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Abstract

Geosynthetic Clay Liners (GCLs) are used as part of composite liner systems in 

municipal solid waste landfills to prevent the escape of contaminants into the surrounding 

environment. The performance of the GCL is primarily dependent on the degree of the 

hydration from the underlying subsoil. The level of the normal stress applied to the GCL 

by the overlying layers affects the rate of hydration as well as the equilibrium moisture 

content of the GCL. In order to investigate this phenomenon, the hydration behavior of 

two GCL products from different subsoil conditions while subjected to various normal 

stresses (0-8 kPa) was investigated. The normal stress of 2 to 5 kPa, which could be 

easily provided by a typical Leachate Collection System (LCS), was shown to induce the 

maximum equilibrium moisture content and an adequately high rate of hydration.

In addition, previous studies have shown that the GCL panels are prone to 

significant shrinkage (up to 30%) and separation while the geomembrane is exposed to 

solar radiation. Hence, extensive experimental models were initiated to evaluate the effect 

of daily thermal cycles on shrinkage of different GCL products subjected to simulated 

landfill conditions. The manufacturing techniques, the initial moisture content and the 

aspect ratio of the GCL as well as the subsoil grain size distribution were found to 

considerably affect the maximum shrinkage of GCLs. The derived results of this study 

highlight the importance of employing cover soil or construction of LCS shortly after the 

liner installation.
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CHAPTER: 1 INTRODUCTION

1.1 Overview

Composite liners are utilized at the bottom of solid waste landfills as a barrier system to 

prevent the escape of contaminants into the ground water. Case histories along with the 

laboratory and field investigations have shown that the application of either the 

Compacted Clay Liner (CCL) or Geosynthetic Clay Liner (GCL) while underlain by a 

Geomembrane could effectively prevent the advection or diffusion of the contaminants 

into the surrounding environment (e.g., Rowe, 2011; Bostwick, 2009). Nevertheless, the 

application of the CCL is reliant upon the availability of a considerable volume of the 

clay which may not be plausible either practically or economically in field applications. 

Hence the GCL/geomembrane composite liner has gathered momentum among many 

industries and professions since they have shown to provide the sufficient hydraulic 

conductivity as a liner. The GCL is mainly composed of a layer of bentonite which is 

encapsulated between two layers of geotextiles by a connection layer. The performance of 

the GCL primarily depends on the absorption of moisture from the underlying subsoil. 

The bulk void ratio of the GCL (bentonite) decreases as its gravimetric moisture content 

increases due to the high swelling capacity of the bentonite and also the anchorage which 

is provided by the connection layer. The GCL should have a sufficient rate of hydration, 

i.e. moisture uptake, to be adequately saturated prior to being exposed to the leachate. 

The manufacturing techniques of the GCL, the type of subsoil, and also the initial 

moisture content of the subsoil are the three significant factors which affect the hydration 

of the GCL. In addition, the field exposure conditions such as daily thermal cycles,
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before waste placement, as well as the elevated temperatures at the base of landfills after 

depositing the waste, due to the biodegradation of the organic waste, have shown to cause 

significant loss of moisture and limit the hydration of the GCL. Also, the normal stress 

subjected to the liner by the overlying Leachate Collection System (LCS) and waste may 

influence both the rate of hydration and maximum equilibrium moisture content of the 

GCL. The normal stress could increase the contact intimacy between the subsoil and the 

GCL which induces higher rate of hydration (Rayhani et al., 2011). However, increasing 

the normal stress applied to a GCL specimen from 7 to 28.2 kPa decreased the final 

moisture content of the GCL (Chevrier et al., 2012). Hence, there is a paucity of data 

pertaining to the effect of the normal stress on the rate of hydration and the equilibrium 

(final) moisture content of the GCL.

The GCL panels may be exposed to the weather for a period of time which could 

last up to years before they are covered by the LCS and waste. This in turn could cause 

significant variation of the moisture content in the GCL panels and, hence, their 

shrinkage due to the extreme temperature variation of the overlying geomembrane during 

the daylight and night-time, particularly in the summer. The shrinkage and separation of 

GCL panels due to daily thermal cycles has been known as one of the main concerns 

pertaining to the GCL as documented in the literature. Six incidences of GCL panel 

shrinkage (GCL panel separation up to 120 cm) were reported in 2005, in which leachate 

could have leaked into the environment through any holes in the geomembrane (Thiel 

and Richardson, 2005; Koemer and Koerner 2005a, b). The phenomenon of the shrinkage 

of GCL panels has been evaluated by many researchers, indicating that the GCL 

manufacturing techniques, initial moisture content of the GCL at the beginning of each
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thermal cycle, and length to the width ratio (aspect ratio) of the GCL could considerably 

affect the shrinkage of the GCL (e.g., Thiel et al., 2006; Bostwick 2009; Rowe et al., 

2011a; Beddoe et al., 2010, 2011). GCL specimens placed over aluminum baking pans 

were watered by a garden sprayer to the gravimetric moisture content of 60-65% for 

hydration, and were subsequently placed in an oven with the average temperature of 60°C 

to simulate daily thermal cycles (Rowe et al., 2011a). The results derived demonstrated 

the potential influence of the aforementioned factors properly; however, may not be a 

good approach to estimate accurately the shrinkage behavior of GCLs since the 

specimens were not in a closed system while placed on subsoil similar to field conditions. 

Without a full understanding of mechanisms involved in hydraulic performance of the 

GCL under realistic field conditions, there is an uncertainty for all GCL designers, 

manufacturers and users about the performance of GCLs used in a wide range of 

applications.

1.2 Objective

The purpose of this research is to complement the work of other researchers pertaining to 

the hydration and shrinkage of the GCL in order to quantify the controlling factors on 

hydraulic performance of the GCL and provide recommendations for the careful design 

of the composite liners. The main objectives of this study are:

■ To investigate the hydration of the GCL from the subsoil while it is subjected to 

different normal stresses, and find the optimum normal stress which induces the 

highest rate of hydration as well as the maximum equilibrium moisture content.
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Also, the effect of the GCL manufacturing techniques and subsoil under different 

normal stresses on the equilibrium moisture content of the GCL is investigated.

■ To study the shrinkage of the GCL under simulated field conditions, i.e. the GCL 

is in a closed system and absorbs moisture from the underlying subsoil. Also, the 

effects of GCL properties such as the initial hydration moisture content, aspect 

ratio, and the GCL manufacturing techniques along with the role of the subsoil 

and its initial moisture content on shrinkage of the GCL are scrutinized.

1.3 Organization of thesis

This thesis contains 5 chapters. Chapter 1 presents an introduction regarding the 

hydration and shrinkage of the GCLs along with the need for further investigation. Also, 

the objectives of the study along with the organization of the thesis are illustrated. 

Chapter 2 provides a comprehensive literature review pertaining to the factors which 

affect the hydration and shrinkage of the GCL. Chapter 3 illustrates the results for the 

experimental testing utilized to evaluate the hydration of the GCL under different normal 

stresses. In Chapter 4, the experimental model for analyzing the shrinkage of the GCL 

under simulated daily thermal cycles is presented, and also the results of the experiments 

are thoroughly discussed. Finally, the conclusions of the research and the 

recommendations for future studies are summarized in Chapter 5.
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CHAPTER: 2 LITERATURE REVIEW

2.1 Introduction

Geosynthetic Clay Liners (GCLs) are typically employed in modem solid waste landfills 

as part of composite liner systems to prevent the leakage of contaminated waste water 

into the ground water. GCLs typically consist of three components including a central 

layer of bentonite, upper geotextile, and lower geotextile which have been needle- 

punched together (Figure 2.1). The cover geotextile is typically Non-Woven (NW) while 

the carrier geotextile could be Non-Woven, Woven (W) or Scrim Reinforced Non-Woven 

(SRNW). The connection between the geotextile layers could be Needle-Punched (NP), 

stitched, or Needle-Punched and Thermally Treated (NPTT). Bentonite is basically 

originated from the chemical alteration of volcanic ash, and contains a clay mineral 

known as montmorillonite. Montmorillonite is composed of permanently charged 

crystallite layers which are neutralized by exchange cations (e.g. Na+ and Ca2+) of the 

interlayer space (Gates et al., 2009). Montmorillonite may experience a considerable 

swelling due to separation of the crystallite layers upon absorption of water (up to 10 

times its initial volume) (Egloffstein 1995; Gates, 2009). The combination of tortuous 

flow paths within the swollen layers and sufficient confining stress provided by needle- 

punching makes GCLs an effective barrier (Gates et al., 2009).

GCLs are typically used as part of a composite liner system in which the GCL is 

underlain by a geomembrane. This composite liner has shown to have one to two orders 

of magnitude lower leakage in comparison to geomembrane/Compacted Clay Liners 

(CCL) (Rowe, 2011). This is due to the fact that there is a lower possibility of holes in the
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geomembrane underlain by a GCL in comparison to the geomembrane underlain by the 

CCL which could contain stones, and the GCL hinders the escape of contaminants 

through potential holes (e.g. Rowe, 2011 and Rowe et al., 2004). The hydration of the 

GCL could also fill potential small gaps at the interface of geomembrane and the GCL, 

and prevent the lateral movement of leachate to other points. This is considered to be 

another reason for better performance of the GCL due to lower possibility of interaction 

with leachate in comparison to CCLs (Row 2011).

Figure 2.1 Nonwoven scrim-reinforced/nonwoven carrier/cover sodium bentonite 
GCL with thermally treated connection layer

GCLs have shown sufficiently low hydraulic conductivity provided that they are 

adequately hydrated (Petrov and Rowe 1997, Rowe et al., 2011b), and the overlap 

between the panels is maintained (Bostwick et al., 2010 and Rowe, 2005). To date many 

studies have been conducted to evaluate the factors which affect the hydration as well as 

the shrinkage of GCLs. The main objective of this chapter is to provide a brief summary 

of the studies in the literature, and illuminate the areas of research which have not been

17



documented in previous studies.

2.2 Hydration of GCLs

GCLs are typically placed directly on the underlying subsoil, where the GCL absorbs 

water from the subsoil’s pore voids. Once sufficiently hydrated, the GCL is able to 

effectively prevent the flow of leachate from the landfill. The hydraulic performance of 

the GCL depends on both the rate and degree of hydration from the underlying subsoil. 

The bulk void ratio of the GCL decreases as the moisture content of the GCL increases 

due to hydration. This in turn causes higher degree of saturation (S) and lower hydraulic 

conductivity of the GCL.

There are many factors, reported in literature, affecting the hydration of GCLs 

including the GCL manufacturing techniques, grain size distribution and initial moisture 

content of the subsoil, ambient ground temperature, and normal stress provided by the 

leachate collection system and waste. The aforementioned factors are discussed in the 

following sections.

2.2.1 GCL manufacturing techniques

GCL manufacturing process has shown to affect the hydration behavior of the GCL while 

placed on the subsoil (Anderson et al., 2012; Sarabian et al., 2012; Beddoe et al., 2010, 

2011; Rayhani et al., 2011; Rowe at al. 2011b). As the GCL absorbs pore water from the 

subsoil, its moisture content increases until it levels off at a specific value. The type of 

cover and carrier geotextiles, connection layer, and bentonite properties are the three 

major factors which could affect the hydration behavior of different GCL products. A

18



better anchorage between the carrier and cover geotextiles could prevent the excessive 

swelling of the bentonite during hydration. This in turn induces lower final bulk void 

ratio, higher final degree of saturation and, hence, lower hydraulic conductivity for the 

GCL. The NW/SRNW GCL with needle-punched and thermally treated connection layer 

was reported to provide much lower swelling and final bulk void ratio after immersion in 

water, compared to other needle-punched GCLs (Rayhani et al., 2011; Anderson at al., 

2012). This low swelling was related to an improved anchorage of the aforementioned 

GCL product. The scrim-reinforced thermally treated GCL has also led to higher rate of 

hydration compared to NW/NW GCL with simply needle-punched (NP) connection layer 

(Rayhani et al., 2011). Therefore, it could be concluded that better anchorage induces 

higher rate of hydration and in turn less time required to attain the sufficient hydraulic 

conductivity (Sarabian et al. 2012). This is crucial since GCLs must become sufficiently 

hydrated before they are exposed to waste and subsequently the leachate. The NWAV 

needle-punched GCL with thermally treated connection layer has also shown to supply 

lower anchorage and in turn lower final degree of saturation in comparison to the GCL 

with thermally treated scrim-reinforced carrier geotextile (Anderson et al. 2012).

The Water Retention Curve (WRC) of the GCL and subsoil play a major role in 

hydration behavior of the GCL. WRC is described as the moisture storage capacity of a 

material as its moisture content changes when subjected to different levels of suction 

(Vanapalli et al., 2002). The change in the total suction is due to the movement of water 

in the liquid and vapor phase which are known as matric suction (ua-uw) and osmotic 

suction (tt) ,  respectively (Vanapalli et al., 2002). It is of paramount importance to obtain 

the WRC of the GCLs to estimate their ultimate moisture content, rate of moisture uptake
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from different subsoils, and potential shrinkage due to thermal cycles (Beddoe et al.,

2010). In terms of shrinkage under thermal cycles, both wetting and drying paths of the 

WRC for GCLs are required to investigate their hydration behavior and loss of moisture, 

respectively (Beddoe et al., 2011). Nevertheless, obtaining the WRCs for different types 

of GCLs is complicated due to various reasons which could be summarized as follows 

(Beddoe etal., 2010,2011):

■ As shown by Bouazza et al., (2006) (Figure 2.2), there is a significant difference 

between the WRCs of the geotextiles and clays. To elaborate, geotextiles hold 

significant amount of water while saturated but they lose all of their water content 

under a meager suction of approximately 1 kPa. Clays, however, demonstrate 

absolutely an opposite behavior.

