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Abstract 

Geosynthetic clay liners (GCL) are a composite material commonly used as hydraulic barriers in 

landfill liners.  Due to their dependence on hydration for proper function, the water retention 

curve (WRC) of a GCL is important.  The inherent difficulty in obtaining the WRC, including the 

range of suction and composite material, has limited the number of GCL WRCs in the literature.  

In order to quantify the large range of suctions, a dual testing technique was developed, which 

uses a high capacity tensiometer to measure suctions for the low suction range (0 - 500 kPa) and a 

relative humidity sensor for the high suction range (3,000 - 1,000,000 kPa).   

 

In total, four different GCL products were tested, varying in both materials (woven and 

nonwoven geotextiles) and construction methods (thermal treatment and needle punching).  The 

dual technique method was used to establish both wetting and drying curves that were presented 

as gravimetric, volumetric and bulk GCL void ratio WRCs.  The WRCs of the different GCL 

products showed significant variation between their wetting and drying curves indicating that 

both needle punching and thermal treatment have a significant effect on the swelling behaviour of 

the GCL and its WRC.  Theoretical equations were fit to the experimental data establishing the 

parameters that can be used for numerical modeling of these four GCL products.   
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Chapter 1 

Introduction 

1.1 Geosynthetic Clay Liners 

 

A geosynthetic clay liner (GCL) is a composite geosynthetic material.  It commonly consists of a 

thin (typically on the order of 5-10mm thick) bentonite clay layer bounded by a cover (top) and 

carrier (bottom) geotextile needle punched together (Figure 1.1). The bentonite component of the 

GCL may be in either a powdered or granular form at a relatively dry moisture content (i.e. 

gravimetric moisture contents typically less than 30%). The exact particle size distribution of the 

bentonite granules/powder used and the manufactured moisture content varies from manufacturer 

to manufacturer.  The carrier is typically either a nonwoven or scrim-reinforced nonwoven 

geotextile while the cover may be either a woven or nonwoven geotextile.  In some cases the 

carrier geotextile is thermally treated. In each case, the primary purpose of the two geotextile 

materials is to contain the bentonite layer and allow for easy transportation and installation of the 

liner (Bouazza, 2002).   

 

As a result of the very low hydraulic conductivity of the bentonite layer, GCLs act as an excellent 

hydraulic barrier (Rowe et al., 2004). GCLs have been successfully used in numerous barrier 

system applications such as composite landfill liners, tailings ponds, dams, railway lines, etc. (e.g. 

Bouazza, 2002).  One of the more common applications for GCLs is in composite landfill liners.  

In this case, the GCL is used in conjunction with a geomembrane, other geotextiles, and granular 

drainage and protection layers (Figure 1.1) to form a composite barrier system to prevent the 

contamination of the underlying groundwater from advective and diffusive transport processes.  
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1.2 Description of the Problem 

1.2.1 GCL Moisture Uptake 

In order for a GCL to act as an efficient hydraulic barrier, the bentonite component of the GCL 

must be sufficiently hydrated. This phenomenon has been clearly demonstrated in the laboratory 

through the investigation of advective flow of various permeants through initially unsaturated 

GCLs (eg. Daniel et al. 1993).  These studies have indicated that the moisture content of a GCL 

needs to be above a certain threshold degree of saturation prior to being exposed to non-aqueous 

phase permeants to achieve a low hydraulic conductivity. However, the initial state of the 

bentonite within the GCL is at an as-manufactured moisture content that is insufficient for the 

GCL to act as a hydraulic barrier. As a result, it is expected that the hydration process will begin 

at the time of installation of the GCL and should be complete prior to significant contact with 

contaminants (i.e. the placement of municipal solid waste). 

 

The source of water for GCL hydration in a single composite landfill liner system is the 

underlying soil foundation layer. Despite the importance of hydration to the overall effectiveness 

of the barrier system, surprisingly little research has addressed this aspect of GCL behavior. What 

work has been done (e.g. Daniel et al., 1993; Rayhani et al. 2008) has shown that the final 

moisture content achieved by the GCL and the length of time needed to achieve this is a function 

of soil type and initial soil moisture content. The key to understanding this hydration behaviour is 

the relationship between suction and moisture content – this relationship is known in the 

unsaturated soil mechanics community as the water retention curve (WRC). This relationship is 

also a necessary requirement for the definition of the unsaturated permeability function. In other 

words, a well-quantified WRC for both the GCL and attenuation layer soil is a prerequisite for the 
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estimation of both ultimate degree of saturation which the GCL will obtain and the length of time 

required for this hydration process to occur. However, only a few studies have been performed to 

quantify the WRC of GCLs, and even fewer still have focused on the water retention behaviour 

during hydration. As a result of this data gap, considerable uncertainties exist that preclude our 

ability to adequately predict hydration behavior. 

1.2.2 GCL Moisture Retention 

The initial hydration of GCLs after field installation may be just the first part of the moisture 

uptake and retention cycle for a GCL. In cases where the composite landfill liner is left exposed 

(i.e. delayed placement of gravel drainage layers, etc…), the presence of an exposed 

geomembrane overlying the GCL may result in moisture loss from the GCL. This may occur by 

two potential mechanisms. The first relates to the ability of the GM to effectively cut off 

infiltration/recharge of the soil from the surface – this alone may result in a local lowering of the 

water table and a long term reduction in the moisture content of the subsoil from its as-

constructed value. The second potential mechanism arises from the high thermal cycles 

experienced by black geomembranes exposed to solar radiation. These daily thermal cycles may 

produce thermal gradients which in other studies on thermally induced desiccation have been 

shown to drive downward moisture transport (e.g. Southen and Rowe, 2005). 

 

The potential impact of moisture loss from the GCL on the hydraulic properties of GCLs is 

twofold. Firstly, if loss of moisture from a GCL is sufficiently large, the GCL may desiccate and 

loose its effectiveness against non-aqueous phase permeants in a similar fashion as a virgin 

unhydrated GCL.  Secondly, the loss of moisture in the GCL may also result in suction-induced 

shrinkage of the GCL panels (e.g. Thiel and Richardson, 2005). 
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GCL panels are typically on the order of 4-5m wide and about 45m long.  Thus the as placed 

aspect ratio is about 10 as the strips are unrolled off a spindle. Rather than create a physical 

connection between adjacent GCL panels, one current practice is to create an effective hydraulic 

seal between adjacent GCL panel strips by maintaining an overlap. The installation practice to 

achieve this seal can be by overlapping neighbouring GCL panels by 150-300mm, with powdered 

bentonite applied in between the two GCL panels in this overlapping region. Further details on 

the currently accepted installation criteria are given in ASTM  D6102-06.  

 

It has been found that certain GCL products, when left in an exposed composite liner for periods 

2 months or more, have undergone substantial shrinkage.  As a result gaps have been observed in 

the GCL component of the composite barrier systems under these extreme exposure conditions as 

illustrated in Table 1.1 (e.g. Thiel and Richardson, 2005; Koerner and Koerner, 2005; Thiel et al., 

2006).  Since, like hydration, the shrinkage of the bentonite in the GCL will depend on the WRC 

for the GCL and subsoil, understanding of the GCL WRC is the prerequisite to understanding and 

modeling shrinkage.  

 

1.3 Previous work 

 

To date, there are only three publications in the literature that quantify the water retention curve 

of GCLs (Daniel et al., 1993; Barroso et al., 2006 and Southen and Rowe, 2007).  Suctions 

measured in these publications cover a range of suction from 10 kPa to 140,000 kPa, which do 

not seem to cover the entire range of GCL suction which is 1 kPa to 1,000,000 kPa.  As a result of 
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this data gap, considerable uncertainties exist that preclude our ability to adequately predict 

hydration behaviour.  The primary reason for the lack of well-defined WRC data for GCLs is the 

inherent difficulty of experimentally determining this function for a composite material such as 

GCL, and the wide range of suctions that need to be investigated. 

 

1.4 Research Objectives 

 

The overall goal of the research program is to quantify the moisture uptake and retention 

relationships for a range of GCL materials commonly used in landfill liners. In order to achieve 

this goal, two specific objectives have been set for the research:  

1. The primary reason for the lack of well-defined WRC data for GCLs is the inherent 

difficulty of experimentally determining this function for the composite material GCL, 

and the wide range of suctions that need to be investigated. The first objective of the 

research is therefore to develop a multi-technique approach to experimentally quantify 

the relationship between moisture content and suction for GCLs over the full range of 

suction applicable to the uptake and retention of moisture by these materials 

2. The second objective is to quantify both the virgin wetting and the drying curves for four 

different GCL products, and in so doing, to investigate the uniqueness of the WRC 

relationship and the likely sources of differences (if they exist) that arise from different 

manufacturing details and fabrication processes. Through the completion of this 

objective, this study will produce the quantitative parameters required to predict the GCL 

moisture uptake and retention in composite landfill liner applications (i.e. the WRC of 

GCLs for both hydration and shrinkage scenarios). 
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1.5 Scope and Format of the Dissertation 

 

The thesis has been prepared in Manuscript Form in accordance with the regulations of the 

School of Graduate Studies at Queen’s University. Two original manuscripts are included as 

Chapters Two and Three of this dissertation. Chapter Two, “Development of a dual technique 

testing method for measuring suction of a Geosynthetic Clay Liner” describes the experimental 

techniques that have been developed during the course of this research to enable the reliable 

measurement of both high and low suctions in GCL materials. In Chapter Three, “Water 

Retention Curves of Geosynthetic Clay Liners”, the results of the WRC testing program of four 

commonly used GCLs are presented and are placed in the context of existing work on both pure 

Bentonite and GCLs.  Chapter Four will then highlight the overall conclusions of the research.  
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Table 1.1. Summary of GCL panel field observations from Theil et al (2006) 

GCL Type 
(cover GT/carrier GT) 

Slope 
Maximum separation 

(mm) 

Exposure 
duration 
(months) 

W/W unreinforced 22˚ 300 60 

N/W reinforced 18˚ 200 15 

N/W reinforced 4˚ 300 2 

N/N reinforced 34˚ 1200 36 

N/N reinforced 18˚ 300 5 

N/N reinforced 4˚ 450 2 

Legend:  GT = Geotextile;  W = woven; NW = nonwoven          
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Figure 1.1 Simplified schematic of a composite landfill liner and geosynthetic clay liner 
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Chapter 2 

 Development of a dual technique testing method for measuring suction 

of a Geosynthetic Clay Liner 

2.1 Introduction 

 

A geosynthetic clay liner (GCL) is a composite geosynthetic material.  It commonly consists of a 

thin (typically on the order of 5-10mm thick) bentonite clay layer bounded by a cover (top) and 

carrier (bottom) geotextile and needle punched together.  As a result of the very low hydraulic 

conductivity of the bentonite layer, GCLs act as an excellent hydraulic barrier (Koerner, 1998; 

Rowe et al., 2004). GCLs have been successfully used in numerous barrier system applications 

such as composite landfill liners, tailing ponds, dams, railway lines, etc. (e.g. Bouazza, 2002).  

 

In order for a GCL to act as an efficient hydraulic barrier, the bentonite component of the GCL 

must be sufficiently hydrated. However, the initial state of the bentonite within the GCL is at an 

as-manufactured moisture content that is insufficient for the GCL to act as a hydraulic barrier. As 

a result, it is expected that the hydration process will begin at the time of installation of the GCL 

and will be complete prior to significant contact with contaminants (e.g. municipal soil waste 

leachate). 

 

The source of water for GCL hydration in a single composite landfill liner system is the 

underlying soil foundation layer. Despite the importance of hydration to the overall effectiveness 

of the barrier system, surprisingly little research has addressed this aspect of GCL behaviour. 
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What work has been published (e.g. Daniel et al., 1993; Rayhani et al. 2008) has shown that the 

final moisture content achieved by the GCL and the length of time needed to achieve this is a 

function of soil type and initial soil moisture content. The key to understanding this hydration 

behaviour is the relationship between suction and moisture content – this relationship is known as 

the water retention curve (WRC). This relationship is also a necessary requirement for the 

definition of the unsaturated permeability function. In other words, a well-quantified WRC for 

both the GCL and attenuation layer soil is a prerequisite  for the estimation of both ultimate 

degree of saturation which the GCL will obtain and the length of time required for this hydration 

process to occur.  

 

The initial hydration of GCLs after field installation may be just the first part of the moisture 

uptake and retention cycle for a GCL. In cases where the composite landfill liner is left exposed 

(e.g. delayed placement on an overlying soil layer), the heating of an exposed geomembrane 

overlying the GCL may result in moisture loss from the GCL. Heating cycles and consequent 

GCL shrinkage are thought to have given rise to the movement of GCL panels and the formation 

of gaps between GCL panels in some composite barrier (e.g. Thiel and Richardson, 2005; 

Koerner and Koerner, 2005; Thiel et al., 2006).  Again, as was the case of the GCL hydration 

issue, the WRC for the GCL and subsoil is the prerequisite to understanding and modelling this 

problem. 

 

Despite its importance, only a few studies have been performed to quantify the WRC of GCLs 

(Daniel et al., 1993; Barroso et al., 2006; Southen and Rowe, 2007). As a result of this data gap, 

considerable uncertainties exist that preclude our ability to adequately predict hydration 
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behaviour.  The primary reason for the lack of well-defined WRC data for GCLs is the inherent 

difficulty of experimentally determining this function for a composite material such as a GCL, 

and the wide range of suctions that need to be investigated. 

 

The objective of this paper is to investigate the use of high capacity tensiometers and capacitive 

relative humidity sensors to experimentally quantify the relationship between moisture content 

and suction for GCLs over the full range of suction applicable to the uptake and retention of 

moisture by these materials 

2.2 Background 

2.2.1 Water Retention Curves 

The water retention curve (WRC) of a geomaterial is the constitutive relationship between 

moisture content (expressed as either degree of saturation, void ratio, volumetric moisture 

content, or gravimetric moisture content) and suction. Suction of a soil is defined as the free 

energy state of soil water (Edlefsen and Anderson 1943, as found in Fredlund and Rahardjo, 

1993).  Pore water in the soil is being held in place by two types of suction; matric and osmotic 

where matric suction is the physical capillary force and osmotic is the chemical force.  Total 

Suction is the summation of the matric and osmotic suctions (Aitchison, 1965).  The 

quantification of the moisture content and suction relationship is a prerequisite for modelling a 

geomaterial’s unsaturated behaviour in terms of unsaturated permeability, volume change 

response, and shear behaviour. Being a composite material, the WRC for a GCL will be a 

function of both its geotextile and bentonite components.  A general example of water retention 

curves for a nonwoven geotextile and for a low plasticity clay sample is presented in Figure 2.1.  
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It should be noted that while the clay presented in Figure 2.1 is not bentonite, it is still valid for 

highlighting the difference of a geotextile WRC to a clay WRC.   

