530 (Figure H-1c), and this has resulted in wrinkle 4 being in an image 

without direct sunlight (Figure H-2n), although wrinkle 1 in Figure H-2m is in an image with 

direct sunlight.  Without direct sunlight, there are two potential reasons (or a combination of 

reasons), why the wrinkle was not considered to be 0.03 m from the air photo.  Wrinkles appear 

flatter without direct sunlight because the curves in the geomembrane are not as sharp.  It is also 

possible, due to the time difference between measuring the wrinkle and taking the air photo, that 

the wrinkle is actually a different size in the photo than when it was measured. 

 

Additional Comparisons 

On August 13, 2009 at GB, the most accurate times that wrinkles were measured were 1340, 

1435 and 1530 (Table H-2).  Overall, more than half of the decisions were verified by hand 

measurement, and there were no false positives. 
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At DB08, there were a total of 25 or 26 wrinkles measured (Table H-3).  There was correct 

identification for almost all of the wrinkles in at 0915, 1015 and 1115.  About 2/3 of the wrinkles 

were corrected identified at 0800, with the rest being false negatives, meaning that in general, 

wrinkles were thought to be smaller than when measured.  There were several false positives at 

1015 and 1115, and no false negatives at 1115. 

 

The analysis of site DW08 is unique because wrinkles were selected by Dr. P. Yang, (initially for 

Rowe et al. 2012b, but also used in Chapter 5) then checked by M. Chappel.  There were a total 

of 21 to 23 wrinkles measured at each time.  Almost all of the wrinkles (more than 70%) were 

correctly identified at 0800, 1200, 1400 and 1500.  These statistics are almost on par with the 

decisions made by M. Chappel, but the one difference is there are a greater number of false 

positives.  The similarity between the accuracy of the wrinkle selections made by M. Chappel, 

and the combination of Dr. Yang and M. Chappel (Tables H-1 to H-4), provide confidence that 

wrinkle selection was consistent throughout the sites, and even between operators.   

 

Comparison of one site with duplicate wrinkle selection 

 Wrinkles in the images taken on September 21, 2006 at 1530, were selected twice, once in 

August 2008 and again in August 2009 (the original images with selected wrinkles had not been 

analyzed or looked at since August 2008).  The air temperature was 16oC, the geomembrane/GCL 

interface temperature was 27oC, and the solar radiation was 134 W/m2 (during a densely clouded 

period on a mostly cloudy day).  This combination of low temperatures and heavy clouds leads to 

difficult decisions about whether wrinkles meet the minimum height criteria.  The results of the 

first selection process, the area under the geomembrane that is wrinkles is 1.1%, the maximum 
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connected length is 6.8 m, and the sum of the wrinkle lengths is 54 m.  The results of the second 

selection process were 0.9% of the area was wrinkles, the maximum connected length was 8 m, 

and the sum of the wrinkle lengths was 50 m.  The results are very similar, which indicate that in 

this case, the decisions made during the hand selection were consistent through the years of 

analysis. 

Summary 

Wrinkles were selected for analysis if they appeared taller than 0.03 m in the air photos.  This 

method was most accurate over noon, when the wrinkles were the tallest, and the sunlight 

conditions were ideal.  It was more likely that wrinkles would be considered shorter than 0.03 m 

than taller than 0.03 m, therefore evidence is provided to support the assumption that wrinkles are 

underestimated.  The wrinkles measured are not necessarily representative of the entire 

population of wrinkles at the site, especially at GB, where the wrinkles were unusually small and 

random.  Evidence is provided to support the consistency of analyses, by different operators and 

by the same operator over time.  Overall, the wrinkle selection process is satisfactory for 

supporting the results provided in this thesis. 
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Table H-1.  The comparison of the measured wrinkle height to if the wrinkle was correctly 
selected in the air photo for June 16, 2009 at GB. 