* The confinement induced by the needle-punching affects the behavior of

bentonite due to the change in bulk void ratio during swelling (Lake and Rowe, 

2000).

■ There is a wide range of suction values for the GCLs required to study which 

varies from 1 kPa in saturated condition to 120 MPa at a typical off-the-roll 

moisture content.
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Figure 2.2 Comparison between the WRCs of geotextiie and iow-plasticity clay, 
(Bouazza et al., 2006; Beddoe et al., 2010)

Beddoe et al. (2010) obtained the WRC of GCLs utilizing a combination of the 

High Capacity Tensiometer (HCT) which covered lower suction values up to 1500 kPa 

with the capacitive relative humidity sensor for relatively high suction values. Figure 2.3 

demonstrates the WRCs for four different GCL products investigated by Beddoe et al.

(2011) while comparing them with other types of GCLs and also pure bentonite reported 

in the literature. The GCL suction was found to be mostly affected by the bentonite 

component rather than the GCL properties (i.e. the type of GCL connection layer) in high 

ranges of suction. This is associated to the fact that no significant difference was 

observed among the WRCs of different GCLs and pure bentonite in suction values of 

more than 10 MPa. Comparatively, the type of GCL and the amount of the normal stress 

applied to them affected the WRC of GCLs significantly in low ranges of suctions. This 

is due to the role of the connection layer of GCLs in deterring the swelling of the 

bentonite which is generated due to high values of the moisture content in the lower

21



suction region (Beddoe et al., 2011). They also reported that the thermally treated, scrim-

reinforced GCL underwent the minimum hysteresis between the gravimetric wetting and

drying curves. This could also be attributed to the sufficient anchorage against the

significant swelling which occurs in high values of moisture contents. As shown in

Figure 2.3, the thermally treated, scrim reinforced GCL (GCL2) has the lowest variation

of moisture content with the range of 0 to approximately 118% within the whole suction

range due to a greater anchorage between the carrier and cover geotextiles. Hence, it is

expected that this type of GCL undergoes the lowest variation of moisture content under

thermal cycles. This is in accordance to the results reported by Rowe et al. (2011b),

indicating that the scrim reinforced, thermally treated GCL placed in contact with silty

sand subsoil experienced a meager 2% daily variation in gravimetric moisture content

under simulated daily thermal cycles.
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2.2.2 Grain size distribution of the subsoil

GCLs are placed over different subsoils depending on the availability of the type of the 

soil where a solid waste landfill is constructed. The hydration behavior of the GCL 

depends on the water retention curves of both subsoil and the GCL (Beddoe et al., 2010,

2011). Therefore, the subsoil grain size distribution is expected to affect the rate of 

hydration as well as the equilibrium moisture content for the GCL. The rate of moisture 

uptake from the subsoil is dependent on the difference in suction between the GCL and 

the subsoil. The higher difference in suction at the interface of the GCL and the subsoil 

causes better hydration of the GCL (Rayhani et al., 2011; Chevrier, et al., 2012; Rowe et 

al., 2011b; Anderson et al., 2012; Sarabaian et al., 2012). Chevrier, et al. (2012) reported 

that both the rate of hydration and the equilibrium moisture content for the GCL 

specimens placed over sand subsoil were higher than those on clay subsoil. Similarly, the 

GCL specimen placed in contact with poorly graded sand subsoil (SP) was shown to have 

higher rate of hydration compared to those on silty sand (SM) (Rayhani et al., 2011). This 

difference in rate of hydration was attributed to a higher unsaturated hydraulic 

conductivity of sand subsoil compared to that of silty sand subsoil.

The GCL placed in contact with sand (SP) subsoil was also shown to have the 

highest equilibrium moisture content (MC=88%) in comparison to those with silty sand 

(SM) (MC=85%), clayey sand (SC) (MC=80%), and clay (CL) (MC=48%) subsoils 

(Figure 2.4) (Rayhani et al., 2011; Anderson et al., 2012; Sarabaian et al., 2012). This 

could be attributed to the fact that the difference between the suction of the GCL and the 

subsoil decreased as the portion of fine particles within the subsoil increased which in 

turn induced lower moisture uptake for the GCL (Anderson et al., 2012). Similar results
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were derived by Rowe et al. (2011b) under simulated daily thermal cycles, indicating that 

the initial suction (at moisture content of 10%) in sand (SP) subsoil is lower in 

comparison to that of silty sand which in turn resulted in higher equilibrium moisture 

content (Figure 2.5).
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Figure 2.4 Hydration of the scrim reinforced, thermally treated GCL from different subsoils with 
an initial gravimetric moisture content of 10% (Clay (CL), clayey sand (SC), silty sand (SM), and 

poorly graded sand (SP)) (Sarabian et al., 2012; Anderson et al., 2012; Rayhani et al., 2011)
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thermal cycles (Rowe et al., 2011b)
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2.2.3 Initial moisture content of the subsoil

The initial moisture content of the subsoil varies from place to place which is contingent 

upon the topography, the annual precipitation, the type of subsoil, etc. Therefore, 

considerable investigations have been conducted to evaluate the effect of the initial 

moisture content of the subsoil on the rate of hydration as well as the final degree of 

saturation of GCLs (Chevrier et al., 2012; Rayhani et al., 2011; Anderson et al., 2012; 

Rowe et al., 2011b; Azad et al., 2011). Considering the typical water retention curve for 

the soils, the higher initial moisture content of the subsoil leads to a lower suction in the 

subsoil during the hydration. This induces higher suction difference at the interface of the 

GCL and the subsoil and in turn higher rate of moisture uptake from the underlying 

subsoil (Rowe et al., 201 lb). For instance, Chevrier et al. (2012) reported that the average 

hydration rate (i.e. increase of the gravimetric moisture content) of a Non-woven/woven 

needle-punched GCL increased from 0.27% per day to over 0.50 % per day as the initial 

moisture content of its clay subsoil increased from 15 to 25%.

Similarly, the higher initial moisture content of the subsoil can induce higher 

moisture uptake. GCL specimens examined by Rayhani et al. (2011) irrespective of their 

manufacturing properties hydrated as though they were immersed in water when placed 

in contact with silty sand subsoil at an initial moisture content of 21% (close to field 

capacity). Field capacity is defined as the maximum gravimetric moisture content which 

a soil could contain against the gravity. A similar trend was demonstrated by Anderson et 

al. (2012) indicating that the GCL specimens placed over clayey sand subsoil at initial 

gravimetric moisture contents of 5 and 20% stabilized at the maximum degrees of 

saturation of 12-18% and 90-92%, respectively.
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2.2.4 Liner temperature

Composite liners in landfill applications might be left exposed to daily thermal cycles due 

to solar radiation for a period of time prior to waste placement. Thermal cycles or 

relatively high temperatures (60°C or more in the geomembrane) could significantly 

decrease the hydration rate of GCLs, particularly while the initial moisture content of the 

subsoil is significantly below the field capacity (Rowe et al., 2011b; Anderson et al., 

2012; Sarabian et al., 2012). Rowe et al. (201 lb) reported that the daily thermal cycles of 

22-60 °C significantly suppressed the rate of hydration of GCLs placed on silty sand 

subsoil at initial gravimetric moisture contents of 5, 10, and 16% (i.e. moisture contents 

corresponding to suctions greater than the air entry values). Nevertheless, the maximum 

degree of saturation of GCLs in contact with subsoil at an initial gravimetric moisture 

content of 21% (i.e. close to saturated moisture content) proliferated as high as 81-100%. 

Similarly, the maximum moisture content of GCL specimens subjected to simulated daily 

thermal cycles was found to be lower than 30% of those studied under isothermal 

condition (Anderson et al., 2012). This shows that the GCL may undergo significant loss 

of moisture content while subjected to daily thermal cycles. Furthermore, Sarabian et al.

(2012) reported that seasonal cooling periods followed by daily thermal cycles, which 

could normally occur during winter, may not guarantee the sustainable hydration of the 

GCL, as the moisture uptake will drop to its initial level as the thermal cycles resume.

Also, constant thermal gradients applied to the GCLs placed over subsoil could 

induce loss of moisture and, hence, desiccation and cracking of the GCLs. The 

temperature at the base of bioreactor landfills and also the Municipal Solid Waste (MSW) 

landfills where the Leachate Collection System (LCS) has failed could increase up to 40-
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60°C or more after placing the waste (Azad et al., 2011). This is mainly considered to be 

due to biodegradation of organic waste during the life of MSW landfills (Collins, 1993). 

The elevated temperature desaturates the GCL-subsoil interface which causes the 

transition of the GCL hydration from the liquid phase to vapor phase and, therefore, 

lower equilibrium moisture content (Barclay et al., 2012). Furthermore, the temperature 

within the aquifer is significantly lower which in turn causes temperature gradients. This 

induces downward flux of vapor (diffusion) from the GCL to the subsoil which causes 

the moisture loss of GCLs and the desiccation cracking of the GCLs (e.g. Barclay et al., 

2012; Azad et al., 2011; Southen and Rowe, 2005). Azad et al. (2011) conducted a series 

of tests on a simulated Double Composite Liner System (DCLS) in laboratory to 

investigate the effect of the initial water content of the subsoil and thermal gradients on 

the hydration and desiccation cracking of the GCLs. They reported that there was a 

positive correlation between the initial moisture content of silty sand subsoil and the 

moisture content of the Secondary Geosynthetic Clay Liner (SGCL) after 88 days of 

hydration before subjecting the model to thermal gradients (Figure 2.6). The same trend 

was observed for the final SGCL moisture content after being subjected to thermal 

gradients. To elaborate, it was shown that the 10-11% initial gravimetric moisture content 

for the silty sand subsoil was sufficient to prevent the SGCL from desiccation while the 

surface temperature of the DCLS was 29-45°C (thermal gradients of 20-67°C/m). 

However, considerable loss of moisture and cracking occurred for the specimen with silty 

sand subsoil at the initial gravimetric moisture content of 5%  (at the thermal gradient of 

59 °C/m). The results reported by Rowe et al. (201 lb) and Azad et al. (2011) demonstrate 

the role of sufficiently high gravimetric moisture content of the subsoil in hindering
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significant loss of moisture in the GCLs exposed to relatively high thermal gradients. 

This could be attributed to the upward flux of liquid water due to the capillary force from 

the subsoil to the GCL which relatively compensates for the downward vapor flux.
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Figure 2.6 Relation between the GCL gravimetric moisture content and the initial gravimetric 

moisture content of silty sand (SM) subsoil (Azad et al., 2011)

The results reported in the literature magnify the need for the application of a 

method to decrease the temperature at the bottom of landfills. For instance, heat 

exchanger technology could be utilized to decrease the temperature at the base of 

landfills and, consequently, prevent the loss of moisture and desiccation cracking in the 

GCLs. Horizontal pipes arrays could be used so that the heat is absorbed by the coolant, 

and subsequently transferred outside the landfill. After extracting the heat by facilities 

outside the landfill, the coolant could be recirculated back to the landfill (Rowe et al., 

2007; Rowe, 2011).
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2.2.5 Normal stress

It may take months or even years after the installation of the GCL liner system to 

construct the Leachate Collection System (LCS) and deposit the waste into the solid 

waste landfills. The normal stress applied to the GCL during hydration could affect the 

swelling characteristics along with the rate and the final moisture content of the GCL. 

This normal stress can increase the contact intimacy at the interface of the GCL and the 

underlying subsoil which could cause higher rate of hydration. This was substantiated by 

Rayhani et al., (2011), demonstrating that a GCL specimen subjected to 2 kPa normal 

stress underwent higher rate of hydration than an unconfined GCL specimen under 

similar conditions. Similarly, Chevrier et al. (2012) demonstrated that the GCL specimen 

placed over clay subsoil while subjected to 4 kPa normal stresses stabilized 30 days 

earlier than the similar specimen without normal stress.

The magnitude of the normal stress subjected to the GCL could also affect the 

maximum moisture content of the GCL attained at the completion of hydration from the 

subsoil. This could be attributed to both the better contact intimacy at the GCL-subsoil 

interface and the potential obstruction of bentonite swelling due to the normal stress. The 

former does enhance the convenience of moisture uptake; however, the latter might 

decrease the maximum moisture content of the GCL through limiting the swelling of the 

bentonite. Chevrier et al. (2012) reported that the equilibrium moisture content decreased 

by approximately 12.5% as the confining stress increased from 7 kPa to 28.2 kPa. A 

similar trend was demonstrated between the swelling (mm) of the bentonite and normal 

stress (Figure 2.7). On the other hand, Petrov et al. (1997) showed that an increase in the 

normal stress prior to hydration contributed to lower final bulk void ratios, less time
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required for complete hydration, and a reduction in GCL hydraulic conductivity from 

3.7xl0'u to 6.4xl0'n m/s for low normal stresses (g= 3-4 kPa), to 7.1xl0 '12 to 7 .9 x l0 12 

m/s for high normal stresses (o= 109-117 kPa).