 

The water retention curve of a material can be subdivided into three main sections following the 

nomenclature of Vanapalli et al. (1998). These sections are the capillary saturation zone, the 

desaturation zone, and the zone of residual saturation. In the capillary saturation zone, the pores 

are subjected to suction but remain saturated due to the capillary effect.  On Figure 2.1, this 

portion of the curve starts at 0.1 kPa of suction and extends until the air-entry value of the 

material is reached.  The air-entry value is the suction value at which the drainage of pores begins 

to occur and is different for every porous material. For a geotextile, the process of air entry begins 

at suctions on the order of 0.3 kPa in Figure 2.1 , where as it may not occur until a much greater 

suction for a clay sample (e.g. greater than 100,000 kPa for bentonite – Villar, 1999).  This 

difference is due to the orders of magnitude smaller pore size distribution in the latter material. 

The zone of desaturation is the region where pore-air is replacing pore-water within the material’s 

void space.  The desaturation zone extends until the WRC reaches the residual degree of 

saturation. This point on the curve is defined as the range where further drainage of water no 

longer occurs in the liquid phase, but instead relies on the vapour phase for evaporation (Barbour, 

1998).  The remainder of the curve is called the zone of residual saturation, and is characterized 

by small moisture content changes for large changes of suction.  

 

In order to quantify the WRC of a GCL, one must measure both the moisture content and the 

suction of the composite material. The water retention curves of Figure 2.1 are therefore useful as 

they clearly illustrate two issues associated with quantifying the WRCs for GCLs.  
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1. Unlike the measurement of a WRC for a soil sample, the WRC of a GCL is a function of the 

composite material – the cover and carrier geotextiles could potentially play a significant role 

in defining the relationship between moisture content and suction of the system. This effect 

can be more than the obvious differences between the two materials shown in Figure 2.1.  In 

particular, the needle punching fibres between the cover and carrier geotextiles confine the 

sample during swelling and influence the bulk void ratio of the GCL during swelling (Lake & 

Rowe 2000a).  As a result of the confinement provided by these fibres, it is to be expected 

that the WRC of a GCL will differ from that of pure bentonite and could vary by GCL 

product.   

2. While measurement of the moisture content of a soil sample is straightforward, measuring the 

soil suction requires more developed techniques.  The experimental challenge arises from the 

wide range of suctions that may need to be measured to define the full water retention curve 

for this material (1 kPa when fully saturated all the way to potentially 1,000,000 kPa at the 

driest of the as-manufactured bentonite moisture contents).  While today there are numerous 

methods available to measure soil suction,  no one measurement technique is capable of such 

a wide range of suction values that may be relevant to a GCL (Figure 2.2). As a result, an 

experimental strategy that combines at least two of these measurement techniques is required 

so that the full suction range of GCLs can be quantified both in wetting and drying curves. 

2.2.2 Techniques for Suction Control and Measurement 

Detailed reviews of suction control and measurement techniques have been published with 

regards to their advantages and disadvantages for testing different types of soils (e.g. Ridley and 

Wray, 1996; Lu and Likos, 2003; Agus and Schanz, 2005). The suitability of these various 
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candidate techniques are briefly reviewed here in the context of their applicability to the 

measurement of suction in GCLs 

Techniques for Suction Control 

In order to generate a WRC for a GCL, a known value of suction either needs to be imposed on a 

sample or measured within it. The axis translation technique is one such experimental method in 

which a matric suction can be imposed on a sample. In this strategy, a known air pressure is set 

above a soil sample in contact with a saturated porous ceramic that is typically hydraulically 

connected to atmospheric pressure. If this ceramic is saturated and has a higher air entry value 

than this pressure difference, it can effectively act to separate the pore air pressure from the pore 

water pressure within in the sample. The pore air pressure is set by the imposed air pressure 

within the chamber, and the pore water pressure is in equilibrium with the water in the porous 

ceramic. As a result, this difference in pore air and water pressures is the imposed matric suction 

for the sample. Once the sample has evaporated or gained water to come into equilibrium with 

this imposed suction, the resulting equilibrium state can be used as a point on the WRC.   

 

The axis translation technique has been successfully used to quantify the wetting and drying 

water retention curves of many soils over ranges of matric suction from 0 kPa to 1500 kPa. This 

range of suctions corresponds to the range of air entry values of commercially available porous 

ceramics. It should be noted that higher imposed suctions can be performed by replacing the 

porous ceramic by a membrane. In this configuration, the 100 bar pressure plate extractor can 

impose suctions of up to 10 000 kPa, but can do so only on the drying curve of a WRC. Such a 

device has been successfully used by Southen and Rowe (2007) to investigate the drying curve of 

GCLs; however, these researchers found that considerable scatter existed in the data at these high 
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suctions (Figure 2.3). This scatter was attributed by the researchers to the difficulty in ensuring 

adequate contact between the GCL and the porous membrane.  

 

An alternative experimental strategy for the control of suction is the vapour equilibrium 

technique. This technique is based on the observation that the relative humidity in the airspace 

above a salt solution is unique to the concentration and chemical composition of that solution 

(e.g. Young, 1967 and Greenspan, 1976). Therefore, by choosing a chemical solution with the 

correct target relative humidity, a soil sample placed in a closed system with this solution will 

absorb or yield water vapour to the airspace until it comes into equilibrium with that solution. 

Knowing the equilibrium relative humidity of the airspace, therefore enables the calculation of 

total suction using Kelvin’s equation (e.g. Fredlund and Rahardjo, 1993):  
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Where st is total suction, R = universal gas constant (8.31432 J mol-1 K-1), T = absolute 

temperature (K), Mw = molecular weight of water ( 18.016 kg mol-1), pw = unit weight of water 

(kg m-3, based on temperature) and RH = relative humidity (partial pressure of pore water vapour 

/ saturation pressure of water vapour). 

 

The range of total suctions that can be imposed on a sample corresponds to the practical range of 

relative humidity that can be accurately imposed using salt solutions. According to Lu and Likos 

(2003), this range approximately corresponds to total suctions between 6600 and 799 000 kPa. 

The recent work of Lu and Likos (2003) have extended the flexibility of the vapour equilibrium 
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technique by imposing suction not through the use of salt solutions, but rather, through an 

automated humidity control system. 

 

Using the vapour equilibrium technique (VET), Daniel et al. (1993) successfully obtained points 

on the WRC for a geomembrane-backed GCL. This technique has the advantage of being able to 

target exact areas of interest on the WRC for testing, but has significant limitations with respect 

to the length of time required for testing. For example, the VET tests performed by Daniel et al 

(1993) on the geomembrane-backed GCL required two months equilibration time, and those 

performed on pure bentonite by Tang and Cui (2005) were shown to require approximately three 

months. 

 

Techniques for Suction Measurement 

The alternative experimental strategy for the generation of a WRC of a GCL is the harvesting of 

samples of GCL that have been subjected to either drying or wetting conditions followed by the 

measurement of the suction within the sample. One such suction measurement technique that has 

successfully been used to generate points on the WRC of a GCL is the thermocouple 

psychrometer. The thermocouple psychrometer is a device pioneered by Spanner (1951) that is 

capable of accurately measuring the relative humidity of air in the range of 98-99.9%.  Expressed 

using Kelvin’s equation, this corresponds to a range of measureable total suctions from 100 to 

8000 kPa. This technique works by measuring the evaporation-induced signal response at a 

Peltier-cooled thermocouple junction and relating this value to relative humidity (Lu and Likos, 

2003). Using this technique Daniel et al (1993) was able to measure several points along a WRC 

for a geomembrane-backed GCL.  
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Other experimental techniques for the measurement of relative humidity exist. These devices, 

collected under the description “relative humidity sensors” include capacitance relative humidity 

sensors (e.g. Lu and Likos, 2003), and Xeritron Relative Humidity Sensor (e.g. Siemens and 

Blatz, 2005). The accuracy and range of relative humidity measurements enabled by these sensors 

vary by manufacturer and product line, but are typically in the range of 0-99% RH at an accuracy 

of ± 1% RH.  Using Kelvin’s equation, this corresponds to a measurable range of total suction of 

5000 – 700,000 kPa). One of the biggest advantages of using a capacitive relative humidity 

sensor to determine suction is the speed in which it reaches equilibrium.  It has been reported that 

these sensors can reach equilibrium in as little as 20 minutes (Agus and Schanz, 2005). Although 

capacitive relative humidity sensors have been successfully used to measure total suction in soil 

samples, they have not been used previously for testing of GCLs.  

 

Another more indirect measurement of the relative humidity in the airspace above a soil is the 

non-contact filter paper technique (ASTM D 5298-03). In this technique, a specific type of filter 

paper (typically Whatman No. 42 or Schleicher and Schuell No. 589) is placed in a sealed 

environment above, but not contacting, a soil sample.  The initially oven dry filter paper then 

absorbs moisture from the airspace until it reaches vapour equilibrium with the airspace and soil 

sample. At this point, the gravimetric water content of the filter paper is measured. It has been 

found that the relationship between this moisture content and applied suction is unique. As a 

result, a calibration relationship can be developed between total suction and filter paper moisture 

content. Using filter paper calibration curves either from previous literature or from research 
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specific calibration tests, the suction of the soil can be inferred and a single point on the WRC can 

be defined for each sample.  

 

If the filter paper is allowed to come into contact with the soil, any potential salts within the soil 

sample can be transferred to the filter paper. In this slight modification to the technique, the filter 

paper can therefore be used to measure the matric suction in the sample (ASTM D 5298-03). 

Such as strategy was adopted by Barroso et al. (2006) who successfully measured points along a 

drying curve for a GCL within the suction range of 10 kPa and 10 000 kPa.  

 

Tensiometers measure the pressure behind a water saturated porous filter placed in contact with a 

soil sample. Once contact is made, water is drawn from the reservoir behind the saturated filter 

into the soil sample until equilibrium is reached. At this point, the pressure measured in the 

reservoir of the tensiometer is the matric suction of the soil. As such, these devices are able to 

provide a direct measurement of the matric suction in the soil. 

 

Conventional tensiometers are practically limited in range to suctions up to 90kPa (e.g. Stannard, 

1992). The reason for this has been demonstrated by Take and Bolton (2003). If a pre-existing 

free bubble exists in the water reservoir, suctions higher than 90kPa cannot be measured as the 

minimum pressure in the bubble cannot go below 0kPa absolute pressure. If no free bubbles are 

present, conventional tensiometers will experience cavitation at a suction of 100kPa. This suction 

measurement ceiling for water filled tensiometers has been overcome by the work on 

preconditioning techniques of Ridley (1993). In these techniques, the reservoir system of the 

device is subjected to large positive pressures to encourage potential cavitation nuclei into 
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solution. As a result, the water in the device is permitted to enter a metastable state and avoid 

nucleation at suctions greater than 100kPa. Devices capable of measuring these large matric 

suctions are called high capacity tensiometers (HCT) and use these preconditioning techniques to 

extend the range of matric suction measureable using tensiometers past the cavitation limit (100 

kPa) to the maximum air entry value of commercially available porous ceramics (1500 kPa).   

 

The clear advantages of tensiometric measurement of matric suction are the direct nature of the 

measurement (i.e. suction is not inferred indirectly from a measurement of another property) and 

the applicability of the method to both samples prepared along the wetting and drying curves.  

However, the primary advantage of the technique is the speed of measurement. Equilibration 

times for high capacity tensiometers have been reported to be on the order of several hours 

(Marinho et al., 2008) in contrast to the weeks or even months required for some of the other 

suction measurement and control techniques. However, for this technique to work, direct contact 

between the high capacity tensiometer’s filter element and the bentonite component of the GCL 

must be made. As a result, their needs to be an incision in the cover geotextile to expose bentonite 

to the porous ceramic filter of the HCT.  The potential effect of the incision on suction 

measurements (resulting from measuring the bentonite directly and not through the GCL) would 

need to be addressed.  Although this suction measurement technique appears promising, it has yet 

to be adopted for the measurement of suction in GCLs.    

 

2.2.3 Published Water Retention Curves for GCLs 

Three experimental studies have been published in the literature that provides data on the water 

retention behaviour of GCLs (e.g. Daniel et al., 1993; Barroso et al., 2006, and Southen and 
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Rowe, 2007). In these studies, the vapour equilibrium technique, the axis translation technique, 

the filter paper method, and the thermocouple psychrometer have all been successfully used to 

control or measure suction in GCLs. These results are shown in Figure 2.3 in terms of gravimetric 

moisture content versus suction and are presented as solid marker symbols. Also included in this 

figure are the measured water retention curve points for pure bentonite as tested by JNC (2002), 

Marcial et al. (2002) and Villar and Lloret (2004). These results are presented as open marker 

symbols and indicate a clear difference in water retention behaviour between GCLs and bentonite 

in the low suction region (i.e. <1500kPa) as a result of the needle punching fibres. In the high 

suction range greater than 10,000 kPa no comparison can be made as no data exists for GCLs in 

these high levels of suction.  

 

The results of Southen and Rowe (2007) indicate clear differences in gravimetric moisture 

content between GCL products particularly in the low suction regions.  From these results one 

can conclude that the effect of the needle punching fibres on the gravimetric WRC for each GCL 

will be product dependent. However, this relationship has yet to be quantified for many GCL 

products, particularly on both the wetting and drying branches of the curve.  

 

Despite the successful use of these techniques to quantify the WRC of a selected group of GCLs, 

it is clear that there is room for improvement in both the low suction (<100kPa) and high suction 

(>10,000 kPa) areas of the curve.  The amount of scatter in Figure 2.3 for a given GCL type 

indicates the potential variability in the measurement of suction in GCLs and the equilibrium 

moisture content at these suctions. One strategy to face this variation is to test a large number of 

samples for each type of GCL. If such a strategy were to be adopted, there would therefore be a 
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significant advantage in using techniques to measure suction which have a rapid measurement 

time. The two potential techniques that have been identified are the high capacity tensiometer (for 

the measurement of low suctions) and the capacitance relative humidity sensor (for the 

measurement of high suctions). Together these techniques can measure nearly the full range of 

suctions expected in GCLs (Figure 2.2).  There is a range of suction that these two methods do 

not cover from approximately 1500 kPa to 5000 kPa.  While the two methods selected will not be 

able to directly measure suction in this range, the data obtained in the low and high range of 

suctions will be sufficient to obtain fitting curves to cover the complete range of suction of a 

GCL.   