GB: 16/06/2009

Wrinkle #
Height 
(cm) y/n*

Height 
(cm) y/n

Height 
(cm) y/n

Height 
(cm) y/n

Height 
(cm) y/n

Height 
(cm) y/n

Height 
(cm) y/n

Height 
(cm) y/n

1 3.5 y 4.5 y 5 y 5 y 5.5 y 6 y 6 y 5.5 y
2 2 y 2.5 y 3 n 3.5 n 4.5 y 4.5 y 3.5 n 2.5 y
3 3 n 3.5 n 3.5 n 3.5 n 4 y 3.5 y 3 n 2.5 y
4 2 y 2.5 y 3 n 2.5 y 3 y 3 y 3 n 3 n
5 5 y 6 y 7 n 7.5 y 8 y 8 y 7.5 y 6.5 y
6 5.5 n 7 y 7.5 y 8 y 8 y 8 y 7 y 7 y
7 4.5 y 5.5 n 4 y 4.5 y 4 y 4.5 y 4 n 4 y
8 2.5 n 3 n 3.5 n 4 n 3.5 y 4 y 3 n 3 n

Statistics
Yes 5 5 3 5 8 8 3 6
No - false positive 1 0 0 0 0 0 0 0
No - false negative 3 3 5 3 0 0 5 2
* answer to the question: Was the correct decision made? (not was there a wrinkle)

1130 1330 1530 16300730 0830 0930 1030
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Table H-2.  The comparison of the measured wrinkle height to if the wrinkle was correctly 
selected in the air photo for August 13, 2009 at GB. 

GB: 13/08/2009

Wrinkle # 
Height 
(cm) y/n*

Height 
(cm) y/n

Height 
(cm) y/n

Height 
(cm) y/n

Height 
(cm) y/n

Height 
(cm) y/n

Height 
(cm) y/n

1 3.5 y 4.5 n 6.25 y 6.5 y 5.75 y 5.75 y 5.25 y
2 1.5 y 2 y 3 n 2.25 y 2.25 y 2 y 2 y
3 0.75 y 2.25 y 2.5 y 2 y 2.5 y 2.25 y 1.5 y
4 1.75 y 2 y 2.25 y 2.25 y 2 y 2.5 y 2 y
5 4.75 y 5.5 y 6.5 y 8 y 5.25 y 7.5 y 7.25 y
6 5.25 n 6 n 7.75 y 7.5 y 7.5 y 8 y 7 n
7 3.75 y 4 n 5.25 y 5 y 5.25 y 5.5 y 5.25 y
8 3 n 3 n 4.25 n 4.75 y 4 n 3.5 - 3.25 n

Statistics
Yes 6 4 6 8 7 8 6
No - false positive 0 0 0 0 0 0 0
No - false negative 2 4 2 0 1 0 2
* answer to the question: Was the correct decision made?

0745 0835 1235 16301340 1435 1530
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Table H-3.  The comparison of the measured wrinkle height to if the wrinkle was correctly 
selected in the air photo for DB08 on August 22, 2009. 

DB08

Wrinkle #
Height 
(cm) y/n*

Height 
(cm) y/n

Height 
(cm) y/n

Height 
(cm) y/n

1 5 - 7 - 6 - 6 -
2 2.5 - 4 - 3 - 2 -
3 6 - 6 - 6 - 5 -
4 4 - 5 - 5 - 5 -
5 7 - 9 - 9 - 8 -
6 6 - 6 - 7 - 7 -
7 7 y 9 y 12 y 10 y
8 5 y 7 y 8 y 7 y
9 9 y 10 y 11 y 12 y

10 7 y 8 y 9 y 10 y
11 5 y 4 y 5 y 6 y
12 6 y 8 y 9 y 10 y
13 6 n 6 n 7 y 7 y
14 6 y 5 y 6 y 5 y
15 3 n 3 y 4 n 4 y
16 3 n 3 y 3 y 2 n
17 6 n 6 n 8 y 7 y
18 8 n 10 y 11 y 11 y
19 7 y 8 y 10 y 10 y
20 7 y 9 y 12 y 11 y
21 6 y 9 y 10 y 10 y
22 5 y 8 y 11 y 11 y
23 9 y 13 y 14 y 15 y
24 4 y 4 y 5 y 12 y
25 7 - 9 - 10 - 11 -
26 7 y 9 y 10 y 4 y
27 5 n 4 y 6 y 2 n
28 3 n 2 n 2 n 6 y
29 5 y 6 y 6 y 4 y
30 4 n 5 y 5 y 5 y
31 5 n 5 n 5 - 7 -
32 8 y 8 y 9 y 10 y
33 10 y 11 y 13 y 4 y
34 5 - 11 - - -

Statistics
Total 26 26 25 25
Positive ID 17 24 23 23
False Positive 0 0 1 2
False Negative 9 2 1 0
* answer to the question: Was the correct decision made? 