S  108 - 

I 105-

? 102

5 10 15 20 25 30
Normal stress (kPa)

g 0,8 -

f  0,6 - 
©
I  0,4 - 
</) ’

0 2- s  

0
0 5 io  15 20 30

Time (Days)

Figure 2.7 The equilibrium gravimetric moisture content of the GCL versus the level of normal 
stress (top), swelling of the bentonite versus time (bottom) (Chevrier et al., 2012)

2.3 Shrinkage of GCLs

The combination of GCLs and geomembrane is employed in composite liners to limit

leakage and diffusion. This is attainable provided that the GCL panels continuously cover

the subsoil (Rowe et al., 2004; Rowe, 2005). GCL liners could be exposed to weather, i.e.
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daily or seasonal thermal cycles, for a period of time before being covered by the waste 

or the leachate collection system. Due to solar radiation during the day light, the 

temperature of the geomembrane may increase up to 70°C (Pelte et al., 1994; Koerner 

and Koerner, 1995) which in turn could induce drying of the GCL panels. Drying the 

GCL alone was shown to induce the maximum shrinkage of 2% at the midpoint of the 

GCLs which is negligible compared to values observed in the field (3.3-30%) (Thiel et 

al., 2006). However, repeated drying and cooling cycles in field conditions could cause 

significant amounts of accumulated shrinkage. The moisture of the GCL is lost due to 

drying, and subsequently is either absorbed by the subsoil or accumulated beneath the 

wrinkles existing between the geomembrane and GCL. GCL moisture, at a particular 

location, may also flow down slope if the GCL is located on a steep slope (Bostwick et 

al., 2007). As shown in Figure 2.8, a fraction of the shrinkage after the drying portion is 

recovered due to the absorption of some of the lost moisture during the cooling portion, 

i.e. during the night, which in turn induces a residual shrinkage (Thiel et al. 2006).
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Figure 2.8 Shrinkage of the scrim reinforced, thermally treated GCL 

under simulated daily thermal cycles (Thiel et al., 2006)
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A field study in Wyoming conducted on GCL panels placed over silty clay subsoil 

with the initial moisture content of 5% revealed that although the temperature of 

geomembrane increased as high as 60°C, the GCLs had only a moisture variation 

between 11 and 40%, and experienced 0.6 to 0.9% shrinkage during a 10 month period 

(CETCO, 2006; Thiel and Rowe, 2010). A 300 mm overlap of GCL panels at a site 

located in Melbourne Australia was also found to be satisfactory to prevent the separation 

of GCL panels (Gassner, 2009). However, drying and wetting cycles were shown to 

induce lateral gaps of 150 to 1350 mm between GCL panels which originally had 150 

mm overlaps, i.e. the shrinkage of 3.3 to 30% for a typical 4.5 wide GCL panel (Thiel 

and Richardson, 2005; Koerner and Koerner, 2005a,b; Thiel et al., 2006). The effect of 

thermal cycles has been evaluated in the literature by application of wet-dry cycles in 

laboratory tests (Bostwick et al., 2007, 2010; Bostwick 2009; Rowe et al. 201 la; Thiel et 

al. 2006; Thiel and Rowe 2010). Many factors were shown to affect the magnitude of 

shrinkage in GCL panels exposed to drying and wetting cycles including GCL ratio of 

length to width (aspect ratio), size, boundary conditions, GCL manufacturing Techniques, 

etc. Thus, a brief summary is provided here to describe the previous studies which have 

been reported in the literature and to illuminate the uncertainties that still exist regarding 

the shrinkage of GCLs in field applications.

2.3.1 Boundary conditions, size, and aspect ratio of the GCL specimen

The GCL panels may be stretched in the bottom of solid waste landfills with different 

sizes and ratios of length to the width, i.e. Aspect Ratios (ARs), which might affect the 

shrinkage behavior of GCLs. Also, whether the GCL panels are restrained at either end
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along the width could influence the maximum shrinkage of GCLs under thermal cycles. 

In order to investigate the effect of daily thermal cycles on GCL shrinkage, Bostwick et 

al. (2007, 2010) watered GCL specimens placed over aluminum baking pans for 

hydration to the initial moisture content of 65%. The specimens were then put in an oven 

with the temperature of 60 °C to simulate the wet-dry cycles. Based on the results 

derived, there was no significant difference in the magnitude of shrinkage between 

longitudinal and transverse direction in unrestrained samples, particularly for the scrim 

reinforced, thermally treated GCLs. Also, the GCL specimens having more variation in 

bentonite distribution were shown to undergo larger shrinkage strains. Bostwick et al. 

(2007) and (2010) reported that there was a positive correlation between the aspect ratio 

and the maximum shrinkage of the restrained GCL specimens up to the aspect ratio of 5 

(Figure 2.9). The positive correlation between the aspect ratio and the maximum 

shrinkage observed in the midpoint of the specimens was attributed to the lower effect of 

the restraints at either end in hindering the movement and, hence, the maximum 

shrinkage. It should be noted that the increase of the aspect ratio after a specific value 

(i.e. AR=5) did not make any significant difference due to lower effect of the restraints. 

The maximum shrinkage of the specimen with the aspect ratio of 10 was found to be 

approximately 25% more than that of the case with the aspect ratio of 1.6. 

Comparatively, the size was reported to have a negligible effect on GCL shrinkage. In 

addition, it was noted that generally the maximum shrinkage of restrained specimens was 

only 1.1 times that of unrestrained specimens. This meager increase could be associated 

with the Poisson effect due to the restraints at either end (Bostwick et al., 2010).
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Figure 2.9 Influence of GCL specimen aspect ratio on shrinkage (Bostwick et al. 2007)

2.3.2 GCL manufacturing techniques

Shrinkage of the GCLs occurs due to hydration and loss of moisture during the cooling 

and drying portions of thermal cycles, respectively. The hydration behavior of the GCL is 

significantly dependent on the manufacturing techniques of the GCL (e.g. Anderson et 

al., 2012; Beddoe et al., 2011; Rayhani et al., 2011; Rowe at al. 2011b). Particularly, the 

water retention curve of the GCL which is affected by the manufacturing techniques 

specifies the hydration and shrinkage behavior of the GCL (Beddoe et al., 2010). Hence, 

GCL properties which include the type of cover and carrier geotextiles, bentonite, and 

connection layer affect the maximum shrinkage of the GCL under daily thermal cycles. 

For instance, Thiel et al. (2006) reported that geotextiles alone did not contribute 

significantly to the overall shrinkage of GCLs. However, the maximum shrinkage of 

GCLs observed in the laboratory and field conditions were shown to be significantly 

high. Rowe et al. (2011a) reported that the scrim-reinforced thermally treated GCL 

(AR=1.6) and the simply needle-punched GCL with nonwoven carrier geotextile
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(AR=1.6) experienced a maximum shrinkage of 10.8% and 13.5%, respectively, under 

simulated daily thermal cycles. Also, a high intensity of needle punching and lower initial 

moisture content at the beginning of each wet-dry cycle were shown to lessen the 

potential and rate of shrinkage (Thiel et al., 2006). The shrinkage of the GCL under daily 

thermal cycles relies on the variation of the moisture content in each thermal cycle (Rowe 

et al., 2011b). Hence, the better anchorage provided by thermal treatment and scrim 

reinforcement of the carrier geotextile, or higher intensity of needle-punching in the GCL 

causes lower variation of moisture content in each thermal cycle and, therefore, lower 

accumulated shrinkage.

The water retention curve and in turn the shrinkage behavior of the GCL is also 

dependent on bentonite type and granularity, particularly in higher levels of suction 

values (Beddoe et al. 2010, 2011). Sodium-activated bentonite GCLs demonstrated more 

shrinkage in comparison to GCLs with natural Wyoming bentonite (Bostwick et al. 

2010). Also, the GCL specimens with powdered bentonite were found to have up to 20 

percentages more shrinkage than the GCL specimens with granular bentonite in pan-tests; 

however, they have experienced similar values of shrinkage up to the 5-10th cycle (Figure 

2.10). Nonetheless, the grain size distribution of the bentonite could not affect the 

shrinkage of the GCL in the field where the number and severity of thermal cycles may 

not be as significant as the pan-tests (Rowe et al., 2011a; Bostwick, 2009). For instance, 

Thiel et al. (2006) noted that the maximum shrinkage of a NW/W GCL panel detected in 

two filed observations was found to be approximately half the values derived in 

simulated pan-tests in the laboratory. The shrinkage observed in the field corresponded to 

4-5 wetting-drying cycles of the laboratory tests. This could be attributed to the fact that
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GCLs in field conditions absorb pore water from the underlying subsoil rather than being 

watered directly in the laboratory, and also the temperature of the subsoil is implicitly 

lower than that of the pans placed in the oven. These factors could be considered as the 

main reasons for less moisture content variation in each thermal cycle and, consequently, 

less shrinkage in the field. Also, the frictional force at the interface of GCL panels and 

the subsoil could obstruct the movement and shrinkage of the GCL.
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Figure 2.10 Influence of bentonite grain size distribution on shrinkage (Rowe et al. 2011b)

2.3.3 Initial moisture content of the GCL

GCL rolls typically contain the initial gravimetric moisture content of 5-30% (Bostwick 

2009); however, they absorb pore water from the subsoil, or might be watered directly, 

and hydrated to different gravimetric moisture contents after they are placed over the 

subsoil. The GCL panels in the composite liners could be considered to be in a closed 

system which is surrounded by the geomembrane from the top and the subsoil from the
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bottom. This would be particularly accurate in flat slopes where the moisture of the GCL 

is absorbed by the subsoil and subsequently is driven back to the GCL during the heating 

and cooling portions of each thermal cycle, respectively. Therefore, high values of initial 

moisture content for the GCL could contribute to significant moisture variation in each 

thermal cycle and, hence, more shrinkage. To estimate the effect of initial moisture 

content of the GCL on shrinkage, Rowe et al. (2011a) subjected four unrestrained GCL 

specimens with the initial moisture content of 5, 19,64, and 72% to wet-dry cycles. They 

demonstrated that the initial moisture content of the GCL did not affect significantly the 

final shrinkage (Figure 2.11). It should be noted that the shrinkage of the specimens with 

low initial moisture contents after five cycles was found to be 3.2-3.8% which was 

approximately half that of the specimens with higher initial moisture contents. The results 

reported for the 5lh cycle are more accurately representative of the effect of the initial 

moisture content in field conditions since the GCL specimens were not in a closed system 

during the drying portion in the oven and were watered with the same volume of water in 

the subsequent cycles. This negated the effect of the initial moisture content (Rowe et al., 

2011a).
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Figure 2.11 Influence of the initial gravimetric moisture content of the GCL 

on shrinkage (Bostwick, 2009)

Thiel et al. (2006) compared the shrinkage of two identical NW/SRNW 

specimens and reported that increasing the volume of water addition in each cooling 

cycle from 300 to 500 mL increased both the rate of shrinkage and the final shrinkage 

from 14.4 to 19.2%. However, Rowe et al. (2011a) demonstrated that increasing the 

volume of water added to the NW/SRNW specimen at the beginning of each thermal 

cycle from 500 to 1000 mL did not significantly affect the maximum shrinkage. They 

noted that the lower shrinkage for the specimens with added water of 300 mm could be 

associated to the probable uneven hydration due to lack of water. This is similar to the 

results reported by Bostwick (2009), indicating that the GCL specimens which are wetted 

unevenly have less potential to shrink in comparison to those wetted evenly under similar 

conditions.
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2.3.4 Shrinkage prevention measures

There are many methods reported in the literature to decrease the risk of GCL panel 

separation. Rowe et al. (2010) and Rowe (2012) recommended overlapping the panels of 

GCLs by 300 mm and placing leachate collection system or cover soil on the 

geomembrane within less than 30 days to prevent the separation of GCL panels. Also, 

Thiel and Rowe (2010) suggested supplying the GCL material with lower initial moisture 

content in manufacturing, utilizing thermally-locked scrim reinforcement or woven 

fabric, and application of heat-tacked GCL seams. However, the aforementioned 

approaches could be impractical or costly in some field applications, and may not 

guarantee prevention of panel separation under severe conditions (Rowe et al., 2010; 

Rowe, 2012).

The field experience of Carlota Copper Mine in Miami substantiated the potential 

benefits of heat-tacked seams in preventing the separation of GCL panels (Thiel and 

Thiel, 2009). To elaborate, GCL panels were installed with 150 mm seam overlap along 

the length, and subsequently were heat-tacked continuously by a flame torch along the 

overlaps. Some samples were derived from the GCL seams after 60-90 days of the 

composite liner exposure to weather. All the GCL seams were found to be intact, and no 

separation of GCL panels was observed (Thiel and Thiel, 2009). Furthermore, to evaluate 

the tensional strength of the heat-tacked specimens, they were subjected to simulated 

daily thermal cycles in a study by Rowe et al. (2010). After the end of the daily thermal 

cycles (40 cycles), the tensional strength of the heat-tacked specimens was measured 

(ASTM D4595). They reported that the seamed samples withstood stresses as high as the
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GCL itself before failure through the heat-tacked seams. This shows that the application 

of heat-tacked GCL seams along the length of GCL panels could be a good approach to 

prevent the shrinkage of GCLs laterally.