2.3 Methods and Materials 

2.3.1 High Capacity Tensiometer 

The essential design components of a high capacity tensiometer (HCT) include a robust pressure 

sensing diaphragm, a small water reservoir, the elimination of spaces likely to trap bubbles, and a 

high air entry ceramic filter (Ridley, 1993). The manner in which these design requirements have 

been met by different researchers has led to a range of different designs for high capacity 

tensiometers being proposed in the literature ranging from the fabrication of custom made sensors 

to the modification of existing pressure transducers (e.g. Tarantino and Mongiovi, 2001). 

 

The high capacity tensiometer used in the present study was fabricated by modifying a stainless-

steel GE-Druck PDCR 4010 pressure transducer.  This pressure transducer has a length of 120 

mm, an external diameter of 30 mm, and has a 2mm diameter pressure port that links the internal 

stainless steel measurement diaphragm to the tip of the sensor (Figure 2.4). In the configuration 

ordered, the tip of the pressure transducer consists of a threaded ¼ NPT connector that has a face 
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diameter of approximately 12mm. A 5mm diameter hole was then drilled into face of the sensor 

to a depth of 5mm. As a result, this created a 5mm long cylindrical recess into which the ceramic 

filter could be mounted using epoxy. This recession allowed for a larger area of contact surface 

for the ceramic epoxy bond to the stainless steel body of the transducer. Both the original and 

modified sensor ends are presented in Figure 2.4.   

 

The advantage of this particular design for a HCT is the relatively minor modifications needed to 

be made. Also, in the ¼ NPT configuration used, the body of the device is sufficient to connect to 

saturation and calibration systems without the need for any additional components. The 

disadvantage of the adopted design is the relatively large volume of the internal reservoir of the 

sensor. Although the volume of the internal reservoir of the sensor is higher than previous high 

capacity tensiometers, it was found that its size did not affect the ability to saturate the sensor 

when fitted with a 5bar air entry value ceramic filter.    

 

The pressure range of the PDCR 4010 pressure transducer chosen for this study was 3500 kPa. 

This range is significantly higher than the target range of suctions to be measured by this device, 

and instead was chosen to enable the device to withstand the application of large positive 

pressures during the saturation process. The accuracy of the transducer was found to be ±1 kPa 

during calibration (Appendix A).  

 

Rigorous saturation procedures are required to enable high capacity tensiometers to measure 

matric suctions in excess of 100 kPa. Take and Bolton (2003) investigated the physics of 

saturation and provided a theoretical justification for a two-stage saturation process – a first stage 
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in which the dry ceramic filter is subjected to a vacuum prior to coming in contact with water, 

and a second stage in which large positive pressures are applied. 

 

Of these two stages, the success of the initial saturation was shown to be of particular importance 

as it was found that the initial saturation of the tensiometer can play a large role in determining 

the applied pressures needed to finish the saturation process.  This can be seen in Equation 2.2 

taken  from Take and Bolton (2003) in which the applied positive pressure change (∆P) needed to 

achieve the final saturation (S) of the porous element is a function of both the absolute pressure at 

the initial state (Pi) and the degree of saturation at the initial state (Si).  
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where  H = Henry’s constant (approximately 0.02mL of air per mL of water at room 

temperature) 

 

Because full saturation is required in the tensiometer (S = 1), Equation 2.2 indicates that 

performing the initial saturation of an initially dry device under a vacuum will reduce both Pi and 

Si to their minimum practically attainable values and as such, minimize the change in pressure 

needed to saturate the tensiometer. 

 

The techniques adopted in the two stage saturation process used in the current study follows 

closely that of Take and Bolton (2003) and uses a three chamber saturation apparatus. This 
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apparatus is shown schematically in Figure 2.5, and consists of a de-airing chamber, a saturation 

chamber, and a chamber containing desiccant. The purpose of the desiccant chamber is to assist 

the minimisation of the initial degree of saturation of the HCT’s porous filter by ensuring the 

HCT saturation chamber and pressure lines were completely dry before HCT was inserted.  When 

the valve to the de-airing chamber is open, this chamber also reduces the flow of water vapour 

entering the vacuum pump and prevents the vapour from reducing the level of vacuum attainable 

by the vacuum pump. 

 

The first step of saturation is to subject the water contained in the de-airing chamber to a high 

vacuum. Once this water is sufficiently de aired, the dry saturation chamber is evacuated. With 

the entire system now under a vacuum, the de-aired water is introduced into the base of the 

saturation chamber until the HCT is inundated with water.  The saturation chamber is then opened 

to atmosphere and water is pushed into the device under atmospheric pressure. Once the device 

comes into equilibrium with this pressure change, the HCT is moved into a separate high-pressure 

system where 3000 kPa of positive pressure is applied.  This applied pressure forces the de-aired 

water into the tensiometer reservoir and also forces any remaining air bubbles in microscopic 

crevices within the device to dissolve into solution.   

 

In order to validate that the saturation process of the HCT was successful, a saturation verification 

test was performed on every HCT.  This test of saturation consists of allowing water to evaporate 

from the ceramic tip of the sensor until a suction greater than 100 kPa is reached. If a device 

exceeds this cavitation benchmark, no free air bubbles exist in the device, and the device is 

returned to submerged conditions.  A small number of tests were also performed on the HCTs 

which allowed the sensor to evaporate until it reached the air entry value of the ceramic.  An 
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example of each of these verifications is shown in Figure 2.6.  This test proved that the HCTs 

would be able to read suctions up till those air entry value benchmarks when used in a suction 

test. 

2.3.2 Capacitive Relative Humidity Sensor 

The choice to use a relative humidity sensor for the high suction range over other options (e.g. 

VET) was based on the ability to hydrate the specimens more similarly to the way GCLs hydrate 

in the field.  The VET is based on reaching a hydrated equilibrium based on a saturated salt 

solutions.   The relative humidity sensors can be used on GCL specimens hydrated from a subsoil 

which is the method of hydration used in the field.  The sensors selected for use in the present 

study were Vaisala HMP45A relative humidity sensors. A similar Vaisala probe was successfully 

used by Agus and Schanz (2003) to measure the suction of a compacted bentonite-sand mixture.  

 

A relative humidity sensor measures the amount of water present in the surrounding air.  A 

capacitive relative humidity sensor does this by measuring the change of water in a polymer 

membrane.  Due to the direct relationship between relative humidity and temperature, these 

sensors must also contain an onboard temperature sensor. The HMP45A probe has a humidity 

range of 0.8 to 100% and a temperature range of -39.2˚C to +60˚C.  They have a reported 

accuracy of ± 1% RH when calibrated under laboratory conditions and ± 2% RH when calibrated 

in the field. This accuracy was investigated in the laboratory by calibrating them using salt 

solutions and the vapour equilibrium technique (Appendix A). This data indicated that an 

accuracy of ± 1.5 % RH could be achieved with the sensors as configured. 
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2.3.3 Sensor Installation and Measurement 

In order to ensure equilibrium was reached while using the HCT or RH sensors it was essential 

that the loss of moisture was minimized during a test.  Several chamber designs were considered 

ranging from aluminium test cells and glass desiccators, to hard form plastic cases and flexible 

plastic bags.  The test containers that were eventually selected were Double Locking Ziploc® 

Freezer Bags due to the ease of attaching the HCT to the container without limiting the 

tensiometer’s mobility.  The mobility of the HCT is important because the device needs to be 

quickly placed in water after each measurement of GCL suction.  

 

Once a HCT is removed from a sample, further evaporation of moisture from the tip of the 

ceramic will lead to a rapid increase in suction. As a result, the HCT must be submerged in water 

within seconds after contact with the soil is lost, or else the HCT will desaturate. If this happens, 

the device must be taken out of service and can only be reinstated by performing a lengthy period 

of resaturation. In contrast, HCTs attached to the plastic bag could be quickly turned inside out 

and the tip of the HCT could be placed into water. For this reason a flexible walled container 

(such as a sealable plastic bag) reduces the risk of HCT desaturation. 

 

Before they were used for suction tests, the bags were tested for moisture content loss. Three tests 

were performed, each with an additional bag being added.  A known amount of water was placed 

inside the bag(s) and the loss of moisture was recorded over a period of 1 week (Figure 2.7).  It 

can be seen that the average loss of a triple bagged system is approximately 40% that of a single 

bag. However, even if one bag were used, the small magnitude of moisture loss during the 12h 

measurement period represents only a 0.4 % change in gravimetric moisture content for the size 
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of GCL samples used in the present study. Because of this, a single plastic bag was considered 

sufficient for the present study. 

 

To measure GCL samples at high suctions, capacitive relative humidity sensors were installed 

sealed in the corner of the bags opposite to the zipper seal (Figure 2.8). In this way, the GCL 

samples could be carefully inserted and removed into transparent plastic bag without contacting 

the sensor. During measurement, the sensor rested in the air space above, but was not touching 

the GCL. The sample was left in the testing chamber for a minimum of 12 hours while the 

relative humidity and temperature were recorded.  At the conclusion of the test, the sample was 

removed and the relative humidity sensors was allowed to return to the laboratory’s relative 

humidity. 

 

To measure GCL samples at low suctions, it was necessary to ensure the porous filter of the HCT 

maintains contact with the bentonite clay and not with the cover geotextile.  Therefore, after 

hydration but just before testing with the HCT began, the GCL was slit in the centre of the 

sample.  From the slit a small hole was cut in the geotextile, exposing the underlying Bentonite 

clay (Figure 2.9c).  Threaded onto the tensiometer was a Perspex plate, measuring 100 mm x 100 

mm.  This held the tensiometer vertical and stationary during testing (Figure 2.9a).  The GCL 

sample was placed on the underside of the Perspex plate, inside the bag.  In order for the HCT to 

maintain good contact with the sample, a 2.25 kg mass, which applies to a 2 kPa stress, was 

placed on top of Perspex plate (Figure 2.9b).  The sample was left for a minimum of 12 hours 

while suction was being recorded.  At the conclusion of the test, the sample was removed and the 

HCT was quickly returned to water in order to prevent de-saturation from occurring.   
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At the conclusion of every test the sample mass, area and height were recorded.  The mass was 

recorded using a digital scale.  The area of the sample was taken with digital callipers. The height 

of the sample was taken using a laser scanner with an accuracy of ± 0.05 mm (Brachman and 

Gudina, 2008).  While measuring the height of the sample a 2 kPa stress was applied to the GCL. 

The stress was added to eliminate deformations in the geotextile material and from the warping of 

the dried sample.  The sample was then placed in a 105˚C oven for 24 hours before the dry mass 

was recorded. 

 

2.3.4 GCL Sample Preparation 

Samples of four different types of GCL were selected for testing. The basic characteristics of 

these products, herein referred to as GCL 1-4, are presented in Table 2.1.  All products were 

needle punched.  GCL1 and 3 both have a woven slit-film geotextile cover and a nonwoven 

geotextile carrier. GCL1 has also been thermally treated.  GCL2 had a nonwoven and a scrim 

reinforced nonwoven cover and carrier geotextile and had been thermally treated while GCL 4 

had a nonwoven cover and carrier geotextile.   

 

As purpose of this paper is to develop experimental techniques for the use of HCTs and RH 

sensors to measure suctions in GCLs, these techniques will first be tested to see if they can yield 

points on the drying portion of a GCL WRC. The initial state of the GCL was created by 

hydrating a 400 mm square piece of GCL under a 2kPa applied normal stress in submerged 

conditions. Once the GCL was hydrated, this large piece was subdivided into approximately 100 

mm square samples. These samples were then placed in the ambient relative humidity of the 
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temperature controlled room and dried for different periods of time in order to reach different 

target moisture contents along the drying curve. These samples were then allowed to come into 

moisture equilibrium.  

2.4 Results and Discussion 

2.4.1 Equilibration Time 

The equilibration time, or speed of measurement, is one significant potential advantage of the two 

chosen methods of suction measurement. To investigate this issue, the equilibration time for 

HCTs for a range of moisture contents is presented in Figure 2.10. As expected, the magnitude of 

the measured equilibrium matric suction increases with decreasing moisture content. However, 

two different shaped curves were observed. The first shows an asymptotic increase in suction to 

the equilibrium value, typified by the samples at moisture contents of 85% and 153% (Figure 

2.10). The second shape of curve is demonstrated by the sample at a moisture content of 168% 

and 56%. In this curve, the suction rapidly increases to a maximum value before slowly 

recovering to a lower equilibrium value. This variation in the suction response curves have also 

been observed by Ridley et al. (2003).  They observed that if there was excess moisture on the 

surface of the ceramic and that moisture was absorbed first upon contact with the soil then the 

measured suction would overshoot the actual suction.  They noted that after several hours the 

sensor and soil would reach the true equilibrium as was observed in these tests (Figure 2.10). 

 

The suction response curves generated by the high capacity tensiometers indicates that the 

measurement generally comes into equilibrium within less than four hours, with the longer 

equilibration times being demonstrated under “dry paste conditions.” In 2008, Marinho and 

Oliveira published a criteria that can be used to determine when a HCT has come into 
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equilibrium. Their criterion states that “ equilibrium was achieved when the average rate of 

suction change over an interval of ten seconds and relative to the current suction value was less 

than 0.0025s
-1

” (Marinho  and Oliveira, 2008).  This criterion was applied to several suction 

curves to determine its validity for a HCT when used with a GCL.  It was found that the criteria 

highly underestimated the time needed to reach equilibrium. Had it been followed, several suction 

tests would have been terminated prematurely after as little as 1 hour, producing a false suction 

value.  

 

Mindful of this, a more conservative criterion than proposed by Marinho and Oliveira (2008) was 

adopted to ensure that the HCT would have time to come to equilibrium with the GCL sample.  

The first part was to have every test run for a minimum length of time.    On the same principals 

of Marinho and Oliveira’s (2008) criteria, the second part was monitoring the change in suction 

over time.  It was proposed that a change in suction of less than the accuracy of the device (i.e.  

±1 kPa) over 1 hour was adequate to establish that equilibrium had been reached.  This condition 

was usually reached within 5 hours and thus the remaining testing time was used as additional 

assurance that the sample and sensor had come to equilibrium.  All test results were individually 

inspected to assess whether they reached a satisfactory equilibrium with a minimum time 

provided for equilibration being 10 hours. 

 

The observed equilibration time of the capacitance relative humidity sensor is presented in Figure 

2.11. These results indicate that the length of equilibration time increases with decreasing relative 

humidity. In order to judge equilibration, a similar criterion to that used with the HCT was 

adopted which stated that equilibration was achieved if the change in suction less than the 
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accuracy of the device (±1% RH) were to occur over 1 hour. For most tests this criterion was 

reached after three hours, but all tests were conducted for a minimum of 10 hours to ensure 

equilibrium was reached and for ease of testing in conjunction with the HCT schedule.   