0800 0915 1015 1115
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Table H-4.  The comparison of the measured wrinkle height to if the wrinkle was correctly 
selected in the air photo for DW08 on August 25, 2009. 

DW08

Wrinkle #
Height 
(cm) y/n*

Height 
(cm) y/n

Height 
(cm) y/n

Height 
(cm) y/n

Height 
(cm) y/n

Height 
(cm) y/n

1 5.5 y 6 y 6.5 y 7.5 y 8.5 y 8.5 y
2 3 n 2.5 n 2.5 y 2.5 y 2.5 y 2 y
3 1.5 y 4 y 4.5 y 5.5 y 6 y 6 y
4 2.5 y 3 n 3 n 3 n 4 n 3 y
5 4 - 6 - 6 y 7 y 6 y 7 y
6 2 y 3 y 1 n 3.5 y 3.5 y 3.5 y
7 2 y 1.5 y 9 n 1.5 y 2 n 1.5 y
8 5 y 8 - 4 - 9 - 9 - 9 y
9 4 n 4 n 2.5 n 6 y 7 y 6 y

10 2 y 2.5 n 3.5 y 3 y 3 y 2.5 y
11 2 y 3 y 3.5 y 4.5 y 4 y 4 y
12 2 y 3.5 y 2.5 n 4 y 4 y 4 y
13 2 y 3 n 6 n 3 y 5.5 y 3 y
14 3 y 7.5 y 3 y 8 y 6 y 9.5 y
15 2 y 2.5 n 6.5 n 3 y 5.5 y 3 n
16 - - - - -
17 5 y 4.5 y 2.5 y 0 y 8.5 n 0 y
18 3.5 y 4.5 y 4 n 5 n 5.5 y 5 y
19 2.5 y 2.5 n 3 n 2 y 2 n 2.5 y
20 4 n 5 y 5 n 5.5 n 4 y 6 y
21 2 y 3.5 y 3.5 n 4.5 y 5.5 n 4.5 y
22 2 y 2 y 3 n 2.5 y 2.5 n 3 n
23 - - - - - - - - - - - -
24 4.5 y 4.5 n 4.5 n 3.5 n 2 y 4.5 y
25 2.5 y 3.5 n 5 y 5.5 y 5 y 6 y

Statistics
Total 22 21 22 22 22 23
Positive ID 19 12 9 18 16 21
False Positive 0 3 3 0 3 0
False Negative 3 6 10 4 3 2
* answer to the question: Was the correct decision made?

1410 15100840 1005 1135 1245
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Figure H-1.  The a) air temperature, b) interface and surface temperatures, c) solar 
radiation and d) wind speed were plotted against time for GB on June 16, 2009.  The “x” 
symbols are the times when air photos were taken. 
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Figure H-2.  Image of GB at 1130 on June 16, 2009, showing the location of the eight 
measured wrinkles.  North is to the left. 
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Figure H-3.  Close up of wrinkles 1 and 4 over June 16, 2009 at GB, with time and decision 
indicated above each image. 
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Figure H-4.  A comparison of search zones of 0 cm and 15 cm for Case DW08 on the 
maximum connected wrinkle length for the corresponding percent area of wrinkles 
(unpublished figure by Dr. Ping Yang and Dr. Kerry Rowe in 2011 based on data collected 
by M. Chappel at DW08).  
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Appendix I 

Copyright permission 
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Appendix J 

Probability Calculation 
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Assuming there are 2.5 – 5 holes/ha (Giroud and Bonaparte 2001) and 20% of the geomembrane 

is wrinkled, and there is equal probability of holes coinciding with wrinkles and not coinciding 

with wrinkles: 

1. Assuming 1 hole per hectare, the chance of missing a wrinkle when 20% of the 

geomembrane is wrinkled: 1- 0.2 = 0.8 (80% chance of missing the wrinkle). 

2. Assuming there are multiple wrinkles, the probability is multiplied together: 

( )
( ) 33.02.01

57.02.01
5

5.2

=−

=−

 

Therefore, there is a 57% chance of a hole missing a wrinkle (43% chance of coinciding with 

a wrinkle) if there are 2.5 holes/ha, and a 33% chance of a hole missing a wrinkle (67% 

chance of coinciding with a wrinkle) if there are 5 holes/ha. 