2.4 Summary

Geosynthetic Clay Liners are utilized as part of composite liner systems in municipal 

solid waste landfills for their low hydraulic conductivity. The performance of the GCL 

primarily depends on the hydration of the GCL which occurs due to moisture uptake from 

the underlying subsoil. The hydration behavior of the GCL is fundamentally dependent 

on the water retention curves of both the GCL and the subsoil. Reviewing the extensive 

studies reported in the literature, illuminates the effect of the manufacturing techniques of 

the GCL, grain size distribution, and the initial moisture content of the subsoil on the 

level of suction at the interface of the GCL and subsoil. This is of paramount importance 

since the difference in suction between the GCL and subsoil positively affects the rate of 

hydration as well as the maximum moisture content of the GCL. However, it should be 

noted that the GCL hydration may also be significantly suppressed due to daily thermal 

cycles prior to the construction of the leachate collection system and also elevated 

isothermal temperatures at the base of landfills after the deposition of the waste. Even 

more notably, the normal stress applied to the liner by either the cover soil, leachate 

collection system, or the waste could affect the hydration of the GCL. The normal stress 

was shown to enhance the contact between the GCL and the subsoil and in turn augment 

the hydration rate; however, relatively high levels of the normal stress were shown to 

decrease the final moisture content of the GCL due to hindering the swelling and
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moisture uptake of the bentonite. There are still continued uncertainties regarding the 

optimum normal stress which contributes to the highest final moisture content and rate of 

hydration for the GCL. Thus, one of the objectives of this research is to investigate the 

rate of hydration of two different GCL products while placed over different subsoils 

under a wide range of normal stresses, and to find the optimum normal stress which 

results in the highest final moisture uptake and rate of hydration.

In addition, the GCL panels may be subjected to solar radiation and in turn daily 

thermal cycles for a period of time prior to being covered by the leachate collection 

system and the waste. Many case histories and laboratory investigations have reported the 

shrinkage and separation of the GCL panels due to thermal cycles, although the GCL 

panels are typically stretched at the base of landfills with 150 mm overlap. The aspect 

ratio, manufacturing techniques, and also the moisture content of the GCL were shown to 

affect the shrinkage of GCL. However, the shrinkage data derived in previous studies 

provide information as to the expected effect of different factors on the shrinkage of 

GCLs in severe thermal cycles. The experiments did not represent field conditions 

properly since GCL samples were not placed over subsoil and they were watered directly 

during the cooling cycle. During hydration, GCLs absorb moisture from the subsoil and 

the condensed vapor beneath the geomembrane (Rowe et al. 2011b). Considering this 

phenomenon, another objective of the current study is to investigate the shrinkage of the 

GCL under simulated field conditions where the hydration of the GCLs is influenced by 

the Water Retention Curve (WRC) of both subsoil and the GCL, the initial moisture 

content of the subsoil, and also initial moisture content and the aspect ratio of the GCL.
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CHAPTER: 3 INFLUENCE OF NORMAL STRESS ON 

HYDRATION OF GCLS

3.1 Introduction

Previous studies have shown that the rate of hydration of a GCL is influenced by the 

GCL manufacturing techniques (e.g. Beddoe et al., 2011; Rayhani et al., 2011). A 

thermally treated scrim-reinforced GCL was shown to have a higher rate of hydration 

when placed in contact with sand subsoil (Rayhani et al., 2011), and lower susceptibility 

to shrinkage under simulated daily thermal cycles between 20 and 60 °C (Rowe et. al., 

201 lb). The initial moisture content and the type (grain size distribution) of subsoil were 

also shown to affect the rate of hydration of the GCL (Chevrier et al., 2010; Rayhani et 

al., 2011; Rowe et al. 2011b). Composite liners in landfill applications might be left 

exposed to daily thermal cycles for a period of time prior to being covered by the waste. 

Rowe et al. (2011b) reported that the thermal cycles significantly suppressed the rate of 

hydration of GCLs placed on silty sand subsoil at initial moisture contents of 5% , 10% 

and 16%.

The moisture uptake data noted above provides information as to the likely 

hydrated moisture content for the GCLs under small normal stresses (mostly under 2 

kPa). However, there is limited data in the literature assessing the effect of normal stress 

on the rate of hydration of GCLs. Rayhani et al. (2011) evaluated the rate of hydration for 

two GCL samples under unconfined conditions and a normal stress of 2 kPa. The 

confined GCL showed a higher rate of hydration due to better contact intimacy with the 

subsoil. Chevrier et al. (2010) demonstrated a reduction of approximately 12.5 % in the



equilibrium moisture content of a needle-punched GCL placed over sand subsoil as the 

initial normal stress of 7 KPa was increased to 28.2 KPa. However, there are still 

continued uncertainties regarding the effect of normal stress in other ranges. Furthermore, 

the optimum normal stress which contributes to the highest final equilibrium moisture 

uptake as well as the rate of hydration of GCLs has not been documented in the literature. 

Thus, this chapter presents an experimental program to investigate the rate of hydration 

of two different GCL products using different subsoils under a wide range of normal 

stresses (0-8 kPa), and to find the optimum normal stress which results in the highest 

equilibrium moisture uptake and rate of hydration. In addition, the effects of the GCL 

manufacturing techniques and the grain size distribution of the subsoil on the GCL 

hydration behavior are investigated.

3.2 Material properties

3.2.1 Geosynthetic Clay Liners

Two different types of GCLs (GCL1 and GCL2) were examined in this study for 

hydration analysis. The index properties of the GCLs, including carrier and cover 

geotextiles, layer connection, and average peel strength are given in Table 3.1. Both 

GCLs contained granular sodium bentonite with similar smectite contents of 50 to 58%. 

GCL1 and GCL2 had swell indexes of 24 and 23 ml/2g min., respectively. The former 

GCL contained fine grained bentonite with D50 of about 0.35 mm, while the latter 

contained coarse granular bentonite with D5o of approximately 1.0 mm. The plasticity 

index of bentonite was measured at approximately 216% for GCL1 and 262 % for GCL2
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(ASTM D 4318). The cation exchange capacities of the bentonite were 78 and 103 

meq/lOOg for GCLs 1 and 2, respectively.

Table 3.1 Properties of GCLs Examined

GCL
Total dry 
mass/area 

(g/m2)

Carrier GT Cover GT
Connection

Layer

Average
peel

strength
(N)*

Type
Mass
(g/m2) Type

Mass
(g/m2)

1 3312-4006 SRNW 230-253 NW 200-224 NPTT 260 ± 17

2 4499-5295 W 120-130 NW 260-280 NP 204± 35

W = Woven, NW = Nonwoven, SRNW = Scrim reinforced nonwoven, NP = Needle punched, NPTT = 
Needle punched & thermally treated; *Tests performed by M. Hosney, Queen’s University

3.2.2 Soil properties

Hydration rates for the two GCL specimens were examined using two different subsoils: 

ordinary construction sand (SP in USCS classification system, ASTM D2487), and 

Ontario Leda clay (CL) from the Navan landfill near Ottawa, Ontario, Canada. Leda clay 

has been originally formed from the deposition of grounded sediments in sea water after 

deglaciation. It is has a significant porous and sensitive structure due to leaching of the 

salt minerals which primarily bonded the powdery particles (Rankka et al., 2004). The 

particle size distributions of both soils are shown in Figure 3.1 (ASTM D 422). The sand 

(SP) contained approximately 5% fines passing through the 0.075 mm sieve. The fines 

were non-plastic. The plasticity index of the clay (CL) was found to be 21.6% (ASTM 

D4318). The Standard Procter compaction tests (ASTM D 698) indicated maximum dry 

densities of 1.68 and 1.43 Mg/m3 at optimum gravimetric moisture contents of 10% and 

28.3% for the sand (SP) and clay (CL), respectively. GeoStudio (2007) was implemented 

to estimate the WRC of the sand, based on the grain size distribution and the saturated
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moisture content of the soil. Also, Van Genuchten (1980) model was used to derive the 

water retention curve of the clay (CL) based on the experimental data points reported by 

Taha (2010).The initial suction in the clay is much higher than that of the sand subsoil.
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Figure 3.1 Grain size distributions for the subsoils examined
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Figure 3.2 Water Retention Curves (WRCs) for the subsoils examined
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3.3 Experimental procedure

This paper investigates the effect of normal stress on the hydration behavior of GCLs 

from the underlying subsoil. Typical composite liner profiles were made in Polyvinyl 

Chloride (PVC) cells having a diameter of 150 mm and a height of up to 500 mm. The 

experimental testing consisted of 24 cells, with tests performed at ambient room 

temperature (22°C). Each cell consisted of 250 mm of subsoil, a GCL, a geomembrane, 

and a steel seating block with a known weight to provide specific normal stresses on the 

GCL (Figure 3.3).

Bulk samples of dry sand (SP) were mixed with tap water having an average 

calcium concentration of 40 mg/L in order to bring its moisture content to 12%, i.e. a 

moisture content which is 2% higher than the Standard Proctor optimum moisture content 

(wopt +  2%), to represent the moisture content used in the construction of barrier systems 

in most modem solid waste landfills. The sand was then compacted into the PVC 

cylinders (12 cells) in three layers with a final height of 250 mm, and a dry density of 

1.51 Mg/m3, corresponding to approximately 90% of the maximum dry density (Pd(max))- 

Similarly, 12 cells were filled with clay (CL) subsoil at a moisture content of 30% and 

compacted to a dry density of 1.29 Mg/m3. Each cell was closed, sealed, and left for 24 

hours to cure before the GCL sample was placed on top of the soil. GCL samples with a 

diameter of 150 mm were cut from the roll, placed over the subsoil, and overlain by a 

geomembrane. Afterwards, a steel seating block was placed on the geomembrane to 

apply normal stress over the GCL, except for the samples which were not to be subjected 

to normal stress. Details of the initial moisture content of the GCLs as well as the normal 

stresses applied to the GCLs are outlined in Table 3.2.
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The hydration process of the GCLs was monitored by measuring the gravimetric 

moisture content of the GCLs for up to 40 weeks in order to evaluate the hydration of 

GCLs under different normal stresses. The test cells were opened at specific times 

(weekly) in order to measure the mass and the average thickness of the GCL, before 

returning it to the cell. The cells were closed and sealed again to prevent any loss of 

moisture. A schematic of a typical test cell is demonstrated in Figure 3.3.

Top Lid

Subsoil
500 mm

250 mm

M----------------- ►
150 mm

Figure 3.3 Geometry of the apparatus used for evaluation of hydration under isothermal condition

3.4 Results

3.4.1 Typical hydration results

In general, the gravimetric moisture content of the GCL increases until the GCL attains 

equilibrium with the subsoil. The rate of hydration was significantly higher during the 

first 10 weeks, but it gradually decreased, and the gravimetric moisture content of the 

GCLs finally leveled out and reached a steady-state value. The corresponding gravimetric 

moisture content is reported as the equilibrium moisture content. Also, the normalized
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moisture content (w/wref) of GCLs has been calculated so that it would be possible to 

compare the rate of hydration of GCLs which are different in manufacturing techniques. 

The normalized moisture content was defined as the ratio of moisture content of the GCL 

to the hydration potential (wref), i.e. the maximum moisture content of the GCL when 

there is no limitation on the moisture content available. To obtain the wref, the GCL 

specimens were immersed in water while applying the same normal stresses to which the 

GCLs were subjected during the hydration from subsoil experiments. Geotextiles were 

placed between the GCL samples and the seating block in order to provide sufficient space 

for water to reach the GCL.

The equilibrium moisture content, normalized moisture content, and also the time 

required to reach equilibrium for GCL1 and GCL2 while placed over sand (SP) and clay 

(CL) subsoils are reported in Table 3.2. The time required to reach equilibrium moisture 

for GCL1 placed over sand (SP) subsoil was typically lower than that of clay (CL) 

subsoil. Also, it took a longer time for GCL2 to attain the equilibrium moisture content in 

comparison to GCL1 at the same normal stresses in contact with the same subsoil. 

Moreover, the results for initial thickness and final thickness of the GCL samples are 

indicated in Table 3.2. The thickness of the GCLs was measured at three specific points 

using a caliper, and finally averaged to obtain a value which represents the mean 

thickness of the GCL. Based on the derived data, the effect of the normal stress on GCL 

swelling was also evaluated and will be further described. In the remainder of this 

chapter, the factors which influence the hydration of GCLs, including normal stress, the 

GCL manufacturing techniques, and subsoil grain size distribution are analyzed and 

discussed in detail. Meanwhile, the results of this research are compared with those of 

previous investigations.
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Table 3.2 Details of experiments conducted under isothermal condition

GCL Sub
soil

Conf.
Stress

(KPa)

Dry
mass/
area

(g/m2)

Initial
Thick.

(mm)

Final
Thick.

(mm)

Moisture 
Content, w (%)

Normalized

MC.
(w/*wref) (%)

Time

to
Reach
Eq.