2.4.2 Sample Homogeneity 

Early in the testing program, it was noted that there was significant initial moisture content 

variations in the samples, with the edges of the sample exhibiting a much lower moisture content. 

To illustrate this problem, a sample of GCL was air dried in the laboratory and the cover 

geotextile carefully removed with a scalpel. An image of this GCL is included as Figure 2.12a, 

and clearly demonstrates a wetter inner core with drier edges then was observed when the edges 

were taped (2.12b). Possible hypotheses for this are investigated in Figure 2.13a and b. As the 

sample dries, the cover and carrier geotextile quickly loose their moisture to evaporation and 

desaturate. As a result, further evaporation of water from the inner bentonite core of the GCL is 

limited by the unsaturated permeability of the cover and carrier geotextiles while the bentonite at 

the edges of the GCL still has direct contact with the air. In addition, it should be noted that the 

edge regions of the GCL are subject to drying in two dimensions, whereas the centre region of the 

GCL drying is predominately one dimensional. As a result, the edges of the GCL were observed 

to dry at a faster rate than the centre. If these samples were not allowed time to come to moisture 

equilibrium, the location of suction measurement using the HCT would not correspond to the 

average moisture content of the sample.  

 

To overcome this issue, the edges of all GCL samples were covered with red insulation tape prior 

to drying, thus preventing preferential drying in these regions (Figure 2.12b).  A test was 

conducted to verify this hypothesis, where one sample was left to dry with edges exposed, and 
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one to dry with edges wrapped in insulation tape.  The suction results for the untaped and taped 

GCL samples are shown in Figure 2.13b and c as spot values of measured suction distributed 

throughout the GCL sample.  For the untaped sample (Figure 2.13c), the spot values of suction 

range from 27 kPa near the centre of the sample to values up to 59 kPa at one of the corners. This 

variation in suction across the sample implies that the 24h time period in a sealed chamber after 

drying is not enough time for the sample to homogenise its moisture content. In contrast, spot 

suction measurements across the sample with taped edges shows a much more uniform 

distribution of suctions. Expressed quantitatively, the provision of tape at the edges drops the 

standard deviation of suction measurements across the sample from 12 kPa to 1.8 kPa. However, 

as suction measurements are always taken from the centre of the sample, the bias overcome by 

the taping of the edges is much greater than the 12 kPa suggests.  

 

2.4.3 Comparison with Published Values 

Using the HCT and RH testing techniques the Gravimetric Water Retention Curve for GCL3 was 

determined and plotted in Figure 2.14. When compared with the published WRCs of bentonite 

and GCLs (Figure 2.15) GCL3 shows good agreement.  However by plotting the results on a 

gravimetric water retention curve, the variation between the different GCLs, bentonite types, 

hydration paths and applied stresses make an accurate comparison difficult.  Therefore, the 

Volumetric Water Retention Curve for GCL3 was plotted along with published volumetric curves 

from Barroso (2007) in Figure 2.16.  Comparing similar GCLs in volumetric space in Figure 2.16 

the WRC for GCL3 show that the tested GCL product shows comparable data.  This similarity 

indicates that the suction testing methods were able to establish the drying curve of GCL3.  It also 

suggests that the incision made into the geotextile cover (to measure the suction using a HCT) 

does not significantly change the suction response of the GCL.    
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It should be noted that the suction results from the HCT and the RH sensor are plotted on a single 

suction axis.  However as discussed previously, the HCT is measuring matric suction and the RH 

sensor is measuring total suction.  Therefore the effect of osmotic suction in the low suction range 

of the curve is not included.  The effect of osmotic suction at low suctions of bentonite clay is not 

fully understood, however there are publications that have indicated an osmotic suction greater 

than 1 MPa in a sand-bentonite mixture ( e.g. Tang et al, 2002).  If these values of osmotic 

suction are applicable to a GCL then the total suction and matric suction of a GCL would not be 

the same.  If Figure 2.14 is plotted for total suction then the values obtained from the HCT would 

be shifted to the right by a determined osmotic suction.  If matric suction was plotted, then the 

RH measured suction values would shift to the left by the osmotic suction.   

 

Keeping in mind that the RH sensors are >10,000 kPa, moving them slightly to the left on the 

logarithmic graph is a very minimal change and is generally within the scatter range of the sensor.  

However if we plot total suction, then a change in 1 MPa of suction for the HCT is much more 

significant. Therefore, while the two methods are plotting matric and total suction respectively, 

the WRCs presented in this thesis should be used for matric suction.   However, the osmotic 

suction of a GCL has not been studied within the scope of this research, therefore WRC will be 

presented with only one general suction axis.  
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2.5 Conclusions 

 

Two measurement techniques were used to overcome the difficulty of obtaining the wide range of 

geosynthetic clay liners.  The High Capacity Tensiometer and Relative Humidity Sensor were 

selected in order to capture suction values at the low and high range of suction respectively.  GCL 

testing methods were developed in order to ensure uniform GCL drying and accurate suction 

readings having reached equilibrium.   

 

It was found that a GCL drying in 2D created an unequal moisture content distribution across the 

sample and limiting drying to 1D greatly reduced the moisture content differences.  Making a 

small incision in the cover geotextile does not appear to have an effect on the suction values.  

Suction test results showed that recording suction for a minimum of 10 hours was sufficient to 

allow the sensor and sample to reach equilibrium.      

 

When compared to previously published water retention curves, the results for GCL3 agreed.  

The high capacity tensiometer was able to define the low suction range with more accuracy than 

that available using the axis translation or filter paper methods.  While previous GCL suction data 

did not extend beyond 140,000 kPa the results from GCL3 from 10,000 kPa to 350,000 kPa 

overlap previously published bentonite clay suction results in the high suction range.  At these 

suctions, the governing part of suction in a GCL is the Bentonite clay and not the geotextiles 

signifying good results for GCL3. 
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Based on the success of the dual HCT-RH technique method for establishing a drying Water 

Retention Curve for GCL the same method could now be applied to investigating the wetting 

curve of GCLs.  Obtaining the wetting curve of GCL would be beneficial for predicting the 

behaviour of a GCL going through its virgin wetting cycle when placed in the field.   
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Table 2.1.  Geotextile Properties of GCL 1-4 as typically found off the roll in the field 

   GCL 1 GCL 2 GCL 3 GCL 4 

Measured  4679 4241 5084 4944 Avg GCL 
Mass per 
unit area 

(g/m
2
) 

MARV 3965 4060 4008 4097 

Type W NWS W NW 

Carrier 
Mass per unit 
area (g/m

2
) 

123 260 125 233 

Type  NW NWS NW NW 

Cover 
Mass per unit 
area (g/m

2
) 

242 232 283 264 

Bentonite 
As-delivered 

form 
Fine 

Granular 
Fine 

Granular 
Course 

Granular 
Course 

Granular 

Needle Punched Yes Yes Yes Yes 

P
ro

p
e

rt
ie

s
 

Structural 
Thermally 
Treated 

Yes Yes No No 

 

 

where W = woven, NW = nonwoven, NWS = nonwoven scrim reinforced, 
*MARV (minimum average roll value) 
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Figure 2.1 Typical Water Retention Curves of a Geotextile and Bentonite Clay, modified 

from Bouazza et al. 2006 
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Figure 2.2  Suction Measurement Technique Ranges (modified from Lu and Likos, 2003) 
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Figure 2.3  Comparison of drying water retention curves of GCLs (solid symbols) and 

Bentonite (open symbols). Where GCL-SR (Southen and Rowe, 2007); GCL D (Daniels et 

al., 1993); GCL-B (Barroso et al., 2006); BEN-M (Marcial et al., 2002); BEN-JNC (JNC, 

2000); BEN-VL (Villar and Lloret, 2004)  
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Figure 2.4  Druck Transducer  a)  Schematic   b) Original Sensor Tip   c)  Modified Sensor 

Tip 
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Figure 2.5  HCT Saturation System 
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Figure 2.6  HCT Evaporation Tests  a) dipped in water  b) until cavitation occurs 
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Figure 2.7  Testing Bag Evaporation Test 
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Figure 2.8  Relative Humidity Test Set-up 
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Figure 2.9  HCT Testing Set-up a) plan view  b) aerial view  c) sample preparation for HCT 

test 
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Figure 2.10 High Capacity Tensiometer Equilibrium Time and Related Moisture Content 
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Figure 2.11  Relative Humidity Equilibrium Time and Related Moisture Content 
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Figure 2.12  GCL edge drying effects with a) no tape around edges  b)  taped edges during 

drying 
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Figure 2.13  Evaporation through GCL a) without tape b) with tape  c) suction values for 

GCL sample untaped while drying d) suction values for GCL sample taped while drying 
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Figure 2.14  Water Retention Curve for GCL 3 
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Figure 2.15  Water Retention Curves comparing GCL 3 (solid black symbol) with previous 

GCL (solid grey symbols) and bentonite (open) results. 
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Figure 2.16  Volumetric Water Retention Curve for GCL 3 and GCLs from Barroso et al. 

(2006) 
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Chapter 3 

Water Retention Curves of Geosynthetic Clay Liners  

 

3.1 Introduction 

 

A geosynthetic clay liner (GCL) is a composite geosynthetic that is commonly used as a 

hydraulic barrier (e.g. in a landfill liner).  GCLs are able to act as a hydraulic barrier due to their 

low hydraulic conductivity when hydrated (Rowe et al., 2004).  A GCL is typically manufactured 

at low moisture contents, therefore in order to act as a hydraulic barrier the GCL will hydrate 

upon installation in the field.  In the example of a GCL being used in a landfill liner application, 

this hydration will come from water in the foundation soil and from leachate infiltration.  While 

GCL hydration is expected to occur when installed, there still remains a gap of knowledge 

surrounding the unsaturated behaviour of the GCL during hydration.  The key to understanding 

GCLs hydration behaviour is through the constitutive relationship between its suction and its 

moisture content.  This relationship is known as the water retention curve.    

 

Though hydration is essential for a GCLs ability to function as a hydraulic barrier, only a handful 

of publications regarding the water retention curves for GCLs have been published (Daniel et al., 

1993; Barroso et al., 2006; Southen and Rowe, 2007).  One of the inherent reasons for the lack of 

data on the WRC of a GCL is the wide range of suctions of this material.  GCLs have shown a 

range of suction from 1 kPa to 120 000 kPa, which either exceeds or does not fall between the 

range of any one testing method,  presenting difficulties therefore in measuring GCL suction.  

Along with the overcoming the suction measurement obstacle, a typical unsaturated material will 
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have two paths (wetting and drying curves) along the WRC.  Therefore in order to use the WRC 

for predicting hydration and shrinkage behaviour, the complete WRC, must include both the 

wetting and drying curves.  

 

The objective of this paper is to investigate the complete water retention curve for four different 

GCL products.  By testing different GCL products, any effect or uniqueness product materials or 

construction may have on the WRC will be highlighted.  To capture the range of suctions of a 

GCL, the dual technique suction testing method presented and validated in Chapter 2 (a high 

capacity tensiometer and relative humidity sensor) will be used to establish both the wetting and 

drying curves.  The results from this paper will then be used to present the quantative parameters 

required to predict the GCL behaviour during hydration and shrinkage.   

 

3.2 Background 

 

The water retention curve (WRC) is an important constitutive relationship between the moisture 

content and suction of an unsaturated geomaterial.  The moisture content for a WRC can be 

presented in a variety of ways including gravimetric and volumetric moisture content, and degree 

of saturation.  The gravimetric moisture content (uw) is the mass of water (mw) in a sample with 

respect to the mass of solids (ms), and is presented in Equation 1. 

s

w

m

m
u =    (1) 

The volumetric moisture content, θ, is the ratio of the volume of water (Vw) over the volume of 

solids (Vs) and is expressed in Equation 2. 
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s

w

V

V
=θ    (2) 

When discussing the gravimetric and volumetric moisture contents with respect to a GCL, the 

term ‘solids’ when calculating mass or volume includes both the bentonite and the geotextile 

material.   

 

When an unsaturated soil sample changes moisture content it does so by either gaining or losing 

water.  On a water retention curve, a sample that is gaining moisture for the first time is said to be 

following a virgin wetting path, and a sample that is losing moisture for the first time is following 

a virigin drying path.  When these paths (curves) are plotted on a Water Retention Curve they 

follow a different path to one another as seen in Figure 3.1.  The different wetting and drying 

curves mean that the suction of a sample will not be the same at a given moisture content for a 

soil following a wetting path versus a the same soil following drying path.  This phenomenon is 

known as hysteresis.   

 

While hysteresis in unsaturated soils has been well documented (e.g., Nimmo, 1992; Iwata et al., 

1995; Lu and Likos, 2004) the reason for the behaviour is not as well defined.  One common 

explanation of hysteresis uses an ink bottle effect to explain the difference in moisture contents at 

the same suction, and is represented in Figure 3.2, reproduced from Childs (1969). The ink bottle 

effect states that the height of water in a capillary tube is governed by the smaller radii.  When a 

soil is wetting, the height of water can only rise to the top of the small radii capillary tube.  

However if the same soil was hydrated and is then drying, the height of water will reach 
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equilibrium at a higher level.  Thus the drying curve of an unsaturated soil will have higher 

moisture contents for the same suction then that of the wetting curve.   

 

Water retention curves for soils have been well published and documented, dating back to a 1907 

publication by Buckingham.  However, while there is a substantial body of literature regarding 

the WRC for many soils, there are very few publications regarding the WRCs for GCLs, with 

only a handful of publications to date (Daniel et al., 1993; Barroso et al., 2006; Southen and 

Rowe, 2007).  From the literature, a comparative WRC was presented in Chapter 2 which 

highlighted the variation of WRC results between the different GCL products that have been 

tested.  This suggests the importance that GCL product type and manufacturing may have on the 

water retention curve. 

 

3.3  Materials and Methods  

3.3.1 GCL Materials 

A wide range of GCL products exist on the market. In this study, four GCL products with 

different manufacturing details and material properties were selected to investigate the effect (if 

any) of these differences on their water retention behaviour. These four products are also the most 

commonly used products in North America, and are currently being studied at the Queen’s 

University Composite Geosynthetic Liner Experimental Site (e.g. Brachman et al., 2007) and 

laboratory studies on moisture uptake (e.g. Rayhani et al., 2008) and shrinkage (e.g. Bostwick et 

al., 2008).  These choices of product types therefore have the benefit of direct practical 
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application in composite landfill liner design and in the numerical modeling of parallel research 

on the moisture uptake and retention behaviour of GCLs. 

 

The properties of the four GCLs used in this study, herein referred to as GCL1 to GCL4, are 

reproduced in Table 3.1. GCL1 is a thermally treated needle-punched GCL with a woven carrier 

and a nonwoven cover geotextile. GCL2 is a similar product, but with a scrim reinforced 

nonwoven geotextile as the carrier. These two products are fabricated by the same manufacturer 

and contain a fine granular bentonite. Products GCL3 and GCL4 are needle-punched GCLs 

manufactured by a different company and use a coarser granular bentonite. Of these two products, 

GCL3 has a woven carrier and a nonwoven cover geotextile, whilst the cover and carrier 

geotextiles for GCL4 are both nonwoven. The measured mass per unit area for the final GCL 

product and for their cover and carrier geotextile components are listed in Table 3.1  Details on 

the particle size distribution of the granular bentonite used in the four GCL products are included 

as Table 3.2.  

3.3.2 Methods 

Suction Measurement 

Establishing the WRC for a GCL requires the measurement of both moisture content and suction.  

While obtaining the gravimetric moisture content of a GCL is a straightforward process, the 

measurement of suction in a GCL is a much more complex experimental task.  This experimental 

challenge is related to the wide range of suctions than needs to be measured to define the full 

water retention curve for this material (a GCL could experience 1 kPa of suction when fully 

saturated to suctions potentially as high as 1,000,000 kPa at the initial roll moisture content). 

There are numerous methods and techniques that have been proposed in the literature to measure 
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soil suction; however no single measurement technique is capable of measuring such a wide 

range of suction values as seen in GCLs.  As a result, an experimental strategy was adopted in 

Chapter 2 that combined two of these measurement techniques to cover the suction range of 

GCLs. In that study, experimental techniques were developed for the use of a high capacity 

tensiometer (HCT) to measure the low suction range (0 – 500 kPa) and for a relative humidity 

sensor (RH) to measure the high suction range (3,000 – 1,000,000 kPa) of suctions in GCLs.  The 

ability of these combined techniques to establish a water retention curve was then validated in 

Chapter 2 by establishing a drying curve for GCL3 that was consistent with published values.  

 

Preparation of Drying Curve Specimens 

In order to produce specimens on the drying curve for testing, experimental methods were 

developed in Chapter 2 to maximize the uniformity of moisture content and suction within a 

specimen during drying. Since the focus of that chapter was the drying curve, a 400 mm by 

250mm sample of GCL was taken from the roll and was first hydrated by submerging the sample 

under water for a period of 1 month.  The hydration occurred under a 2 kPa applied normal stress 

to ensure uniform contact in this near free-swell scenario. This large sample was then divided into 

100 mm x 100 mm test specimens and each specimen was then dried to a target moisture content 

at which time the suction of the specimen was measured.   

 

It was found in Chapter 2 that, if no special precautions were taken, the preparation of drying 

curve specimens following this procedure were highly non-uniform in their moisture content with 

the bentonite at the edges of the specimen being at a lower moisture content than the bentonite at 

the centre of the specimen. To minimise the variation in moisture content and suction across the 
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test specimen it was found necessary to eliminate the evaporation of moisture along the edges of 

the GCL. As a result, the loss of moisture due to evaporation could only occur through the cover 

and carrier geotextiles. This was accomplished by wrapping the edges of each drying curve 

specimen with a vapour barrier, in this case, red installation tape. The results of Chapter 2 

indicate that this vapour barrier was successful in constraining the loss of moisture from the edges 

of the GCL and in providing a uniform distribution of suction across the entire GCL specimen.   

 

Preparation of Wetting Curve Specimens 

To prepare GCL specimens on the wetting curve, specimens must start at the low as-delivered roll 

moisture content and be allowed to uptake moisture until they reach progressively higher target 

moisture contents. Daniel et al. (1993) achieved different moisture content values along the 

wetting curve through the vapour equilibrium technique. These researchers placed GCL samples 

in sealed containers with solutions that imposed a known relative humidity and after several 

weeks (in some cases months), the moisture content of the GCL specimens was observed to have 

come into equilibrium with the imposed suction. While this method has been proven successful 

for the preparation of GCL specimens following the wetting path, the time taken for each 

specimen GCL to reach equilibrium precludes large numbers of specimens.  In order to speed up 

the hydration times and subsequently obtain more data points on the wetting curve, the process of 

hydration through the vapour phase was replaced by the much more rapid process of hydration 

through the liquid phase. The hydration method adopted follows the way GCL specimens hydrate 

in the field -- from direct contact with a moist soil foundation. 
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A hydration chamber for the preparation of wetting curve specimens is shown schematically in 

Figure 2.3. Each hydration chamber consists of a 850 mm x 500 mm plastic container that houses 

a 400 mm x 250 mm GCL sample placed in contact with a moist soil layer (described in more 

detail below). An applied stress of 2 kPa was applied to the top of the GCL sample to ensure 

contact between the soil and GCL. By achieving contact, the hydration of the GCL can occur 

through pore to pore water transfer rather than the much slower rate of transfer via the vapour 

phase. The 2 kPa of normal stress was selected as it is a small enough value of stress to still be 

representative of typical field conditions during hydration but has been shown to be large enough 

to be effective at maintaining contact during GCL hydration experiments (Rayhani et al., 2008). 

Each sample of GCL was then allowed time to hydrate, with 100 mm x 100 mm square 

specimens being harvested from time to time from the sample to achieve a range of different 

target water contents. 

 

The time rate of hydration of a GCL specimen from a foundation soil was found by Daniels et al 

(1993) and Rayhani et al (2008) to be product specific and to be a function of the water content 

and type of foundation soil. The soil used in the hydration chambers to prepare specimens on the 

wetting curve was the same silty-sand that was used in the hydration tests of Rayhani et al (2008) 

and in the Queen’s University Composite Geosynthetic Liner Experimental Site (e.g. Brachman 

et al, 2007). The grain size distribution for this silty-sand has been characterized by Brachman et 

al. (2007) and is reproduced in Figure 3.4.  Using this soil prepared at a gravimetric moisture 

content of 16%, Rayhani et al (2008) found that on average it took a GCL four weeks of 

hydration time to achieve a gravimetric moisture content in excess of 80%. Despite contact 

between GCL and foundation soil, the low degree of saturation of the foundation soil at this 

moisture content resulted in a slow rate of hydration. In order to accelerate this process, the 
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foundation soil was mixed and compacted at a target gravimetric moisture content of 21%. This 

value is significantly closer to the gravimetric moisture content at saturation of 25%. 

3.4 Gravimetric Water Retention Curve Results  

3.4.1 Gravimetric Drying Curve 

Variation of initial moisture content within a single GCL product 

The first step in testing specimens prepared to evaluate the drying curve is to establish the 

magnitude of variation in the gravimetric moisture content that specimens of a single GCL 

product have achieved under identical hydration conditions (i.e. submerged under water and 

subjected to 2kPa of applied normal stress for a minimum of 3 weeks). Histograms of the 

gravimetric moisture content achieved by twelve specimens of each GCL product are presented in 

Figure 3.5.  The measured suction values of all samples were observed to be in the narrow band 

between 3kPa to 10kPa, indicating that near identical hydration conditions had been achieved. 

This data indicates that the gravimetric moisture content achieved under laboratory hydration 

conditions is not a unique value for a given GCL type; but rather, should be viewed as 

distribution of values arising from the inherent variability in the product.  

 

Assuming that a normal distribution is valid for these samples of moisture content data, the mean 

and standard deviations of gravimetric moisture contents have been calculated in Table 3.3. It 

should be noted that the 12 specimens taken for a given GCL product were all cut from the same 

400 mm x 250 mm  hydrated GCL sample. Had the GCL specimens been harvested from 

different sections of the same roll, or between different rolls of the same product, it is likely that 

the observed variation in gravimetric moisture content could be even greater than presented here.  
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Regardless, due to this observed variation in gravimetric moisture content, one should anticipate 

that level of variation in the gravimetric WRC for each GCL product will be higher than observed 

in soils, and as such, will be in the form a band rather than a unique line of closely spaced data 

points. 

 

Variation of initial moisture content within between different GCL products 

Figure 3.5 and Table 3.3 show that there was a significant difference in both the mean and 

standard deviation gravimetric moisture content of the hydrated GCLs between product types.  

These differences are due to the specific GCL properties and method of manufacture of each 

product.  The thermally treated needle-punched nonwoven, scrim reinforced nonwoven GCL, 

GCL 2, had the smallest mean and standard deviation in hydrated moisture content of the four 

GCLs.  The lower moisture arises from a smaller amount of swelling associated with hydration as 

a result of the higher confining stress imparted by the good attachment of the needle punched 

fibres to the carrier geotextile. This higher confining stress arises from the nature of the carrier 

geotextile as well as the fusing of the needle-punched fibres to the carrier geotextile during 

thermal treatment.  This observation is consistent with the findings of Lake and Rowe (2000a) 

who demonstrated that this product had a much lower hydrated voids ratio than other products 

which resulted in better performance with respect to both advection and diffusion (Lake and 

Rowe, 2000b) .  

 

The role of the carrier geotextile can be assessed by comparing the results of GCL1 and GCL2 

since both were thermally treated but GCL1 had a woven slit-film carrier geotextile.  This 

geotextile does not provide the same anchoring for the needle-punched fibres and subsequently 
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does not have an equally low hydrated moisture content (or bulk void ratio).  The effect of 

thermal treatment can be assessed by comparing the results for GCL1 and GCL3 since both had a 

woven slit film carrier but GCL1 was also thermally treated. In this case, the thermally treated 

product, GCL1, was observed to have a lower mean hydrated gravimetric moisture content as 

well as a lower standard deviation.  

 

Since all of the initial moisture contents were within a narrow range of suctions between 3kPa 

and 10kPa, these data points can be visualized to form the starting points on the drying curves for 

each GCL product. Expressed in other words, the mean gravimetric moisture content at these 

conditions can be viewed as the point on the moisture content axis in which the drying curve is 

anchored. As a result, this hydration data indicates that the starting point for the gravimetric 

drying curve of a GCL will be highly product specific. 

 

Observed Drying Behaviour 

Once the variation in initial hydrated gravimetric moisture content for the four GCL products had 

been quantified, additional specimens of hydrated GCL were slowly dried through their cover and 

carrier geotextile by evaporation.  As each specimen reached its target moisture content the 

suction in the GCL was measured using the experimental procedures developed and validated in 

Chapter 2.  For each GCL product, between 20 and 25 of these additional specimens were tested 

at suctions ranging from 10kPa to 700,000 kPa to characterize the drying curve (Appendix B). 

The equilibrium values of gravimetric moisture content and suction obtained from these drying 

curve specimens are reported as solid circular markers in Figure 3.6 to Figure 3.9 for GCL1 to 

GCL4, respectively.  Data points measured between suctions of 1 kPa and 500 kPa were obtained 
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using a high capacity tensiometer, whereas suctions greater than 3,000 kPa were measured using 

a relative humidity sensor. A line of best fit through these drying curve points calculated using 

the framework of Fredlund and Xing (1994) is presented in the results as a solid line (presented in 

more detail in Section 3.6.2).  Also plotted on these figures is a vertical bar at the far left of the 

drying curve representing the range of gravimetric moisture content observed in the twelve 

nominally identical hydration specimens. These data points are represented in this way to provide 

a visual representation of the inherent variation in the gravimetric moisture content for each 

product. The height of the bar can therefore be interpreted as a measure of the expected width of 

the drying curve band for each product at low suctions. This assertion is confirmed by the scatter 

in the drying curve points at elevated suction values for the product with the least variation at 

hydration (GCL2) and with the largest variation at hydration (GCL3). 

 

A comparison of the drying curves for the four GCL products confirms that the gravimetric 

drying curve for GCLs is also highly product specific. Although there exists a significant 

difference in the initial hydrated moisture contents, the shape of the curves are broadly similar.  

3.4.2 Gravimetric Wetting Curve 

To obtain GCL moisture contents following the wetting curve, specimens of GCL (at their off-

the-roll moisture content) were allowed to come into contact with moist soil and experience 

hydration. These GCL specimens were then harvested periodically to obtain different target 

moisture contents.  In contrast to the drying curve in which drying specimens could be visualized 

as travelling along a water retention curve from left to right (i.e. from low suction to high 

suction), GCL specimens following the wetting curve will travel from right to left (i.e. from high 

suction values to low suction values).  
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The wetting data points for all four GCLs are represented by the open circles plotted on Figure 

3.6 to Figure 3.9, respectively.  A line of best fit through the wetting curve points based on the 

equation of Fredlund and Xing (1994) is presented as a dashed line. In the high suction range, all 

four GCLs exhibit little measurable differences between data points on the wetting and drying 

curves.  This observation is consistent with the findings of other researchers who have reported 

that the hysteresis of WRCs in soils is typically less pronounced near the residual degree of 

saturation (e.g. Lu and Likos, 2004).  At lower suctions (1 kPa to 500 kPa) however, all four GCL 

wetting curves exhibited more hysteresis compared to the hysteresis seen at high suction. In other 

words, a specimen following a wetting curve was observed to obtain a lower equilibrium 

gravimetric moisture content for the same suction as a sample following the drying curve.   

 

The magnitude of this hysteresis was observed to be a strong function of GCL type, with the 

thermally treated scrim-reinforced GCL2 providing the least amount of hysteresis. This 

observation implies that the magnitude of hysteresis observed between the gravimetric wetting 

and drying curves is largely due to the structure of the GCL rather than simply being the result of 

the hysteresis effect seen in unsaturated soil materials including bentonite clay.   

 

The water retention curve reports equilibrium moisture contents at known suction values. 

Specimens on the wetting curve started at suctions on the order of 200,000 kPa and took hours to 

hydrate to suctions of 20,000 kPa, a week to reach of suction of 100 kPa, and approximately one 

month to reach a suction of 10 kPa. If these specimens were given significantly more time to 

hydrate is likely that they would be subject to small increases in moisture content, albeit at a very 
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slow rate. It should therefore be noted that the equilibrium gravimetric water content at 1 kPa 

would be slightly higher than predicted by the Fredlund and Xing parameters based on the curve 

fitting of the wetting curve data points at higher suctions. 