(week)
Initial 1

week
Eq.
MC

1

week
Eq.
MC

0.0 3648 6.55 7.15 6.49 35.8 110.0 25.6 78.7 24

0.5 3780 6.85 7.25 6.56 43.0 110.0 32.2 82.3 18
Sand 1.0 3515 6.65 7 6.58 45.2 111.3 34.1 84.0 14

2.0 3582 6.53 7.10 6.46 50.6 111.8 37.7 81.8 12

5.0 3984 6.3 7.05 6.46 56.0 108.4 42.0 81.2 8

8.0 3701 5.82 6.57 6.46 62.6 106.6 46.7 79.5 8
1 0.0 3846 6.9 7.50 6.44 33.1 83.1 23.6 59.5 26

0.5 3664 6.63 6.93 6.47 36.3 90.3 27.2 67.5 22

1.0 4006 6.93 7.42 6.46 39.1 95.1 29.5 71.7 16
Clay 2.0 3312 6.4 6.72 6.49 42.2 96.6 31.5 72.0 16

5.0 3595 5.92 6.43 6.47 43.3 95.9 32.4 71.9 16
8.0 3426 5.58 6.08 6.46 44.6 96.6 33.3 72.0 8

0.0 4499 7.75 9.67 8.02 35.3 137.7 15.4 60.1 32

0.5 4535 7.36 9.3 8.02 38.4 136.4 17.2 61.1 32

1.0 5295 7.8 10.85 8.01 42.4 137.7 19.4 63.0 32

2.0 4998 7.32 10.1 8.05 48.4 149.7 22.0 68.0 28
Sand 5.0 4811 7.28 9.71 8.03 58.7 154.1 26.0 68.3 20

8.0 4795 6.85 9.2 8.02 55.8 154.0 24.8 68.5 12
2 0.0 4985 7.33 7.77 8.01 30.5 60.0 13.3 26.2 32

0.5 4924 7.47 8.47 8.00 35.0 69.1 15.7 31.0 27
Clay 1.0 4664 7.68 8.11 7.99 37.1 72.9 17.0 33.3 15

2.0 5174 7.82 8.45 8.01 38.0 83.2 17.3 37.8 28

5.0 4986 7.60 8.13 8.01 42.3 75.0 18.7 33.2 16
8.0 4791 6.73 7. 53 8.02 42.7 70.0 19.0 31.2 8

* Results for wref are shown in Figure 3.7.
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3.4.2 Moisture content profile in subsoil

The initial and final profiles of gravimetric moisture content for sand (SP) and clay (CL) 

subsoils are demonstrated in Figure 3.4. The initial moisture content of the sand (SP) 

subsoil was approximately 12%. As could be expected, the moisture content of the soil in 

contact with the GCL decreased due to the absorption of water by the GCL. In contrast, 

the moisture content increased at the bottom of the sand (SP) subsoil since the water 

moved downward due to gravimetric force. The moisture reduction (6.4-9.8%) on top of 

the subsoil was more than the increase observed (2.6-5.6 %) at the bottom of the subsoil. 

This could be related to the absorption of moisture content by the GCL on top of the sand 

subsoil. The results reported for the clay (CL) subsoil also indicated a decrease of 

moisture content on top of the subsoil due to the absorption of moisture by the GCL. 

Nevertheless, the variation of final moisture content in the profile of the clay was less 

than that of the sand profile. This could be related to the grain size distribution and hence 

higher field capacity of the clay compared to sand.
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Figure 3.4 profile of the gravimetric moisture content in the subsoil before and after the test

3.5 Analysis and discussion

3.5.1 Effect of normal stress on GCL hydration

The hydraulic performance of a GCL in a barrier system depends on the degree of 

hydration of the bentonite in the GCL. The level of normal stress provided by the 

leachate collection system could affect the swelling characteristics and hence the degree 

of hydration of the GCL. Figure 3.5 shows the evolution of hydration for GCL1 from a 

sand subsoil at an initial moisture content of 12%. The rate of moisture uptake increased 

significantly as the normal stress increased from 0 to 8 kPa. GCL1 achieved more than 

62% gravimetric moisture content after one week when subjected to a normal stress of 8 

kPa (Table 3.2). Under similar conditions but with no normal stress, this GCL reached
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only a 36% moisture content after one week of hydration. The time required to reach final 

equilibrium hydration, also, varied significantly for GCLs subjected to different normal 

stresses. Under no normal stress, the rate of moisture uptake from the subsoil was much 

slower and it took 24 weeks for GCL1 to reach its equilibrium moisture content. Under 

similar conditions but with a normal stress of 8 kPa, GCL1 approached its final 

equilibrium moisture content in 8 weeks. The normal stress enhanced the contact 

intimacy between the GCL and subsoil which induced a higher rate of moisture uptake. 

The magnitude of the final equilibrium moisture content of GCLs, however, was not 

significantly affected by the normal stress. There was no significant variation in the 

values of the equilibrium moisture contents for GCL1 subjected to the normal stresses of 

0 kPa to 2 kPa (Figure 3.5). However, the equilibrium moisture content decreased from 

111.8 % to 106.6 % as the normal stress increased from 2 to 8 kPa. Although higher 

normal stress generally reduces the potential for zones of poor contact between the GCL 

and the subsoil, there will be more of a restriction on the swelling of the bentonite as the 

normal stress increases. Therefore, a meager decrease of equilibrium moisture content 

was expected after a specific stress due to the much higher limitation for absorption of 

water. The results indicated that the normal stress which results in the optimum 

equilibrium moisture uptake for GCL1, while placed over a sand subsoil, was 2 kPa 

(Figure 3.5).
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Figure 3.5 Hydration of GCL 1 from sand (SP) subsoil while subjected to different normal stresses

Figure 3.6 demonstrates the variation of equilibrium moisture content versus the 

normal stress for 4 different conditions, including either GCL1 or GCL2 placed over sand 

and clay subsoils. In general, the equilibrium moisture uptake slightly increased as the 

normal stress increased from 0 to 2 kPa. This small normal stress enhanced the contact 

between the GCL and the subsoil leading to faster and slightly higher moisture uptake. 

The normal stress of 2 kPa led to the highest value of equilibrium moisture content for all 

conditions except for GCL2 placed over a sand subsoil. To elaborate, the equilibrium 

moisture content for GCL2 over sand increased from 149.7 % to 154 % as the normal 

stress increased from 2 to 5 kPa, which is not significant. Under the other conditions, a 

negligible reduction in moisture uptake was observed as the normal stress increased from 

2 to 8 kPa. However, the results did not indicate a significant variation in the equilibrium 

moisture content as the stress increased from 2 to 8 kPa. This is mainly considered to be
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related to the fact that the swelling stress of the GCL controlled the normal stress applied 

to the GCLs. As a result, increasing the normal stress from 2 to 8 kPa did not induce a 

significant decrease of the equilibrium moisture content.
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Figure 3.6 Effect of normal stress on the equilibrium moisture content of GCLs

These results could be also explained in terms of the maximum moisture content 

(wref ) attained by the GCL when immersed in water. As shown in Figure 3.7, there was 

no significant variation in the maximum moisture content of GCLs while subjected to 

normal stresses ranging from 0 to 8 kPa. The results for maximum moisture content (wref) 

substantiated that the swelling stress of GCLs controlled the normal stress applied to 

them. Immersion of GCLs in water represents the conditions under which there is no 

limitation on the amount of water available to the GCL for absorption.
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Figure 3.7 Effect of normal stress on maximum moisture content, immersed in water (wref)

3.5.2 Effect of normal stress on GCL swelling (thickness)

To evaluate the effect of normal stress on GCL swelling, the ratio of the final thickness of 

GCL specimens after hydration to their corresponding initial thickness were plotted 

(Figure 3.8). There was little variation observed for GCL1 placed over either sand (SP) or 

clay (CL) subsoil with the values ranging from 108 % to 113 % and 104.5% to 110.5 %, 

respectively. As shown in Figure 3.8, the ratio of swelling for GCL1 placed over sand 

(SP) subsoil was up to 5% more than that of the clay (CL) subsoil due to increased 

absorption of water by the GCL. In contrast, the results for GCL 2 indicated much more 

swelling for sand (SP) subsoil compared to clay (CL) subsoil. The former exhibited a 

swelling ratio of up to 135% while the latter swelled to 112% under the same normal 

stress of 8 kPa. There was a significant increase in the swelling ratio from 124 to 135% 

for GCL 2 on sand (SP) subsoil as the normal stress increased from 0 to 1 kPa (Figure 

3.8). It might be concluded that the increase of normal stress induced much better contact
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between the GCL and the sand subsoil, which resulted in higher moisture uptake and 

swelling. Nonetheless, the swelling ratio almost stabilized and there was little fluctuation 

observed for normal stresses ranging from 1 to 8 kPa. The meager variations pertaining to 

GCL1 could be attributed to the sufficient anchorage induced by the scrim-reinforced 

needle-punching and thermally treated layer connection of GCL1, which will be further 

discussed.
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Figure 3.8 Effect of normal stress on the final thickness of GCLs 

3.5.3 Effect of GCL manufacturing techniques on hydration

The hydration of the GCL is dependent on the method of GCL manufacture, and different

GCL products exhibit different hydration and swelling behaviours. The maximum

moisture uptake for GCLs immersed in water varied significantly for the two GCL

products examined. Hence, the degree of hydration for GCL1 at a moisture content of

e.g., w=100% (w/wref=71%) would be different than that for GCL2 at the same

gravimetric moisture content (w/wref=45%). Therefore both the absolute gravimetric
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moisture content (w) and the moisture content normalized with respect to the maximum 

moisture uptake when immersed in water (w/wref) are used to compare the performance 

of different GCLs subjected to various normal stresses (Table 3.2).

Figure 3.9 demonstrates the normalized moisture contents (w/wref) of GCL1 and 

GCL2 placed over a clay subsoil while subjected to a 2 kPa stress. GCL1 demonstrated a 

much higher rate of hydration compared to GCL2. As shown in Table 3.2, the former 

GCL reached a plateau by the 16th week with a normalized moisture content of 72%, 

while the latter stabilized at the normalized moisture content of about 38% by the 28th 

week. Figure 3.10 shows the normalized equilibrium moisture contents of both GCLs 

placed over a clay subsoil for normal stresses from 0 to 8kPa. The normalized 

equilibrium moisture content of GCL1 was approximately twice that of GCL2 for all 

normal stresses. This could be related to the difference in interlocking of the GCLs 

examined. GCL1 has a scrim-reinforced non-woven carrier geotextile with a needle 

punched and thermally treated connection layer that provides a sufficient anchorage 

(Table 3.1) resulting in less swelling during the hydration process, in contrast to GCL2. 

This contributed to its higher normalized equilibrium moisture content. In addition, the 

results showed that a normal stress of 2 kPa induced the maximum normalized 

equilibrium moisture content for both GCL 1 and GCL 2. For normal stresses greater 

than 2 kPa, there was no significant change observed in the normalized equilibrium 

moisture content for either GCLs.
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Figure 3.9 Effect of GCL type on rate of hydration from clay subsoil
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Figure 3.10 Effect of GCL type on the normalized equilibrium moisture content for

different normal stresses

The results noted above are consistent with those reported in the literature in 

terms of GCL hydration behavior. Rowe et al. (2011b) indicated a lower daily variation 

in moisture content and furthermore less potential susceptibility to shrinkage for GCL1.
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Petrov et al. (1997), Lake and Rowe (2000), and Beddoe et al. (2011) reported that the 

limitation of swelling could be induced by much more sufficient anchorage of a GCL.

3.5.4 Effect of subsoil grain size distribution on GCL hydration

The effect of normal stress on GCL hydration was highly dependent on the grain size 

distribution and associated matric suction of the subsoil (Figure 3.2). For sand with an 

initial moisture content close to the optimum moisture content, there is a significant 

uptake of moisture by both the GCLs under all normal stresses (Table 3.2). Figure 3.11 

compares the equilibrium moisture uptake of GCL2 from both sand and clay subsoils for 

all normal stresses. GCL2 reached 140-145% (depending on the normal stress) 

equilibrium moisture content when placed on the sand subsoil. Under similar conditions 

with clay subsoil, GCL2 achieved only 60-80% moisture content, approximately half that 

achieved on sand. Similarly, higher equilibrium moisture contents were observed for 

GCL1 with sand subsoil compared to clay subsoil (Table 3.2).

The rate of hydration was also different for the two subsoils examined. After 1 

week of hydration, GCL2 achieved 48% moisture uptake from the sand subsoil, while it 

was about 38% from the clay subsoil under similar conditions (Figure 3.12). This 

observation shows the importance of the subsoil on GCL hydration. The difference in 

hydration behavior of GCL from different subsoils is related to the difference in suction 

levels of the soil and the GCL (Figure 3.2). The initial suction in the sand is much lower 

than that in the clay. This lower suction supplied by the sand subsoil results in a higher 

difference between the suction of the GCL and the subsoil, which leads to the higher 

moisture uptake by the GCL.
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Figure 3.12 Effect of subsoil grain size distribution on GCL hydration

3.5.5 Comparison with results of previous studies

Chevrier et al., (2010) evaluated the rate of hydration of GCL specimens placed over

sand subsoil with an initial moisture content of 12.5%. The specimens were subjected to
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normal stresses of 7.0, 9.9, 14.1, 21.2 and 28.2 kPa under isothermal conditions 

(T=20±2°C). Figure 3.13 compares the data derived in the present study with those of 

Chevrier et al., (2010). As previously noted, results from the present study complement 

those reported by Chevrier et al., (2010) indicating that there is little variation observed 

as the normal stress increases in the range of relatively high normal stresses. However, a 

meager decrease of equilibrium moisture content occurs due to the restriction on swelling 

of the GCL by the applied normal stress. Combining results from the two studies 

indicates that the equilibrium moisture content decreased by approximately 14% as the 

normal stress increased from 2 to 28.2 kPa. Rayhani et al. (2011) reported a higher rate of 

hydration for GCL specimens subjected to 2 kPa normal stress compared to those 

hydrated under unconfined conditions. These studies substantiate the results of the 

present study indicating that increasing the normal stress results in much better contact 

between the GCL and the subsoil, and consequently higher rates of hydration.