3.4.3 Transition from Gravimetric Wetting Curve to Subsequent Drying  

Field observations of GCL panel shrinkage (e.g. Thiel and Richardson, 2005; Koerner and 

Koerner, 2005; Thiel et al., 2006) imply that the GCL component of a composite landfill liner 

may be subjected to significant loss of moisture if the liner is left exposed.  In this type of cyclic 

moisture behaviour, the GCL would initially follow the wetting curve path as it hydrates from the 

foundation soil. If the geomembrane covering the GCL is exposed so solar radiation, there is a 

potential for large daily thermal cycles, particularly for black geomembranes most commonly 

used (Pelte et al, 1994). The resulting downwards thermal gradients could then cause the GCL to 

lose moisture and experience a drying episode.  In typical soils, this sort of moisture content cycle 

follows a scanning loop between the wetting and drying curve boundaries of the soil (e.g. Figure 

3.1).  

 

In order to investigate this transition from the wetting curve to subsequent drying curve for GCLs, 

5 to 10 specimens were tested under this scenario for each GCL type.  These specimens were 

hydrated along the wetting curve for a period of one month until achieving a suction of 

approximately 10 kPa. These specimens were then harvested and subjected to one dimensional 

evaporation through their cover and carrier geotextiles until they reached certain target moisture 

contents.  These results are presented in Figure 3.6 to Figure 3.9 as solid diamonds.  Interestingly, 

these results indicate that the gravimetric moisture content of a GCL that makes the transition 

from the virgin wetting curve to a drying episode follows a path indistinguishable from the virgin 
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wetting curve.  Similar behaviour was seen in all four GCL products tested. This observed cyclic 

water retention behaviour of GCLs is contrary to the typical scanning curve behaviour seen in 

soils. As shown in Figure 3.1, such a transition from a wetting curve to drying would result in the 

samples following a path along a scanning curve before following the drying curve at higher 

suctions. This contrast in behaviour between typical soils and GCLs suggests that the explanation 

for this unique behaviour is somehow related to the structure of the GCL. 

 

3.5 Volumetric Water Retention Curve Results 

3.5.1 Volumetric Drying Curve 

The differences in mean gravimetric moisture content achieved by different GCLs under identical 

hydration conditions indicates that the structure of the GCL greatly impacts the amount of 

swelling. As a result, the gravimetric water retention curves of Section 3.4 are highly product 

specific. One strategy that could be adopted in an attempt to normalize this data is to express the 

results in terms of volumetric moisture content. In so doing, this experimental data can be use to 

quantify the water retention curves of the GCL products on a volumetric basis as shown in Figure 

3.10 to Figure 3.13.   

 

The observed variation in volumetric moisture content of the hydrated GCL drying curve 

specimens prior to drying are plotted on the left hand side of each GCL product’s volumetric 

WRC. Whereas the mean gravimetric moisture content observed for the four GCL products 

hydrated under these conditions (2 kPa of normal stress) ranged from 130% to 225%, the 

magnitude of variation between product types when expressed as a volumetric moisture content is 
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significantly less —with the exception of GCL 2, the mean volumetric moisture content of the 

GCLs lie within the range of 0.7 to 0.8.  The lower mean volumetric moisture content of GCL2 

(0.63) implies that the internal structure of this GCL (in this case, thermally treated and scrim-

reinforced) is more efficient at constraining swelling than the three other products tested. 

 

As the specimens of GCL were subjected to drying, the volumetric moisture content was 

observed to decrease for all GCL samples. Now that this drying curve is expressed in terms of 

volumetric moisture content, the curvature of the drying curve is significantly less than when 

presented in a gravimetric framework. It should be noted that in the present study, the kinematic 

boundary conditions associated with the evaporative drying of GCL specimens under no 

horizontal edge restraint resulted in considerable sample shrinkage. As a result, the volumetric 

WRCs of Figure 3.10 through Figure 3.13 should be interpreted mindful that both the volume of 

water and the volume of the solids are decreasing with suction.  

 

3.5.2 Volumetric Wetting Curve and Hysteresis 

The water uptake behaviour along the volumetric wetting curve of each GCL product is presented 

in Figure 3.10 to Figure 3.13 using open triangles.   In contrast to the gravimetric WRCs in which 

the wetting curve was found to be substantially lower than the drying curve, the volumetric 

WRCs were observed to have a relatively minor degree of hysteresis between wetting and drying 

conditions. The differences between the moisture content achieved at the same suction by 

specimens following the wetting and drying curves show the wetting curve points generally 

reaching a lower volumetric moisture content than their drying curve counterparts.  With the 

magnitude of his difference is most apparent in the low suction range of each GCL.  
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3.6 Discussion 

3.6.1 Bulk Void Ratio 

It has been proposed in this work that the magnitude of hysteresis observed between the 

gravimetric wetting and drying curves is due to the structure of the GCL rather than simply being 

the result of the hysteresis effect seen in unsaturated soil materials including bentonite clay.  

Similarly, the surprising observations that samples following a wetting curve go approximately 

back down the wetting curve on subsequent drying (instead of following the drying curve) has 

been attributed to being related to the structure of the GCL. The validity of these hypotheses will 

be investigated in this section using the concept of bulk GCL void ratio. 

 

In their study on GCL swelling, Petrov et. al. (1997) introduced the concept of a bulk GCL void 

ratio in an attempt to normalize their results of final GCL sample height against the variable mass 

of bentonite per unit area between GCL specimens. Using the mass and density of the various 

component materials, the volume of solids within a GCL can be calculated and a bulk void ratio 

defined as:   
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where Hb= height of bentonite solids, Hg= height of geotextile solids, MBentonite= reference mass of 

bentonite per unit are in the GCL, ρb=density of bentonite solids, ωo= initial bentonite moisture 

content, MGEO = reference mass per unit area of geotextiles in the GCL and ρg=density of 

polypropylene geotextile solids.     

 

The observed relationships between the equilibrium bulk GCL void ratio at various suctions 

along the wetting and drying curves are plotted in Figures 1.14 to 1.17 for GCL1 to GCL4, 

respectively. For specimens of GCL1 following a wetting path (Figure 3.14), the bulk GCL void 

ratio was observed to slightly increase to a value of approximately 4 when wetted to a suction of 

10 kPa. In contrast, the specimens of GCL1 prepared for testing the drying curve have a bulk void 

ration of approximately 6 at the same suction of 10kPa. This implies that the samples prepared to 

test the drying curve have swollen to a much larger void ratio than the samples hydrated under 

contact with soil. This phenomena is due to the different hydration history of these two sets of 

GCL specimens.   

 

For the drying curve specimens, the applied normal stress of 2 kPa has been shown to be 

insufficient to constrain swelling during submerged hydration (Lake and Rowe, 2000a). As a 

result, Lake and Rowe (2000a) found that the large swelling pressures within the bentonite under 

similar near-free swell conditions were sufficient to cause the needle punching fibres to be pulled 

out of their geotextile anchors in certain GCL products. Because of this pull-out, the GCL was 

able to achieve a greater height from swelling and consequently had a higher GCL bulk void 

ratio.  For samples of GCL1 harvested along the wetting curve, the bulk void ratio begins as the 

as-delivered roll value (i.e. the bulk void ratio at the highest suction plotted in Figure 3.14).  As 
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these samples of GCL1 followed the wetting path, the bulk void ratio increased slightly but did 

not reach the levels attained during near free swell conditions. This indicates that the hydration of 

GCLs along the wetting curve does not subject the needle punching fibres within GCL samples to 

the same magnitude of stress as is imposed during submerged hydration. This difference between 

the wetting and drying curve for bulk GCL void ratio is also found in Figure 3.16 and Figure 3.17 

for GCL3 and 4. 

 

In contrast, the thermally treated needle-punched nonwoven, scrim reinforced nonwoven GCL 

(GCL2) did not experience the large increase in bulk GCL void ratio seen in other GCL products 

when hydrated under submerged conditions. This lower bulk void ratio is the result of a smaller 

amount of swelling as a result of the confining stress imparted by the good attachment of the 

needle punched fibres to the carrier geotextile. This capacity for high confining pressures arises 

from the nature of the carrier geotextile as well as the fusing of the needle-punched fibres to the 

carrier geotextile during thermal treatment. As a result of this constant bulk void ratio between 

the wetting and drying curves, the magnitude of hysteresis observed between the wetting and 

drying branches of gravimetric WRC is minimized in this GCL. For the other GCL types tested 

(GCL1, GCL3, and GCL4) it is the loss of anchorage of the needle-punched fibres that imposes 

the significant degree of hysteresis between the wetting and drying branches of gravimetric WRC 

 

The second observation attributed to the structure of the GCL relates to the path taken by wetting 

curve samples subjected to drying. As was shown in Figure 3.14 to Figure 3.17, samples that 

initially followed a wetting curve will go approximately back down the wetting curve on 

subsequent drying. To investigate this phenomena, the bulk void ratio of these cyclic drying 
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specimens has been plotted in Figure 3.14 to Figure 3.17 as diamond shaped markers. It is 

interesting to note that these samples lie on the wetting curve. In other words, because these 

samples followed the wetting curve prior to being subjected to drying, these samples were never 

subjected to the large swelling pressures associated with the pullout of needle-punched fibres. As 

a result, these drying specimens have more in common (i.e. a similar bulk GCL void ratio) with 

the wetting curve than they do with the drying curve specimens which have been damaged by 

pullout. It is therefore entirely reasonable that these samples will follow a drying WRC that 

closely follows the original wetting WRC for each GCL type.  

 

The observations of the impact of the GCL bulk void ratio has on the gravimetric WRC raise 

significant questions regarding the appropriate choice of curve to model field behaviour. At first 

glance it seems apparent that modeling of the initial hydration behaviour should use the virgin 

wetting curve with any subsequent drying behaviour (if the composite liner is subjected to harsh 

exposure conditions) following a scanning curve to the virgin drying curve. However, the 

observed changes in the bulk GCL void ratio for certain GCL products under near free swell 

conditions indicates that a more representative curve for modeling shrinkage would be a drying 

path that closely follows the wetting curve.     

 

3.6.2 Comparison to Published Data 

In order to be applied as a constitutive relationship within a numerical model, a continuous   

curve must be derived from the equilibrium moisture content and suction values observed in the 

test specimens. There are many forms of equations which have been developed to fit laboratory 

data points on a WRC (e.g. Brooks and Corey, 1964; van Genuchten, 1980; Lloret and Alonso, 
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1985; Fredlund and Xing, 1994). The primary difference between these equations is the degree of 

flexibility of the shape of the fitting curve. For the GCL WRCs defined in the present study, the 

curve fit proposed by van Genuchten (1980) and Fredlund and Xing (1994) were observed to 

provided the best fit. Of these two, the equation proposed by Fredlund and Xing was observed to 

provide a better fit at high suctions since this model forces the gravimetric moisture content to 

zero at a suction of 1,000,000 kPa. This imposed shape of the water retention curve at high 

suctions is consistent with the laboratory data obtained from GCL specimens at high suctions 

(e.g. Figure 3.6 to Figure 3.9). In these figures, the data at high suction is consistent with best fit 

lines calculated using the framework of Fredlund and Xing (1994).  

 

Values for the Fredlund and Xing and van Genuchten parameters are included in Table 3.4 for the 

gravimetric wetting and drying curves. The magnitude of the fitting parameters is relatively 

consistent between GCL types, with the exception of the parameter that defines the saturated 

gravimetric moisture content. This indicates that the shape of these water retention curves are 

broadly similar, but demonstrates the high dependence of the gravimetric WRC on the 

susceptibility of a given product to the pullout of needle-punched fibres.  Curve fitting was also 

undertaken for the wetting and drying curves expressed in terms of volumetric water content. 

These parameters are listed in Table 3.5 along with the volumetric parameters reported in 

literature by Barroso et al. (2006) who investigated comparable but different GCL products.   

 

A more visual comparison with the water retention behaviour published in the literature is 

presented in Figure 3.18 in terms of gravimetric moisture content. This figure presents the 

published relationships between gravimetric moisture content and suction for three different 
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bentonite clays (MX-80 , Kunigel and FEBEX ) as open markers and published results for GCL 

products as solid markers. The results for pure bentonite are labeled as BEN-M, BEN-JNC, and 

BEN-VL and have been taken from Marcial et al. (2002), the Japanese Nuclear Cycle 

Development Institute (2000), and Villar and Lloret (2004), respectively. The results for GCLs 

are labeled as GCL-SR, GCL-D, and GCL-B and have been taken from Southen and Rowe 

(2007), Daniels et al. (1993), and Barroso et al. (2006), respectively. The results of the 

gravimetric drying curves established for the four GCL products investigated in the present study 

are presented as dotted lines. 

 

These results indicate that the gravimetric water retention curves compare well with the published 

data for pure bentonite at high suctions. As shown in Figure 3.18, the relationship between 

gravimetric moisture content and suctions is similar for all GCL products and pure bentonites at 

suctions in excess of 10,000 kPa. This implies that the behaviour on this portion of the curve is 

dominated by the bentonite component of the geocomposite. In contrast, the relationships 

between gravimetric moisture content and suction for pure bentonite and GCLs in the low suction 

regions (less than 1,000 kPa) diverge significantly. In this region, the effect of the normal 

confining stress provided by the needle-punched fibres dominates.  

 

The drying gravimetric water retention curves quantified for the four products investigated in this 

study compare well with the published data from previous studies. Southen and Rowe (2007) 

tested the drying curve of two GCL products (GCL-SR1 and GCL-SR2).  Product GCL-1 

consisted of a needle-punched thermally treated woven slit-film carrier and a nonwoven cover 

geotextile containing granular bentonite. Product GCL-SR2 contained powdered bentonite, was 
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not thermally treated, and its cover nonwoven geotextile was impregnated with bentonite. These 

GCLs were then subjected to different overburden pressures ranging from 0.5 kPa to 100 kPa in 

order to investigate the effect of overburden pressure.  The points to the right of the main GCL 

retention curves are discounted by Southen and Rowe (2007) as they are thought to be the result 

of measurement error due to the lack of contact between the GCL and the porous membrane of 

the pressure plate apparatus.  

 

The wetting results of tests performed on a GCL fabricated of bentonite adhesively bonded to a 

high density polyethylene geomembrane (GCL-D and GCLB-4) reported by Daniels et al. (1993) 

and Barroso et al. (2006) are shown in Figure 3.19.  As it can be seen, the results differ, especially 

at higher water contents.  This is a reflection of the water-soluble blue beginning to dissolve, 

allowing for much greater swelling to occur.  Also on Figure 3.19, the wetting curve of Bentonite 

MX-80 and Kunigel are plotted.  It can be seen that the results from GCL-D and GCLB-4 line up 

well with the bentonite results, indicating that HDPE adhesive bentonite GCLs hydrate along a 

wetting bentonite curve rather than a wetting GCL curve. 

 

3.7 Conclusions 

 

The results of an experimental study investigating the effects of different manufacturing details 

and material properties of GCL products on their water retention behaviour have been presented. 

To obtain measurements of suction in GCL specimens, an experimental strategy was adopted in 

which two suction measurement techniques were combined to enable the water retention 

behaviour of GCLs to be quantified for the full range of moisture contents applicable to these 



 

 83 

materials. A high capacity tensiometer was used to measure the low suction range (0-500 kPa) 

and a relative humidity sensor was used to measure the high suction range (3000-1,000,000 kPa). 

 

Using these techniques, gravimetric and volumetric water retention curves were established under 

wetting and drying conditions for four GCL products: GCL1 – a thermally treated needle-

punched GCL with a nonwoven cover and woven carrier geotextile; GCL2 - a thermally treated 

needle-punched GCL with a nonwoven cover and a scrim reinforced nonwoven carrier; GCL3 – a 

non-thermally treated needle-punched GCL with a nonwoven cover and a woven carrier 

geotextile; and GCL4 - a non-thermally treated needle-punched GCL with a nonwoven cover and 

a nonwoven carrier geotextile. 

 

Specimens of a single GCL type presented on the gravimetric drying curve were observed to 

show a significant variation in gravimetric moisture content at the same equilibrium suction. This 

implies that due to the inherent variability of GCLs, the WRC for each product should be 

interpreted as a band of possible values centered about the mean drying curve.  The magnitude of 

variability appears to be related to the method of manufacture and the degree to which the fibres 

are interlocked.  The least variability was for the thermally treated GCL with a scrim reinforced 

carrier geotextile (GCL2) followed by GCL4 which had a nonwoven carrier, followed by GCL1 

with a woven but thermally treated carrier, followed GCL3 with just a woven carrier which gave 

the greatest variability. 

 

The amount of hysteresis between the gravimetric wetting and drying curves was found to be a 

strong function of GCL type, with the thermally treated needle-punched nonwoven, scrim 
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reinforced nonwoven GCL (GCL2), providing the least amount of hysteresis. This observation 

implies that the magnitude of hysteresis observed between the gravimetric wetting and drying 

curves is largely due to the structure of the GCL rather than simply being the result of the 

hysteresis effect seen in unsaturated soil materials including bentonite clay.   

 

This phenomenon was further investigated by studying the relationship between bulk GCL void 

ratio with suction for specimens prepared along both the wetting and drying curves. These results 

indicate that the large swelling pressures that the drying curve specimens were subjected to under 

their initial near-free swell conditions were sufficient to cause some of the needle punching fibres 

to be pulled out of their geotextile anchors in certain GCL products. Because of this pull-out, the 

GCL was able to achieve a greater height from swelling and consequently had a higher GCL bulk 

void ratio. As a result, the amount of hysteresis between the gravimetric wetting and drying 

curves was found to be a function of the GCLs ability to resist these swell pressures. The amount 

of hysteresis was minimal in the GCL product with the best anchorage (GCL2), and was 

significant in the GCL products that experienced pullout of needle-punched fibres on swelling 

(GCL1, GCL3, and GCL4). 

 

The differences in GCL bulk void ratio on samples following a wetting and drying path was 

observed to have important considerations for modeling shrinkage phenomena. Tests performed 

on GCL specimens that had originally been following a wetting curve, but were then subjected to 

drying before saturation was reached were seen to dry along a path similar to their original 

wetting curve. The explanation for this behaviour was observed to lie in the bulk GCL void ratio 

data. Because these samples followed a wetting curve prior to being subjected to drying, these 
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samples were never subjected to the large swelling pressures associated with the pullout of 

needle-punched fibres. As a result, these drying specimens were observed to behave in a similar 

fashion to the specimens at a similar bulk void ratio (i.e. specimens prepared along the wetting 

curve). This observation implies that in the case of a GCL subjected to shrinkage in the field, the 

more representative curve for modeling shrinkage would be a drying path that closely follows the 

wetting curve.     
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Table 3.1 GCL Properties 

   GCL 1 GCL 2 GCL 3 GCL 4 

 
Measured  4679 4241 5084 4944 

 

Avg GCL 
Mass per 
unit area 

(g/m
2
) 

*MARV 3965 4060 4008 4097 

Type W NWS W NW 
Carrier 

Geotextile Mass per 
unit area 

(g/m
2
) 

123
1 

260
1 

125
1 

233
1 

Type  NW NWS NW NW 
Cover 

Geotextile Mass per 
unit area

1
 

(g/m
2
) 

242
 

232
 

283
 

264
 

Mineralogy
1
 

(%) 
Montmorillonite 

50-55 
Montmorillonite 

50-55 
Montmorillonite 

53-58 
Montmorillonite 

53-58 

Bentonite As-
delivered 

form 

Fine 
Granular 

Fine 
Granular 

Course 
Granular 

Course 
Granular 

Needle 
Punched 

Yes Yes Yes Yes 

P
ro

p
e

rt
ie

s
 

Structural 
Thermally 
Treated 

Yes Yes No No 

 

 

where W = woven, NW = nonwoven, NWS = nonwoven scrimreinforced, 
*Manufacturers published MARV (minimum average roll value) 
1
values from Bostwick (2009) 
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Table 3.2 Grain Size Analysis of As-Delivered Bentonite (Bostwick et al, 2009) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Percent Passing Sieve Size 

(mm) GCL 1 GCL 2 GCL 3 GCL 4 

5 100.0 100.0 100.0 100.0 

2 100.0 100.0 94.7 99.0 

1 100.0 99.9 72.6 51.5 

0.5 89.0 90.4 16.5 7.9 

0.25 38.5 34.1 3.9 2.5 

0.15 16.9 22.0 2.2 1.5 

0.075 3.2 9.6 0.9 0.8 

0.063 --- --- --- --- 
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Table 3.3 Average and Standard Deviation of GCL Moisture Content at Hydration 

GCL 
Average  

(%) 

Standard 

Deviation 

1 166 10 

2 130 5 

3 204 16 

4 195 8 
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Table 3.4 Gravimetric WRC Model Fit Parameters   

  

   
van Genuchten - Mualem Fredlund and Xing 

ws α ψr Gravimetric 
(m

2
/m

2
) (1/m) 

n af nf mf 
(kPa) 

             

GCL 1 1.68 0.012 1.600 90 1.6 1.0 3000 

GCL 2 1.21 0.031 1.295 30 1.4 0.6 2500 

GCL 3 1.99 0.020 1.500 55 1.4 0.9 1500 
Drying 

GCL 4 1.85 0.058 1.311 25 1.2 0.8 2000 

                  

             

GCL 1 1.12 0.023 1.236 40 1.1 0.5 2000 

GCL 2 1.14 0.215 1.200 20 0.8 1.0 3000 

GCL 3 1.61 0.052 1.414 30 1.2 0.9 2000 
Wetting 

GCL 4 1.55 0.215 1.249 20 1.5 1.0 2000 
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 Table 3.5 Volumetric WRC Model Fit Parameters (including Barroso et al, 2006) 

 

   
van Genuchten - Mualem Fredlund and Xing 

θs α ψr Volumetric 
(m

3
/m

3
) (1/m) 

n af nf mf 
(kPa) 

             

GCL 1 0.70 0.015 1.400 90 2.0 0.6 2000 

GCL 2 0.61 0.037 1.242 50 0.9 0.7 3000 

GCL 3 0.75 0.014 1.249 80 1.1 0.5 4000 
Drying 

GCL 4 0.75 0.061 1.238 70 0.7 1.1 3000 

                  

             

GCL 1 0.62 0.016 1.218 50 1.2 0.5 4000 

GCL 2 0.66 0.330 1.161 10 0.9 0.7 3000 

GCL 3 0.75 0.044 1.235 40 1.0 0.7 4000 
Wetting 

GCL 4 0.81 0.295 1.231 15 1.2 0.7 3000 

                  

             

GCL B1 0.70 0.018 1.500     

GCL B2 0.76 0.032 1.470     
Barroso et  
al. (2006) 

GCL B3 0.69 0.015 1.670     
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Figure 3.1 Schematic of a water retention curve highlighting the effect of hysteresis 

modified from Lu and Likos (2004) 
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Figure 3.2 Ink bottle concept highlighting a reason for hysteresis, modified from Childs 

(1969) 
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Figure 3.3  Testing set-up for GCL hydration from subsoil  

 

 

 

Figure 3.4 Grain Size Distribution of foundation soil (Brachman et al, 2007) 
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Figure 3.5 GCL Moisture Contents after being submerged in water under 2 kPa stress for 3 

weeks. 
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Figure 3.6 Gravimetric WRC for GCL 1 

 

Figure 3.7 Gravimetric WRC for GCL 2 
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Figure 3.8 Gravimetric WRC for GCL 3 

 

Figure 3.9 Gravimetric WRC for GCL 4 
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Figure 3.10 Volumetric WRC for GCL 1 

 

Figure 3.11 Volumetric WRC for GCL 2 



 

 101 

 

Figure 3.12 Volumetric WRC for GCL 3 

 

Figure 3.13 Volumetric WRC for GCL 4 
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Figure 3.14 Bulk GCL void ratio WRC for GCL 1 

 

Figure 3.15 Bulk GCL void ratio WRC for GCL 2 
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Figure 3.16 Bulk GCL void ratio WRC for GCL 3 

 

Figure 3.17 Bulk GCL void ratio WRC for GCL 4 
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Figure 3.18 Water Retention Curve of GCLs 1 – 4 (Fredlund and Xing equation) compared 

with wetting and drying water retention curves of GCLs and bentonite from literature 
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Figure 3.19 Wetting Water Retention Curve of GCLs 1 – 4 (Fredlund and Xing  equation) 

compared with Daniels et al (1993), Barroso et al (2006) and Marcial et al. (2002). 
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Chapter 4 

Conclusions 

 

Geosynthetic clay liners (GCLs) have been successfully used in numerous barrier system 

applications such as composite landfill liners, tailings ponds, dams, railway lines, etc. (e.g. 

Bouazza, 2002) as a result of their very low hydraulic conductivity (Rowe et al., 2004).  One of 

the more common applications for GCLs is in composite landfill liners.  In this case, the GCL is 

used in conjunction with a geomembrane, other geotextiles, and granular drainage and protection 

layers to form a composite barrier system to control advective and diffusive transport of 

contaminants to an underlying aquifer to negligible levels.  

 

In order for a GCL to act as an efficient hydraulic barrier, the bentonite component of the GCL 

must be sufficiently hydrated. This phenomenon has been clearly demonstrated in the laboratory 

through the investigation of advective flow of various permeants through initially unsaturated 

GCLs (eg. Daniel et al. 1993).  These studies have indicated that the moisture content of a GCL 

needs to be above a certain threshold degree of saturation prior to being exposed to non-aqueous 

phase permeants to achieve a low hydraulic conductivity. However, the initial state of the 

bentonite within the GCL is at an as-manufactured moisture content that is insufficient for the 

GCL to act as a hydraulic barrier. As a result, it is expected that the hydration process will begin 

at the time of installation of the GCL and should be complete prior to significant contact with 

contaminants (i.e. the placement of municipal solid waste). 
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The source of water for GCL hydration in a single composite landfill liner system is the 

underlying soil foundation layer. Despite the importance of hydration to the overall effectiveness 

of the barrier system, surprisingly little research has addressed this aspect of GCL behavior. What 

work has been done (e.g. Daniel et al., 1993; Rayhani et al. 2008) has shown that the final 

moisture content achieved by the GCL and the length of time needed to achieve this is a function 

of soil type and initial soil moisture content. The key to understanding this hydration behaviour is 

the relationship between suction and moisture content – this relationship is known in the 

unsaturated soil mechanics community as the water retention curve (WRC). This relationship is 

also a necessary requirement for the definition of the unsaturated permeability function. In other 

words, a well-quantified WRC for both the GCL and attenuation layer soil is a prerequisite for the 

estimation of both ultimate degree of saturation which the GCL will obtain and the length of time 

required for this hydration process to occur. However, only a few studies have been performed to 

quantify the WRC of GCLs, and even fewer still have focused on the water retention behaviour 

during hydration. As a result of this data gap, considerable uncertainties exist that preclude our 

ability to adequately predict hydration behavior.  The results from this experimental study 

investigating the water retention behaviour of different geosynthetic clay liners addressing these 

uncertainties and allow us to better understand the hydration behaviour.   

 

Establishing the WRC of the GCLs required measuring a wide range of suction values.  To obtain 

measurements of suction in GCL specimens, an experimental strategy was adopted in which two 

suction measurement techniques were combined.   A high capacity tensiometer and relative 

humidity sensor were chosen to capture the suction values at the low and high range of suction 

respectively.  Also during test procedure development for the GCL specimens, it was found that a 

GCL drying in 2D created an unequal moisture content distribution across the sample.  Limiting 
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the specimen drying to evaporation through the cover and carrier geotextiles alone (and not along 

the edges) greatly reduced the moisture content differences seen across a specimen.   During the 

testing procedure development, it was also found that suction tests recorded for a minimum of 10 

hours was an adequate length of time to allow the sensor and sample to reach equilibrium.   

 

When compared to previously published water retention curves, the results from the dual suction 

measurement technique showed good results.  The high capacity tensiometer was able to define 

the low suction range with more accuracy than that available using the axis translation or filter 

paper methods.  Previous GCL suction data did not extend beyond suctions of 140,000 kPa, 

however the results from the relative humidity sensor provided suctions of 10,000 kPa to         

350, 000 kPa.  These results were in line with previously published bentonite clay suction results, 

indicating that at high suctions, GCL suction is governed by the bentonite clay.   

 

Using the dual technique testing method, water retention curves were established under wetting 

and drying conditions for four different GCL products.  On the gravimetric drying curve, 

specimens of a single GCL type were observed to show a significant variation in moisture content 

at the same equilibrium suction.  There was also a significant variation between the wetting and 

drying curves which indicate hysteretic behaviour for a GCL.  Hysteresis was found to be a 

strong function of GCL type, with the thermally treated needle-punched nonwoven, scrim 

reinforced nonwoven GCL (GCL 2), providing the least amount of hysteresis. This observation 

implies that the magnitude of hysteresis observed between the gravimetric wetting and drying 

curves is largely due to the structure of the GCL, rather than simply being the result of the 

hysteresis effect seen in unsaturated soil materials including bentonite clay.   
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This role of the GCLs structure was further investigated through the bulk GCL void ratio and 

suction relationship on wetting and drying curves.   These results indicate that the large swelling 

pressures to which the drying curve specimens were subjected were sufficient to cause some of 

the needle punching fibres in certain GCL products to be pulled out of their geotextile anchors. 