180

160co>
c
o

140

O 120 :
• • • * -----------

GCL1-Sand 

- h -  GCL1-Clay

 *

JQ ♦ -  GCL2-Sand
40

— &—  GCL2-Clay 

— «• • Chevrier etal. (2010)

0
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Normal Stress (kPa)
Figure 3.13 Comparison with results of previous studies
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3.6 Summary

The hydration of two different GCL products from subsoil pore water at room 

temperature (i.e. 22°C) was examined under normal stresses ranging from 0 to 8 kPa. The 

results indicate a positive correlation between the rate of hydration and the normal 

stresses tested, which could be attributed to the better contact between the GCL and 

subsoil at the GCL-soil interface. GCL1 placed over sand subsoil while subjected to 8 

kPa normal stress stabilized and attained equilibrium moisture content 16 weeks earlier 

compared to the condition without normal stress. The equilibrium moisture uptake was 

slightly increased for all experiments as the normal stress increased from 0 to 2 kPa. A 

meager decrease was observed as the normal stress increased from 2 to 8 kPa. For 

instance, the equilibrium moisture content for GCL1 in contact with sand subsoil 

decreased from about 112 % to 106.5%. This is attributed to the restriction imposed on 

the swelling of the GCL because of the normal stress. Nevertheless, the equilibrium 

moisture content of GCL 2 with sand subsoil had an insignificant increase from 149.7% 

to 154%) as the normal stress increased from 2 to 5 kPa. Hence it might be concluded 

that the optimum normal stress would be between 2 to 5kPa, resulting in the maximum 

equilibrium moisture content and an adequate rate of hydration. This level of stress can 

easily be provided by a typical Leachate Collection System (LCS) of solid waste 

landfills. Therefore, it is proposed that the LCS be constructed shortly after placement of 

the GCL to provide the sufficient normal stress for hydration. The LCS will also prevent 

the thermal exposure which could suppress the GCL hydration from the underlying 

subsoil.
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In order to validate the data, the results for the maximum water content (wref) 

which GCLs could absorb while immersed in water were determined under similar 

normal stresses (0-8 kPa). The normal stress applied to the GCLs is shown to have no 

significant influence on the maximum moisture which GCLs could absorb. This is mainly 

related to the fact that the swelling stress of GCLs controlled the normal stresses applied 

to them.

The GCL manufacturing techniques were also found to affect the rate of 

hydration. GCL1 and GCL2 attained normalized moisture contents of 72% and 38%, 

respectively, while placed over clay subsoil (o=2 kPa). Hence, it might be concluded that 

the needle-punched and thermally treated connection layer and scrim-reinforced non

woven carrier geotextile of GCL1 provided sufficient anchorage and much better 

hydration in comparison to GCL2.

The grain size distribution of the subsoil was also shown to affect both the rate of 

hydration and the equilibrium moisture content attained. Both GCLs placed over the sand 

subsoil achieved much higher equilibrium moisture uptakes and rate of hydration 

compared to the clay subsoil. This was attributed to the different levels of suction 

provided by the sand and the clay. Since sand has a lower suction compared to clay in 

unsaturated condition, there is a much higher difference between the suction of sand and 

the GCL at their interface. As a result, more water at a much higher rate is absorbed by 

the GCL placed over sand subsoil compared to the clay subsoil.
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CHAPTER: 4 SHRINKAGE OF THE GCL UNDER SIMULATED 

THERMAL CYCLES

4.1 Introduction

The composite liners may be exposed to weather prior to deposition of the waste in the 

landfill. During this time, the temperature of the geomembrane may reach 70°C due to 

daily solar radiation (Pelte et al., 1994; Koerner and Koerner, 1995), which in turn can 

induce drying of the GCL panels. Drying isolated samples of GCL in the lab was shown 

to induce comparatively small maximum shrinkage of about 2%  which is negligible 

compared to values observed in the field setting (3.3-30%) (Thiel et al. 2006). 

Nevertheless, the subsequent drying and cooling cycles under field conditions could 

cause significant amounts of accumulated shrinkage, and separation of the GCL panels 

(Thiel et al. 2006).

The shrinkage data derived in previous studies demonstrate the expected effect of 

various factors on the shrinkage of GCLs subjected to severe thermal cycles (Rowe et al., 

2011a). These experiments, however, did not represent field conditions since the GCL 

samples were not in close contact with subsoil and they were watered directly during the 

cooling cycle over a pan. Therefore, the objective of this chapter is to investigate the 

shrinkage of the GCL under simulated field conditions where the hydration of the GCL is 

influenced by hydraulic reaction of the subsoil and GCL, as well as the initial moisture 

content of the subsoil. The effects of initial moisture content and the aspect ratio of GCL 

specimens on the maximum shrinkage of GCLs are also discussed.
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4.2 Material Properties

4.2.1 Geosynthetic Clay Liners

Three types of GCLs with differences in index properties, including carrier geotextile, 

layer connection, and average peel strength were investigated in this study (Table 4.1). 

All GCLs consisted of a core of granular sodium bentonite clay with similar variations in 

smectite content ranging from 50 to 58%. GCL1 and GCL3 had both fine grained 

bentonite with D50 of 0.35 mm while GCL2 had coarse grained bentonite with D50 of 

nearly 1.0 mm. Grain size distributions for the GCLs bentonite were reported by Rowe et 

al. (2011a). GCL1 and GCL 3 had similar swell and plasticity indices of 24 ml/ 2g min. 

and 216% (ASTM D 4318), respectively. GCL2 had a swell index of 23 ml/ 2g min. and 

plasticity index of 262%

Table 4.1 Properties of GCLs Examined

GCL Total dry 
mass/area 

(g/m2)

Carrier GT Cover GT Connection
Layer

Average
peel

strength
(N)*

Type Mass
(g/m2 )

Type Mass
(g/m2 )

1 3312-4006 SRNW 230-253 NW 200-224 NPTT 260 ± 17

2 4499-5295 W 120-130 NW 260-280 NP 204± 35

3 4555-4988 W 120-130 NW 210-250 NPTT 94± 16

W = Woven, NW = Nonwoven, SRNW = Scrim reinforced nonwoven, NP = Needle punched, NPTT = 
Needle punched & thermally treated; *Tests performed by M. Hosney, Queen’s University

4.2.2 Soil Properties

Ordinary construction sand (SP in USCS classification system, ASTM D2487), and 

Ontario Leda clay (CL) from the Navan landfill near Ottawa, Ontario, Canada were
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utilised as the subsoil to conduct shrinkage analysis. The maximum dry density was 

found to be 1.68 and 1.43 Mg/m3 at the optimum gravimetric moisture contents of 10% 

and 28.3% for the sand (SP) and Clay (CL), respectively, in accordance with the Standard 

Proctor test (ASTM D698). The sand (SP) was non-plastic, and contained approximately 

5% fines passing through the 0.075 mm sieve. The clay (CL) had a plasticity index of 

21.6% (ASTM D4318). The particle size distributions and the Water Retention Curves 

(WRCs) for both subsoils are demonstrated in Figure 4.1 (ASTM D 422) and Figure 4.2 

(Geostudio, 2007 and Taha, 2010), respectively.
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Figure 4.1 Grain size distributions for the subsoils examined
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Figure 4.2 Water Retention Curves (WRCs) for the subsoils examined

4.3 Experimental method

4.3.1 Model preparation

Rectangular wooden containers with internal dimensions of 650 x 300 x 300 mm and 

1520x 300 x 300 mm were utilized to investigate the shrinkage of GCL specimens under 

simulated daily thermal cycles. The former was utilized for experiments with the Aspect 

Ratio (AR) of 2.3 while the latter was used for those with an AR of 5. The aspect ratio 

was defined as the ratio of the length (L) to the width (W) of the GCL specimen, i.e. 

AR=L/W. The model containers were insulated with fibreglass in order to simulate the 

vertical 1-D heat transfer in landfill conditions which occurs due to solar radiation. In 

order to prevent the escape of water outside the container, rubber membrane was 

stretched inside the soil containers.

Tap water with a calcium concentration of 40 mg/1 was used to moisten the dried 

sand (SP) and clay (CL). The moisture content of the subsoil was set at 2% more than the
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optimum gravimetric moisture content, i.e. wopt + 2%. This water content was used to 

simulate the moisture content utilized in the construction of barrier systems of typical 

solid waste landfills. Hence the initial moisture content of the sand and clay subsoils was 

12% and 30%, respectively. The sand was compacted into the container in five layers 

with a final height of 250 mm, and a dry density of 1.51 Mg/m3, i.e. a dry density 

equivalent to 90% of the maximum dry density (pd(max)). Similarly, the clay was 

compacted into the container to a dry density of 1.29 Mg/m3. Afterwards, the containers 

were closed, sealed, and left for 24 hours in order that the soil cures and attains moisture 

equilibrium.

GCL specimens with dimensions of 710 x 300 mm and 1600 x 300 mm were cut 

from the roll for the experiments with AR=2.3 and AR=5, respectively. A border was 

drawn around all sides of the specimens to outline an area of interest of 600 x 270 mm 

and 1350 x 270 mm for the specimens with AR=2.3 and AR=5, respectively. The length 

of the area of interest for the specimens with the aspect ratio of 2.3 was divided by 

vertical lines at 100 mm intervals which were numbered from 1 to 7 (Figure 4.3a). 

Similarly, the specimens with the aspect ratio of 5 were divided by 10 vertical lines with 

150 mm spacing (Figure 4.3b). This was done in order to measure the value of shrinkage 

of the specimens along the transverse direction while subjected to daily thermal cycles. 

The initial length of the vertical lines was approximately 270 mm.
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b)

Figure 4.3 Geometry of the experimental model utilized for the evaluation of GCL shrinkage; a:
AR=2.3, b: AR=5.

In order to hydrate the GCL specimens, sufficient water was sprayed uniformly 

over the GCL specimens using a commercial garden sprayer so that the specimens would 

reach the required initial normalized moisture content (w/wref). The GCL specimens were 

then wrapped in a plastic bag, and left for 24 hours to attain moisture equilibrium. The 

boxes were opened after 24 hours in order to place the GCL samples over the subsoils. 

All samples were restrained at both ends along the vertical direction to simulate field 

conditions where panels of GCLs are anchored at either end. Details of the initial 

normalized moisture content (w/wref) and the aspect ratio of the GCL specimens along 

with the type of subsoils and their initial moisture content are given in Table 4.3.
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4.3.2 Monitoring

5TM sensors were used to measure the moisture content and temperature profile of the 

subsoil during the heat-cool cycles. Capacitance/frequency domain technology is used by 

the 5TM sensor to measure the dielectric constant and, hence, the moisture content of the 

soil. The errors associated with soil salinity are minimized by signal filtering (Decagon 

Devices, Inc.). The sensors were embedded within the soil at different depths, and 

connected to the computer via a data logger (Table 4.2). In order to verify the 

temperature data derived from the 5TM sensors, thermocouples were also utilized to 

measure the temperature at the same depths at which the 5TM sensors were placed. Also, 

the temperature of the headspace on top of the GCL was measured by an additional 

thermocouple to control the heat transferred to the GCL (Z = 0 mm). The container was 

finally closed and sealed with a transparent Plexiglas (with a thickness of 10 mm) in 

order to conduct the test in a closed system. This was intended to represent a GCL 

underlain by a geomembrane which is subjected to thermal cycles in solid waste landfills. 

The geometry of the containers is demonstrated in Figure 4.4.
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Table 4.2 Location of the TM probes embedded within the subsoil
TM

Probe
X(mm)

(AR=2.3/AR=5)
Y(mm) 

(AR=2.3 
& AR=5)

Z
(mm)

1 325/760 150 10
2 325/760 150 30
3 325/760 150 60
4 325/760 150 125
5 325/760 150 240

depth in subsoil

300 mm

Data Logger

Subsoil

\ TM Probe and Thermocouple

Insulator 
Heating blanket 
Plexiglas 

Air space

GCL

650/1520 mm

Figure 4.4 Schematic of the containers used for evaluation of 
shrinkage under simulated daily thermal cycles

4.3.3 Experimental procedure

To simulate daily thermal cycles, a heating blanket was placed over the Plexiglas. The 

heating blanket was set at a temperature of 60 °C. Heat was applied to the surface of the 

Plexiglas for 8 hours, which increased the temperature of the air trapped on top of the 

GCL. Sufficient thermal gradient was provided since heat was only applied from the top 

of the model, and the container was placed on the floor (approximately, there was a
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constant temperature of 20 °C at the bottom of the container). The heating blanket was 

then removed, and the whole system was left at room temperature (22°C) for 16 hours to 

simulate a typical overnight cooling cycle under field conditions. Hence, a total cycle 

lasted 24 hours. The heating temperature of 60 °C represents the typical temperature 

which could be generated in a black geomembrane due to exposure to solar radiation 

(Thiel etal.,2006).

4.3.4 Shrinkage analysis

In order to measure the shrinkage of the GCL specimens along the transverse direction, 

measurements were carried out along the numbered vertical grids. No shrinkage was 

expected nor observed along the length of the specimens due to the anchorage at both 

ends. The GCL specimens were only visible through the Plexiglas after the drying portion 

of the heat-cool cycle. Condensed water beneath the Plexiglas after the cooling portion 

obscured the GCL specimens. Hence, digital images were taken at specified times using a 

10 megapixel digital SLR camera at the end of the drying portion of each daily thermal 

cycle. The camera was fixed to a stand above the containers. Photogrammetry technique 

was applied for shrinkage analysis. The length of the vertical grids was measured via 

digitizing the images using a commercial program (Grapher). The shrinkage of the GCL 

specimens was then calculated along the vertical lines by comparison with their initial 

lengths.
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4.4 Results

4.4.1 Subsoil temperature profile

5TM probes along with thermocouples were utilized to obtain the subsoil temperature 

profile, and also the temperature of the air trapped above the GCL specimen (Z = 0 mm). 