Because of this pull-out, the GCL achieved greater height from swelling and consequently had a 

higher GCL bulk void ratio.  A higher bulk void ratio indicates a higher hydraulic conductivity 

value, therefore a lower bulk void ratio is more desired for a GCL (Petrov et al, 1997). 

 

The differences in wetting and drying GCL bulk void ratio WRCs on samples following a wetting 

and drying was also observed.  Tests performed on GCL specimens that had originally been 

following a wetting curve, but were then subjected to drying before saturation was reached were 

seen to dry along a path similar to their original wetting curve. Because these samples followed a 

wetting curve prior to being subjected to drying, they were never subjected to the large swelling 

pressures associated with the free swell hydration. As a result, these drying specimens were 

observed to behave in a similar fashion to the specimens at a similar bulk void ratio (i.e. 

specimens prepared along the wetting curve). This observation implies that in the case of a GCL 

that has partially  hydrated in the field and is then subjected to drying , the more representative 

curve for modeling shrinkage would be a drying path that closely follows the wetting curve.  

Since, like hydration, the shrinkage of the bentonite in the GCL will depend on the WRC for the 

GCL and subsoil, understanding of the GCL WRC is the prerequisite to understanding and 

modeling shrinkage.  In order to ensure that a GCL will be able to hydrate to a sufficient moisture 

content it is essential that the subsoil have adequate moisture to allow for this occur.   
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The WRC for the four GCLs established can now further the understanding of shrinkage 

phenomena seen in the field.  The model fitting parameters for the WRC data presented using the   

van Genuchten and Fredlund & Xing models will enable numerical models to more accurately 

predict GCL hydration and shrinkage behaviour and allow engineers to better select which GCL 

product is most appropriate to their design requirements for a given application.    
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Appendix A 

High Capacity Tensiometer and Relative Humidity Sensor Calibration 
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A.1  High Capacity Tensiometer Calibration 

 

The Druck PDC45A pressure transducers have a measurable pressure range of 500 psi and use a 

10 V input and 100mV output.  The output signal was amplified using an amplifier box to allow 

the sensor to be used with the data acquisition system (Measure Foundry) in the laboratory.  This 

amplification therefore gave the pressure transducers a sensitivity of 29 µV/ kPa.    

  

The sensors were calibrated in both the positive and negative range without the ceramic stones in 

place.  The concern when calibrating a HCT is the level of accuracy a positive calibration can 

provide for the negative range of suction they are used for.  Recently, two publications have 

focused on the accuracy of negative calibrations of HCTs.  Traditionally the sensors were 

calibrated in the positive range only and the results extrapolated to the negative range.  In 2008, 

Lourenco et al. reviewed the accuracy of extrapolating the positive calibration curve.  They did so 

by comparing the extrapolated curve to results from the back pressurization method by Tarantino 

and Mongiovi (2003) as well as an applied vacuum, isotropic loading and the axis translation 

technique.  They found that using linear extrapolation was accurate enough, provided that the 

calibration was conducted in similar conditions as would be applied in testing.     

 

Using the knowledge provided by Lourenco et al. (2008) it was determined that the Druck 

transducers would be calibrated in the positive range and verified in the negative range.  For the 

positive calibration an air pressure pump was used, from 0 kPa to 400 kPa. The pump itself was 

dead load calibrated in 2003.  The calibration factor of the sensor was then determined using a 

least square regression analysis.  This calibration factor was than applied to the negative range of 
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the tensiometer.  It should be noted that the amplifiers were uni-polar and therefore the positive 

and negative output wires were manually switched in order for the sensor to read suction values.  

Because of this, the offset was different in the negative range than in the positive and was 

adjusted for accordingly.  To verify the accuracy of the extrapolated calibration factor, a vacuum 

was pulled on the sensor from 0 kPa to -100 kPa.  It was found that the sensor had an accuracy of 

± 1 kPa, which was deemed adequate for testing, and is shown in Figure A.1.  Lourenco et al. 

(2008) did comment on occasional calibration drifts occurring at low suctions (up to 5 kPa).  

These drifts were also noted by the author, however after a handful of tests, the drift stopped 

changing and the additional offset was included into the sensors calibration. 
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Figure A.1 Suction values from HCT with ± error bars 
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A.2 Relative Humidity Sensor Calibration 

 

The calibration of a relative humidity sensor is done by placing the sensor in environments of a 

known relative humidity.  The calibration of the Vaisala HMP45A relative humidity sensors was 

done using three saturated salt solutions, shown in Table 1.1 along with there corresponding 

relative humidity’s (Greenspan, 1967).    

Table A.1 Saturated Salt Solutions with corresponding Relative Humidity 

Salt Solution 
Relative Humidity  

(@ 20˚C) 

NaCl 75% 

H2SO4 59% 

KCl 85.1% 

 

The relative Humidity Sensors were placed in an enclosed beaker with the solution and left for a 

minimum of 24 hours to allow time to reach equilibrium.  The output was recorded using 

Measure Foundry data acquisition software.  Each sensor was placed with each solution a 

minimum of 3 times.  Linear regression was performed on the recorded results and it was found 

that the sensors had an accuracy of ± 1.5 RH%. 

 

In Chapter 2, Figure 2.14 showed the drying WRC of GCL 3.  In Figure A.2, the same results for 

WRC of GCL 3 is plotted along with the the error bars (± 1 kPa and 1.5 RH%).  When using the 

HCT in the low suction range, there error bars can be seen, however they are most noticeable 

where the curve is fairly flat and therefore not changing the results.  For the relative humidity 
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sensor error in the high suction range the error range ± 1.5 RH% does not affect the curve, and on 

Figure A.2, they can’t be seen. 
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Figure A.2 GCL 3 WRC with ± error bars 
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Appendix B 

Laboratory Data Results 
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B.1  Laboratory Data Results 

 

Table B.1 GCL 1 - Drying Curve 

Suction Gravimetric Volumetric Bulk GCL  

(kPa) MC MC Void Ratio 

5.2 1.59 0.57 6.75 

5.8 1.53 0.64 5.73 

8.9 1.52 0.64 5.62 

25.5 1.72 0.71 6.06 

31.0 1.68 0.67 6.18 

31.5 1.54 0.64 5.93 

39.5 1.53 0.67 5.49 

88.0 1.24 0.58 5.23 

110.0 1.15 0.57 4.77 

172.0 1.01 0.49 5.11 

267.0 0.57 0.50 4.43 

3952.3 0.32 0.17 4.40 

14944.7 0.18 0.13 3.34 

18040.7 0.22 0.20 3.76 

22639.1 0.25 0.31 4.12 

27827.4 0.20 0.19 3.35 

29407.5 0.26 0.18 3.42 

35005.1 0.22 0.17 3.27 

42721.5 0.30 0.16 3.02 
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Table B.2 GCL 1 - Wetting Curve 

Suction Gravimetric Volumetric Bulk GCL  

(kPa) MC MC Void Ratio 

10.0 0.98 0.58 3.85 

17.0 1.10 0.57 4.50 

20.5 0.86 0.55 3.54 

31.5 0.87 0.47 4.44 

34.5 1.20 0.65 4.19 

35.0 1.14 0.64 4.17 

35.0 1.12 0.59 4.30 

35.0 1.17 0.67 4.01 

43.0 1.14 0.63 4.24 

44.0 0.96 0.58 3.91 

75.0 0.88 0.47 4.28 

77.0 0.78 0.53 3.39 

79.0 0.89 0.49 4.10 

80.0 0.86 0.52 3.77 

90.0 0.85 0.50 3.98 

98.0 0.74 0.48 3.58 

15238.3 0.37 0.23 3.72 

17446.4 0.40 0.31 2.81 

20066.1 0.28 0.19 3.54 

20942.1 0.24 0.17 3.12 

23417.6 0.26 0.18 3.06 

27217.9 0.25 0.16 3.55 

28827.3 0.26 0.12 5.03 

34644.6 0.21 0.13 3.51 

224497.3 0.04 0.03 3.31 

817624.7 0.01 0.01 3.20 
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Table B.3  GCL 2 - Drying Curve 

Suction Gravimetric Volumetric Bulk GCL  

(kPa) MC MC Void Ratio 

2.6 1.21 0.65 4.56 

3.5 1.15 0.62 4.57 

10.0 1.05 0.58 4.68 

15.0 1.08 0.57 4.91 

15.0 1.17 0.60 4.93 

67.0 0.90 0.51 4.34 

109.0 0.75 0.44 4.21 

110.0 0.72 0.42 4.27 

193.0 0.69 0.41 4.09 

196.0 0.66 0.41 3.80 

364.0 0.45 0.27 4.03 

9138.3 0.23 0.18 3.14 

19552.2 0.20 0.12 4.15 

29664.0 0.18 0.14 2.86 

30785.7 0.17 0.12 3.33 

42900.3 0.17 0.13 3.08 

44131.0 0.16 0.12 3.17 

49713.0 0.14 0.11 2.98 

53315.0 0.15 0.10 3.55 

67552.0 0.13 0.11 2.74 

78600.0 0.11 0.08 3.21 

100407.9 0.11 0.06 4.19 

101234.4 0.11 0.06 4.59 

101710.6 0.11 0.05 4.90 

102119.2 0.11 0.06 4.51 

115280.6 0.10 0.05 5.00 

118006.5 0.10 0.05 4.78 
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Table B.4  GCL 2 - Wetting Curve 

Suction Gravimetric Volumetric Bulk GCL  

(kPa) MC MC Void Ratio 

2.0 1.12 0.63 4.20 

2.5 1.04 0.61 4.08 

2.5 1.08 0.61 4.25 

3.3 1.10 0.60 4.45 

3.8 1.01 0.58 4.08 

5.5 0.94 0.57 3.93 

8.4 0.94 0.51 4.50 

16.0 0.77 0.46 4.13 

20.0 0.97 0.55 4.24 

22.0 0.74 0.45 4.03 

24.0 0.74 0.46 3.87 

31.5 0.81 0.44 4.39 

52.0 0.80 0.46 4.21 

142.0 0.56 0.34 3.90 

26330.9 0.19 0.12 3.74 

27200.4 0.20 0.14 3.39 

29454.0 0.26 0.19 3.33 

40533.6 0.23 0.17 3.23 

52868.7 0.14 0.10 3.57 

226268.9 0.03 0.02 4.19 

623022.8 0.00 0.00 3.97 
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Table B.5 GCL 3 - Drying Curve 

Suction Gravimetric Volumetric Bulk GCL  

(kPa) MC MC Void Ratio 

10.0 1.89 0.74 6.59 

11.0 1.71 0.70 6.18 

23.5 1.87 0.70 6.94 

46.0 1.77 0.74 6.01 

65.0 1.51 0.67 5.71 

75.0 1.47 0.68 5.47 

80.0 1.38 0.62 5.69 

96.0 1.36 0.63 5.52 

165.0 1.04 0.52 5.06 

173.0 1.17 0.62 4.83 

195.0 0.94 0.54 4.45 

225.0 0.76 0.49 3.86 

10662.9 0.34 0.24 3.29 

17784.7 0.22 0.19 2.73 

22287.0 0.38 0.28 3.23 

25635.0 0.20 0.15 3.13 

26727.3 0.27 0.16 3.93 

27393.2 0.23 0.15 3.80 

30601.1 0.22 0.16 3.31 

33546.3 0.21 0.19 2.56 

35719.3 0.22 0.16 3.33 

35752.6 0.22 0.15 3.61 

45778.4 0.19 0.13 3.64 

55843.0 0.16 0.14 2.73 

94398.0 0.13 0.11 2.88 

129332.0 0.10 0.08 3.08 
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Table B.6 GCL 3 - Wetting Curve 

Suction Gravimetric Volumetric Bulk GCL  

(kPa) MC MC Void Ratio 

5.5 1.47 0.73 5.06 

13.5 1.40 0.75 4.63 

14.1 1.58 0.74 5.28 

14.5 1.42 0.59 5.92 

15.5 1.47 0.58 5.98 

19.0 1.45 0.75 4.77 

20.0 1.45 0.74 4.69 

20.1 1.27 0.62 4.97 

21.0 1.44 0.72 4.89 

31.0 1.26 0.64 4.78 

36.0 0.91 0.53 4.11 

38.0 1.13 0.58 4.73 

62.0 0.85 0.49 4.14 

66.0 0.85 0.53 3.86 

81.0 0.82 0.54 3.63 

162.0 0.89 0.58 3.61 

23487.3 0.23 0.15 3.33 

24108.7 0.26 0.16 3.52 

33440.5 0.20 0.15 3.00 

234620.0 0.06 0.04 3.46 

623022.8 0.01 0.01 3.49 
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Table B.7  GCL 4 - Drying Curve 

Suction Gravimetric Volumetric Bulk GCL  

(kPa) MC MC Void Ratio 

1.7 1.85 0.73 6.83 

2.2 1.78 0.75 6.38 

20.0 1.51 0.61 6.61 

20.5 1.54 0.62 6.59 

28.0 1.45 0.62 6.35 

28.5 1.53 0.64 6.44 

43.0 1.39 0.59 6.31 

50.0 1.28 0.54 6.27 

78.0 1.01 0.45 5.95 

120.0 0.89 0.48 4.91 

6161.8 0.29 0.17 4.39 

22108.4 0.27 0.15 4.66 

23573.8 0.24 0.12 5.14 

28615.1 0.24 0.13 5.12 

34068.4 0.19 0.10 4.96 

36863.2 0.18 0.10 5.03 

41711.9 0.19 0.13 3.80 

43287.7 0.18 0.11 4.44 

56387.6 0.14 0.09 4.09 

107391.4 0.10 0.05 4.76 
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Table B.8 GCL 4 - Wetting Curve 

Suction Gravimetric Volumetric Bulk GCL  

(kPa) MC MC Void Ratio 

6.0 1.33 0.67 5.28 

9.0 1.11 0.55 5.22 

9.5 1.23 0.64 5.03 

10.0 1.19 0.59 5.38 

10.7 1.31 0.64 5.34 

14.0 1.09 0.59 4.74 

14.5 1.19 0.57 5.54 

15.0 1.19 0.61 4.96 

15.5 1.07 0.54 5.10 

18.0 0.95 0.48 5.13 

24.0 1.06 0.53 5.24 

29.0 0.96 0.47 5.38 

35.0 0.87 0.44 5.11 

38.0 0.92 0.45 5.27 

38.5 0.96 0.49 5.13 

20141.0 0.24 0.14 4.18 

21739.2 0.21 0.13 4.19 

32892.9 0.19 0.10 4.75 

237963.6 0.06 0.03 4.66 

623022.8 0.01 0.00 4.33 

 