Figure 4.5 demonstrates the temperature profile of the sand (SP) subsoil for both the 

heating and cooling portions of the daily thermal cycles. The temperature of the subsoil 

after the heating portion was significantly higher compared to the cooling portion of the 

daily thermal cycles. In particular, the results indicated much higher temperature 

variation within the top 60 mm which ranged between 34 and 53.4 °C. A meagre 

temperature increase of 6°C was observed at a depth of 240 mm (the approximate bottom 

of the model container) due to accumulation of heat (Figure 4.6).
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Figure 4.6 Applied temperature and temperature profile in sand (SP) subsoil during a thermal cycle 

4.4.2 Subsoil gravimetric moisture content profile

5TM probes were also utilized to obtain the initial and final gravimetric moisture content 

profiles for the sand (SP) and clay (CL) subsoils. The final gravimetric moisture content 

profiles were derived when the daily thermal cycles were terminated. As shown in Figure 

4.7, the gravimetric moisture content of the sand subsoil at depths below 60 mm 

decreased noticeably to an average of 6%. This could be attributed to the grain size 

distribution and lower field capacity of the sand (SP) which in turn resulted in the 

downward movement of water within the subsoil. Thus, as could be expected, the 

gravimetric moisture content at the bottom of the container increased to approximately 

18% for the sand (SP) subsoil. More notable is the fact that no significant variation was 

observed between the initial and final gravimetric moisture content of the clay (CL)
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subsoil. This could be related to the high field capacity of the clay (CL). Figure 4.8 

demonstrates the profile of the gravimetric moisture content during a thermal cycle. As 

can be seen, the moisture content of the clay subsoil during the heating portion of the 

thermal cycle (0-8 hour) slightly increased due to downward transfer of the vapor 

moisture from the GCL to the subsoil.
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Figure 4.7 Profile of the gravimetric moisture content in subsoil before and after the daily thermal
cycle

75



34

<U
D
(/)
o o^ 32
E
p C
‘l. a>
a> c
E oo 30
£
0

28

10 mm 
30 mm 

-6 0  mm

0 205 10 15
Elapsed time (h)

Figure 4.8 Profile of the gravimetric moisture content in clay (CL) subsoil
during a thermal cycle

25

4.4.3 Shrinkage of the GCL

GCL specimens were subjected to daily thermal cycles until they attained equilibrium, 

i.e. their shrinkage leveled out. Figure 4.9 shows the shrinkage of GCL1 (w/wref=25%, 

AR=5) while placed over sand subsoil with an initial gravimetric moisture content of 

12%. Only the results for half of the specimen (grids 1, 2, 3, 4, and 5) were plotted due to 

symmetry of the shrinkage mirrored in the other half of the specimen. The shrinkage 

along the grids increased as the number of thermal cycles applied to the GCL specimens 

increased. In general, the maximum shrinkage was observed at the midpoint of the GCLs. 

The restraint induced by the clamps at either end prevented shrinkage along the grids 

adjacent to the clamps. As shown in Figure 4.9, no shrinkage was observed along grid 1 

while grid 5 underwent the maximum equilibrium shrinkage of 5% for this experiment.
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This could be attributed to the minimum effect of the clamps on the shrinkage at the 

midpoint of the GCL specimens.

No. of Thermal Cycles
204 8 12 160
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GCL1: w/wref=25%, AR=5 
Subsoil: SP, MC= 12%

8
Figure 4.9 Shrinkage of GCL1 (w/wref=25%, AR=5) under simulated thermal cycles, Subsoil: SP,

MC= 12%

The experiments were conducted for GCLs with different initial properties while 

placed over different subsoils. The shrinkage values of GCL specimens after 3 days and 1 

week of simulated daily thermal cycles, as well as the maximum shrinkage and number 

of thermal cycles to reach maximum shrinkage are reported in Table 4.3. All GCL 

specimens were hydrated to the initial normalized moisture content (w/wref) of 85% 

except for the specimen which had an initial normalized moisture content of 25%. GCL 

specimens were measured for their final moisture contents after the termination of the 

daily thermal cycles. In the remainder of this chapter, the factors influencing the 

shrinkage of GCLs under the daily thermal cycles, including the GCL manufacturing 

techniques, their initial moisture content, aspect ratio, and grain size distribution of the
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subsoil along with its initial moisture content are evaluated and discussed. Also, the 

derived data are compared with those of previous studies.

Table 4.3 Details of experiments conducted for shrinkage analysis of GCLs under simulated daily
— — — —  ^ -

Type
GCL Subsoil Shrinkage (%) No. of 

Thermal 
Cycles

Final
MC%Initial

*w/wref
(%)

Initial
MC

(%)

AR Type MC
3

days
1

week
Max.

Shrinkage

1 85 100 5 Sand 12 4.6 10.7 11.3 10 18.5

1 85 100 5 Sand 3 5.9 11 11.2 9 20.2

1 25 100 5 Sand 12 4.6 4.9 5.0 3 16.9

1 85 100 2.3 Sand 12 2.1 6 8.1 10 17

1 85 100 2.3 Clay 30 1.7 4.4 5.5 10 18

2 85 187 2.3 Sand 12 9.1 14.9 14.6 7 23

2 85 187 2.3 Clay 30 3.5 8.1 8.6 8 19.3

3 85 127 2.3 Sand 12 10.6 14.8 14.7 6 20.3

* w/wref (%)= normalized moisture content

4.5 Analysis and Discussion

4.5.1 GCL manufacturing techniques

It is well known that shrinkage and occurrence of gaps between GCL panels induced by 

daily thermal cycles clearly deteriorate the effectiveness of composite barrier systems. 

Rowe et al. (2011b) noted that the shrinkage of GCLs depends on the range of variation 

in their moisture content which occurs due to absorption of moisture from the subsoil 

along with loss of moisture during daily thermal cycles. Different methods utilized to 

manufacture GCLs have been shown to affect the degree of hydration and also the rate of 

absorption of moisture by the GCL from the underlying subsoil (Anderson et al., 2012;
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Rayhani et al., 2011; and Rowe et al., 2011b). Thus, this could also affect the shrinkage 

of GCLs subjected to daily thermal cycles. Particularly, manufacturing techniques of the 

GCLs have been shown to affect the Water Retention Curves (WRCs) of GCLs which 

define their hydration and shrinkage behavior (Beddoe et al., 2010 and 2011).

In order to investigate the role of manufacturing techniques on the shrinkage, 

GCLs 1, 2, and 3 were subjected to simulated daily thermal cycles. All GCL specimens 

had the aspect ratio of 2.3, and were hydrated to 85% normalized moisture content 

(w/wref). This was chosen since GCLs should be sufficiently hydrated in order to have the 

required hydraulic conductivity. The GCLs were placed over sand (SP) subsoil with an 

initial gravimetric moisture content of 12%. Figure 4.10 demonstrates the evolution of 

shrinkage for the GCL specimens along the grid which had the maximum shrinkage 

compared to other grids. GCL1 was found to undergo a maximum shrinkage of 8.1% 

which was approximately half that of the other specimens. Also, the rate of shrinkage for 

GCL1 was significantly less than that of the other specimens. As shown in Table 4.3, the 

shrinkage of GCL2 and 3 reached a plateau within 1 week of daily thermal cycles while it 

took 10 thermal cycles for GCL1 to stabilize. The shrinkage behavior of GCLs could be 

attributed to the different technique utilized in interlocking the carrier and cover 

geotextiles. Although all GCLs were initially hydrated to 85% normalized moisture 

content, GCL1 had the lowest initial gravimetric moisture content compared to the other 

GCL specimens. The final moisture content for all GCLs after the termination of daily 

thermal cycles was found to be approximately 20% (Table 4.3). Hence, it could be 

concluded that GCL1 experienced the smallest variation in moisture content during each 

thermal cycle which in turn resulted in the least shrinkage compared to the other GCL
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types. This is due to the fact that the better anchorage provided in GCL1 induced less 

swelling and as a result less moisture uptake during the cooling portion of the daily 

thermal cycles. GCLs 2 and 3 experienced similar amounts of shrinkage (14.6 and 14.7%, 

respectively). The main difference in their manufacturing techniques was that the former 

used fine granular bentonite with a thermally treated connection layer while the latter had 

coarse granular bentonite with needle-punched connection layer. Hence, it might be 

inferred that thermal treatment of the connection layer alone may not guarantee less 

shrinkage in comparison to simply needle-punched GCLs.

No. of Thermal Cycles
0 4 8 12 16

o
w/wref=85%, AR=2.3 

Subsoil: SP, MC= 12%
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16

Figure 4.10 Effect of the manufacturing techniques of GCLs on maximum shrinkage

The better performance of GCL1 is consistent with the results reported by Rowe et 

al. (2011a) and Thiel et al. (2006), indicating that the thermally treated, needle-punched, 

and scrim-reinforced nonwoven GCL underwent less shrinkage compared to the needle- 

punched GCL with a simple nonwoven carrier geotextile. The maximum shrinkage

80



measured in the current study (8.1%) for GCL1 was found to be less than the values 

reported by Rowe et al. (2011a) (10.8%) and Thiel et al. 2006 (12.8%). This could be 

attributed to the difference in the GCL foundation conditions, which was placed over 

subsoil in this research but simply placed over a pan in the previous studies (Rowe et al., 

2011a; and Thiel et al., 2006). The temperature of the subsoil was clearly lower than that 

of the pans placed in the oven. The frictional force induced by the subsoil could also 

hinder the movement and shrinkage of the GCL.

4.5.2 GCL initial moisture content

GCL rolls typically have different initial moisture contents when they are placed over 

subsoil. In some field conditions, they may also be watered and hydrated to the required 

initial moisture content. In order to investigate the effect of the initial moisture content on 

the potential shrinkage behavior of GCLs subjected to thermal cycles, the results derived 

for the GCL specimens hydrated to initial normalized moisture contents of 25% and 85% 

were juxtaposed for comparison. Specimens of GCL1 with aspect ratios of 5 were placed 

over sand subsoil with an initial gravimetric moisture content of 12%. As shown in 

Figure 4.11, increasing the initial normalized moisture contentfrom 25% to 85% resulted 

in much more accumulated shrinkage at the end of the daily thermal cycles. The former 

stabilized at a maximum shrinkage of 5% after 3 daily thermal cycles, while the latter 

underwent a maximum shrinkage of 11.3% after 10 cycles. This could be attributed to the 

fact that increasing the initial moisture content of the GCL specimens induced a much 

higher variation in moisture content during each daily thermal cycle which in turn caused 

much more shrinkage. The system was closed and sealed which augmented the effect of
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the initial moisture content on the maximum shrinkage of the GCLs. Similar results were 

also reported by Rowe et al. (2011a) in which an increase in the initial moisture content 

led to higher values of shrinkage after 5 thermal cycles.

The results could also be clarified by the WRCs of the GCLs. Beddoe et al. (2011) 

reported that the wetting path WRC and the drying path (which closely follows the 

wetting curve) will be a good combination to study the shrinkage behavior of GCLs. 

Interestingly, their results also showed that the aforementioned curves followed the same 

path, i.e. either of them could be utilized to analyze the wetting and dying portions of the 

thermal cycles. Considering the wetting path WRC for GCL1 derived by Beddoe et al. 

(2011), the corresponding initial suction in GCL1 for 85% and 25% initial normalized 

moisture content will be approximately 5 and 3000 kPa, respectively. Hence it could be 

concluded that the higher initial moisture content resulted in more variation of suction 

during each thermal cycle which in turn resulted in significantly more accumulated 

shrinkage.

No. of Thermal Cycles
0 4 8 12 16

0
GCL1, AR=5 

Subsoil: SP, MC= 12%
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Figure 4.11 Effect of the initial normalized moisture content (w/wref) of GCLs on maximum
shrinkage
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GCLs should be sufficiently hydrated before they are exposed to the waste to 

prevent the escape of contaminants. The final gravimetric moisture content for all GCL 

specimens was found to approximately 20% after the termination of the daily thermal 

cycles. Hence, it could be concluded that solar radiation could also significantly decrease 

the equilibrium moisture content of GCLs which in turn induces higher hydraulic 

conductivity of GCLs. Anderson et al. (2012) and Rowe et al. (2011b) investigated the 

effect of daily thermal cycles on the hydration of GCLs, indicating that the daily thermal 

cycles could significantly decrease the rate of hydration as well as the equilibrium 

moisture content of GCLs.

4.5.3 GCL aspect ratio

In general, the GCL panels normally utilized in solid waste landfills have an aspect ratio 

of 7 to 10 (Thiel et al. 2006). Bostwick et al. (2010, 2007) conducted a series of GCL 

shrinkage tests in ovens to evaluate the effect of aspect ratio on the maximum shrinkage 

of a coarse granular GCL which had nonwoven carrier and cover geotextiles needle- 

punched together. They reported that the maximum shrinkage of the GCL specimen with 

an aspect ratio of 10 was nearly 25% more than that of the specimen with an aspect ratio 

of 1.6, and that no significant difference was observed between the specimens with aspect 

ratios of 5 and 10. This was attributed to the lessening of the effect of the restraint at the 

ends of specimens on hindering the movement and shrinkage at the midpoint for panels 

with higher value aspect ratios. Nonetheless, no data has been documented in the 

literature regarding the effect of aspect ratio on shrinkage of GCLs under thermal cycles 

when placed on subsoil in a closed system simulating field conditions. Thus, the results
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derived for two specimens of GCL1 with aspect ratios of 2.3 and 5 were compared in 

order to evaluate the potential effect of the aspect ratio on the maximum shrinkage of 

GCLs. Both GCL specimens were hydrated to an initial normalized moisture content of 

85%, and were placed over sand subsoil with an initial gravimetric moisture content of 

12%. As shown in Figure 4.12, there was a noteworthy increase in the maximum 

shrinkage from 8.1 to 11.3% as the aspect ratio increased from 2.3 to 5. In other words, 

the required overlap to prevent panel separation for typical 4.5 m wide GCL panels with 

an aspect ratio of 2.3 and 5 would be approximately 360 mm and 500 mm, respectively.

The maximum shrinkages of 8.1% (AR=2.3) and 11.3% (AR=5) in the current 

study are less than those reported by Bostwick et al. (2010) of 10.5% (AR=1.6) and 

13.4% (AR=5). This could be attributed to the difference between the pan tests and the 

system utilized in the current study. Also, the fact that the type of the GCL in the present 

study is different from that of Bostwick et al. (2010) might be another plausible reason.

No. of Thermal Cycles
0 4 8 12 16

0

GCL1, w/wref=85% 
Subsoil: SP, MC= 12%
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Figure 4.12 Effect of the aspect ratio of GCLs on maximum shrinkage
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4.5.4 Subsoil grain size distribution

The grain size distribution of the subsoil has been shown to affect the rate of hydration as 

well as the equilibrium moisture content of GCLs (Anderson et al., 2012; Chevrier et al., 

2012; Rayhani et al., 2011; and Rowe et al., 2011). However, there is a paucity of data 

reported in the literature concerning the effect of the grain size distribution of subsoil on 

the shrinkage of GCLs. Figure 4.13 demonstrates the evolution of maximum shrinkage 

observed at the end of each thermal cycle for GCL1 (AR=2.3, and w/wref=85%) placed 

over sand (SP) and clay (CL) subsoils with initial moisture contents of 12% and 30%, 

respectively. The results indicated that the GCL specimen placed over sand subsoil 

experienced more shrinkage compared to the specimen placed over clay subsoil. The 

former was found to stabilize at the maximum shrinkage of 8.1% while the latter had the 

maximum shrinkage of 5.5% at the end of the daily thermal cycles. This could be 

explained by analysis of the hydration behavior of GCLs from the sand subsoil. The 

initial suction of sand is relatively lower than that of the clay during the hydration which 

occurs in the cooling portion of each daily thermal cycle (Figure 4.2). Hence the 

difference in suction between the GCL and sand subsoil is more than that of the GCL- 

clay interface which causes much more moisture uptake during the cooling cycle. This 

would induce higher moisture variation during daily thermal cycles, which in turn causes 

much more accumulated shrinkage for the GCL placed over sand subsoil.

It should be noted that the results of pan tests conducted by Thiel et al. (2006) could 

also corroborate more shrinkage for a GCL placed over sand subsoil. Thiel et al. (2006) 

reported that a decrease in the volume of water added to GCL1 during each cycle from
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500 ml to 300 ml (i.e. approximate reduction of normalized moisture content (w/wref) 

from 55% to 33%) induced a decrease in the maximum shrinkage from 19.2% to 14.4% 

after 40 wet-dry cycles. However, Rowe et al. (2011a) demonstrated that increasing the 

moisture content of GCL1 at the beginning of each thermal cycle from 65% to 100% (i.e. 

approximate increase of normalized moisture content (w/wref) from 55% to 85%) did not 

significantly affect the maximum shrinkage. This could be elucidated by the wetting 

WRC given by Beddoe et al. (2011). That said, due to the logarithmic feature of the 

WRC and a lower slope in the high suction region, decreasing the moisture content of the 

GCL in higher suction values (i.e. lower moisture contents) caused significantly smaller 

suction cycles and lower shrinkage. Hence, it could be concluded that the GCL with sand 

subsoil is expected to undergo more shrinkage than that with clay subsoil provided that 

the sand subsoil has the sufficient moisture for hydration of the GCL in cooling portion 

of thermal cycles.

No. of Thermal Cycles 
8 16124o

o
GCL1, w/wref=85%, AR=2.3
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c'u
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CO 8

SP, MC=12% 
CL, MC=30%

12
Figure 4.13 Effect of the grain size distribution of subsoil on maximum shrinkage
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4.5.5 Subsoil initial moisture content

The initial moisture content of the subsoil may vary based on the field conditions, i.e. the 

groundwater level, the type of subsoil, the weather conditions, etc. Hence the maximum 

shrinkage results obtained on sand subsoil with initial gravimetric moisture contents of 

3% and 12% were compared to investigate the potential effects of the initial moisture 

content of the subsoil on the shrinkage of GCLs. Both GCL specimens (GCL1) were 

hydrated to an initial normalized moisture content of 85%, and had an aspect ratio of 5. 

As shown in Figure 4.14, no significant difference between the shrinkage of the GCL 

specimens was observed, and they both leveled out at the maximum shrinkage of 

approximately 11% (Table 4.3). This could be due to the low field capacity water content 

of the sand. The sand subsoil with a higher initial moisture content of 12% ended up at a 

final moisture content of approximately 5% near the soil surface. This moisture content is 

close to the initial moisture content used in the other experiment (3%), leading to a small 

difference between the moisture contents of both subsoils. This shows that there was no 

significant difference in either experiment in terms of providing water for the GCL 

specimen during the cooling cycles which in turn induced no considerable change in the 

values of the shrinkage.
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Figure 4.14 Effect of the initial moisture content of the subsoil on maximum shrinkage

4.6 Summary

A series of experimental models were utilized to evaluate the effect of daily thermal 

cycles on the shrinkage of three different GCL products placed in contact with different 

subsoils. The GCL specimens were subjected to the elevated temperature of 60°C for 8 

hrs and subsequent cooling at room temperature for 16 hrs. This simulated the typical 

field conditions where the geomembrane placed over the GCL roll is exposed to solar 

radiation. The following conclusions were drawn from these experiments:

■ The needle-punched and thermally treated GCL with scrim-reinforced nonwoven 

carrier geotextile (GCL1) experienced a maximum shrinkage of 8.1% which was 

significantly less (about 6.5%) than that of the other two products (14.6-14.7%). 

This could be attributed to the better of anchorage of GCL1 which limited the 

range of moisture variation in the GCL during the thermal cycles and, hence, 

limited the shrinkage of the GCL.
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■ The initial moisture contentof the GCL significantly affected the maximum 

shrinkage under daily thermal cycles. The maximum shrinkage increased from 

5% to 11.3% as the initial normalized moisture contentof GCL increased from 

25% to 85%. Higher variation of the moisture content associated with the 

specimens with higher initial moisture contentscould be considered as the reason 

for more shrinkage of the GCLs.

■ Increasing the ratio of the GCL panel length to width (aspect ratio) could cause 

augmentation of the shrinkage. This could be due to the less effect of the clamps 

at either end in hindering the movement and shrinkage at the midpoint of the GCL 

panel.

■ The grain size distribution of the subsoil could affect the maximum shrinkage due 

to the difference in moisture content variation during each daily thermal cycle. 

GCL1 with sand subsoil (SP) underwent more shrinkage (8.1%) compared to the 

same GCL with Clay subsoil (CL) (5.5%).

■ The initial moisture content of the sand subsoil was found to have no significant 

influence on the maximum shrinkage of GCL with an initial normalized moisture 

content (w/wref) of 85%. This could be attributed to the low field capacity 

moisture content of the sand. Increasing the initial moisture content of the subsoil 

from 3% to 12% did not seem to make any significant difference in the amount of 

the moisture available to the GCL and, consequently, the maximum shrinkage.

■ The final gravimetric moisture content of all GCL specimens at the end of daily 

thermal cycles was found to be approximately 20% regardless of their initial 

moisture content. This shows the severe effect of thermal cycles on impeding the

89



moisture uptake by the GCL which in turn reduces the hydraulic performance of 

the GCL. Thus, the liner should be covered by the cover soil or Leachate 

Collection System (LCS) shortly after its installation. This would prevent the loss 

of moisture as well as significant shrinkage of the GCL panels induced by solar 

radiation.

The values of shrinkage given in the current study indicate the potential effect of 

thermal cycles on the shrinkage of GCLs which is influenced by the GCL and subsoil 

properties. It should be noted that the results reported could only be considered for the 

careful design in composite landfill liners. This is due to the fact that there are many 

other factors which could affect the maximum shrinkage of GCLs, including the 

bentonite mass distribution (Bostwick et al. 2010) and the severity of field conditions.
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CHAPTER: 5 CONCLUSIONS AND RECOMMENDATIONS

5.1 Summary and conclusions

Geosynthetic Clay Liners are typically underlain by the geomembrane as part of a 

composite liner to prevent the escape of the contaminants from the solid waste landfills. 

The GCL should have a sufficient rate of hydration (moisture uptake) from the 

underlying subsoil in order to become adequately saturated prior to exposure to the 

leachate of the waste. This is attributed to the fact that higher moisture content of the 

GCL results in lower bulk void ratio and, hence, lower hydraulic conductivity. There are 

many factors which have been shown in the literature to affect the hydration of the GCL, 

including the GCL manufacturing techniques, grain size distribution of the subsoil, initial 

moisture content of the subsoil, etc. After the installation of the GCL, the liner is either 

covered by the cover soil or leachate collection system shortly after its installation or it 

may be exposed to weather for several months prior to being covered due to practical or 

economic issues. The normal stress provided by the overlying LCS and/or waste could 

affect the hydration behavior of the GCL. However, only a few studies have been 

conducted to evaluate this phenomenon. In this study, the hydration of two types of GCLs 

in contact with Sand (SP) or Clay (CL) subsoils while subjected to different normal 

stresses (0-8kPa) was investigated. The following conclusions were extracted from this 

study:
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■ The rate of moisture uptake from the subsoil increased as the normal stress 

applied to the GCL increased from 0 to 8kPa due to improvement of contact 

intimacy at the GCL-subsoil interface. GCL1 with sand subsoil (SP, MC=12%) 

under 8kPa normal stress was found to attain 62% gravimetric moisture content 

within one week of hydration while the unconfmed specimen of the same GCL 

attained the moisture content of 36% within the same period. Furthermore, the 

optimum normal stress which could induce the maximum equilibrium moisture 

content as well as adequately high rate of hydration would be between 2 and 

5kPa.

■ Scrim-reinforcement of the carrier geotextile along with the thermal treatment of 

the connection layer induced sufficient anchorage, and in turn better hydration. 

GCL1 underwent significantly higher rate of hydration in comparison to GCL2 

which had simply-needle punched connection layer. Also, the normalized 

equilibrium moisture content (w/wref) for GCL1 with clay (CL) subsoil was found 

to be approximately twice that of the GCL2 under similar conditions for all levels 

of normal stress.

■ The grain size distribution of the subsoil also affected the hydration behavior of 

the GCL. The GCL specimen with sand (SP) subsoil underwent considerably 

higher rate of hydration compared to those with clay (CL) subsoil. This is 

associated with the higher difference of suction at the GCL-sand interface than 

that of the GCL-Clay interface.
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On the other hand, the liner may be exposed to solar radiation and, therefore, 

thermal cycles for several months prior to being covered. Both laboratory investigations 

and case histories have demonstrated the shrinkage and separation of GCL panels under 

thermal cycles. However, there were considerable uncertainties pertaining to the factors 

affecting the shrinkage of GCLs while they are in close contact with subsoil. Therefore, a 

series of experimental models was initiated to evaluate the shrinkage of different types of 

GCLs placed over sand (SP) and clay (CL) subsoil. The following conclusions could be 

drawn after the evaluation of the results:

■ The thermally treated, scrim-reinforced GCL with sand subsoil underwent the 

lowest value of maximum shrinkage (8.1%) compared to the other types of GCLs 

due to better anchorage of the connection layer and, hence, lower variation of 

moisture content in each thermal cycle.

■ Increasing the initial moisture content of the GCL specimen could significantly 

increase the maximum shrinkage. Also, the grain size distribution of the subsoil 

affects the shrinkage potential of the GCL. The maximum value of shrinkage for 

GCL with sand (SP) subsoil was found to be more than that of clay (CL) subsoil. 

Higher variation of moisture content in each thermal cycle is considered to be the 

main reason for these phenomena.

■ Increasing the aspect ratio which is defined as the ratio of the length to the width 

of the GCL panel could increase the possibility of panel separation due to the less 

effect of the restraints at either end on hindering the shrinkage.
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It should be also noted that the daily thermal cycles significantly decreased the 

moisture content of the GCLs (less than 20%). Hence, it is recommended that the 

geomembrane is covered by the cover soil or the leachate connection system shortly after 

the installation of the liner. This will in turn provide the sufficient normal stress (2-5kPa) 

for the better hydration of the GCL, and also impede significant moisture loss and 

shrinkage of the GCL panels due to prevention of the liner exposure to the weather.

5.2 Recommendation for Future Studies

The results of this research provide an understanding regarding the mechanisms involved 

in hydration and shrinkage of the GCLs. Generally, the previous studies along with the 

current research evaluated the effect of some variables (e.g. the level of normal stress, 

temperature, the type of subsoil, GCL manufacturing technique, grain size distribution of 

the subsoil, etc.) on the hydration or shrinkage of the GCL. However, the hydration of the 

GCL after waste placement is dependent on the conjunction of the aforementioned 

factors. For instance, the liner is expected to be influenced simultaneously by the high 

levels of normal stress and temperature as well as being exposed to the leachate. Hence, it 

could be beneficial to investigate this phenomenon in future studies in order to establish a 

better understanding of the hydration potential, the hydraulic conductivity, and 

consequently the service life of the GCLs under field exposure conditions. Also, the data 

obtained could be utilized for numerical analysis of the hydration and shrinkage of the 

GCLs which could be a key to a new era for the analysis and design of the composite 

liners.
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APPENDICES

Appendix A

Hydration of the GCL from the subsoil under different levels of normal stress
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Appendix B

Shrinkage of the GCL under the simulated daily thermal cycles
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Shrinkage (%) of GCL1 (w/wref =85%, AR=2.3) under simulated thermal cycles, Subsoil: SP,
MC= 12%
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