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Abstract: The potential shrinkage of eight different geosynthetic clay liners (GCLs) subjected to wetting and drying cycles is examined. It is
shown that the initial (e.g, off-the-roll) moisture content may affect the initial shrinkage but did not notably affect the final equilibrium
shrinkage. For GCLs with granular bentonite and wetted to a moisture content of about 60% (or greater) in the hydration phase, the actual
moisture content did not appear to affect the magnitude of the final equilibrium shrinkage. However, it did affect the rate of shrinkage.
Specimens brought to about 100% moisture content in each cycle reached a constant shrinkage value much faster than those brought
to about 60% in each wetting cycle. GCLs containing powdered bentonite generally shrank more than those containing granular bentonite.
All of the powdered bentonite specimens continued a slow accumulation of strain with increasing cycles, even up to 75 cycles. The shrinkage
of a needle-punched GCL with a thermally treated scrim-reinforced nonwoven carrier geotextile and granular bentonite was less than that for
a needle-punched GCL with a simple nonwoven carrier and granular bentonite. For some products, there was considerable variability in GCL
shrinkage for specimens from the same roll and tested under nominally identical conditions, whereas for other products, the variability was
relatively small. The shrinkage strain required to cause the loss of a 150–300 mm panel overlap is shown to be able to be mobilized in
about five wet-dry cycles in the experiments reported. DOI: 10.1061/(ASCE)GT.1943-5606.0000522. © 2011 American Society of Civil
Engineers.

CE Database subject headings: Shrinkage; Bentonite; Hydration; Dewatering; Moisture.

Author keywords: GCL; Shrinkage; Bentonite.

Introduction

The primary function of a geosynthetic clay liner (GCL) in a
composite liner is to minimize leakage through any holes in the
overlying geomembrane (Rowe 2005; Saidi et al. 2008). Many
factors can affect the performance of GCLs used alone or as part
of composite liners (e.g., Benson et al. 2010a; Dickinson and
Brachman 2010); however, one aspect that has received very little
attention is the effect of overlaps of GCL panels. Historically, the
GCL has typically been installed in panels with a 150 mm overlap
of the panels with powdered bentonite between the overlaps to en-
sure good hydraulic behavior (Cooley and Daniel 1995; Benson
et al. 2004). The overlying geomembrane is typically covered with
soil once installed, but sometimes it is left exposed to the atmos-
phere for operational reasons for periods ranging from months to
years. Leaving composite liners uncovered has resulted in five re-
ported cases of needle-punched GCL panel movement in which the
initial 150 mm overlap had been lost and significant gaps between

panels have been observed (Thiel and Richardson 2005; Koerner
and Koerner 2005a, b; Thiel et al. 2006). These cases corresponded
to composite liners both on side slopes and the landfill base and
exposure periods of 2 months to 5 years. Panel separations of
300 and 450 mm were observed after only two months of
exposure for two needle-punched GCLs on a base with 4° slope.
In another case, a separation of 1,200 mm occurred after 36 months
of exposure on a 34° slope (Thiel et al. 2006). However, there is
also a published case (Gassner 2009) in which a needle-punched
GCL experienced only 50 mm of shrinkage during 18 months of
exposure on a 18° slope. Instances of panel separation in the field
occurred over a range of environmental conditions (such as temper-
ature, humidity, and type of subsoil).

The objective of this paper is to examine the effect that the type
of GCL may have on the magnitude of shrinkage in an experimen-
tal program that represents a significant extension of the work of
Thiel et al. (2006). The various features of different products, such
as the type of carrier geotextile and the type and granularity of the
bentonite, were systematically examined to assess the role the effect
that these variables may have on GCL shrinkage when subjected to
wet-dry cycles in the laboratory.

Background Information

There has been relatively little research into the shrinkage of GCL
panels. Although the problem of field shrinkage of high-moisture-
content, unreinforced GCLs has long been known, it was not
expected to occur with reinforced (i.e., needle-punched) products
(Mackey 1997; Thiel et al. 2006). Indeed, Koerner and Koerner
(2005a, b) stated that field drying alone of a high-moisture-content
reinforced GCL was not known to cause shrinkage. Following
the recognition of the panel separation issue, a laboratory
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testing program was initiated by Thiel et al. (2006). In their experi-
ments, GCLs nominally similar to GCL1–GCL4 examined in
this study (Table 1) were subjected to wet-dry cycling and their
shrinkage monitored. Following this study, it was concluded that
wet-dry cycling had the potential to cause shrinkage in the GCL
to the degree observed in the field. Thiel et al. (2006) also showed
that geotextiles alone exhibit very little shrinkage (maximum of
2.4%). However, with one exception, the study by Thiel et al. was
limited to one specimen per product.

Thiel et al. (2006) did test one product type (GCL2) twice,
although these tests were not strictly identical because they were
on two versions of the product with one having a much greater
needle-punching density and significantly higher peel strength than
the other. After 40 cycles in these tests, there was substantial varia-
tion in the accumulated shrinkage (12.9 and 19.2% for GCLs with
construction similar to GCL2 but peel strengths of 2 and 0:8 kN=m,
respectively). However, it is not possible to tell from these data
whether this difference was due to the significantly different peel
strengths or was a reflection of potential sample variability because,
in general, there was a poor correlation between the amount of
shrinkage and the peel strength of the different products. For ex-
ample, the maximum shrinkage (23%) was for a product similar to
GCL4 having a peel strength of 2 kN=m, followed by 20.6% for a
product similar to GCL3 (peel strength 1 kN=m), then 19.2% for
a product similar to GCL2 with peel strength of 0:8 kN=m, then
14.5% for a product similar to GCL1 (peel strength 0:3 kN=m),
and the lowest was 12.9% for a product similar to GCL2 with peel
strength of 2 kN=m. Thiel et al.’s tests focused primarily on illus-
trating that wet-dry cycles could accumulate sufficient shrinkage to
explain panel separation. The test for the GCL4 gave 23% shrink-
age (equivalent to just over 1,000 mm in the field), which could
explain all but one of the field cases of panel separation observed
for that product.

Testing Program

Materials

It is well known that the type of bentonite can affect its swelling
(and shrinkage) and interaction with different permeants (e.g.,
Rowe et al. 2004; Katsumi et al. 2008; Benson et al. 2010b; Gates
and Bouazza 2010; Hornsey et al. 2010; Lange et al. 2010;
Rosin-Paumier et al. 2010; Shackelford et al. 2010). Thus, eight
different GCL products were examined in this study. Four (two
containing coarse granular bentonite and two containing fine
granular bentonite) were manufactured for the North American
market, while four others, consisting of powdered bentonite, were

manufactured in Europe. The four North American products used
in this study have been previously examined for GCL shrinkage
(Thiel et al. 2006; Bostwick et al. 2007, 2008, 2010; Rowe et al.
2010), with a comparison between test results provided for GCLs
without heat tacking in Bostwick et al. (2010); to the writers’
knowledge, the powdered European products have not previously
been examined in cyclic wet-dry shrinkage tests. This study also
reports a far more extensive study than that reported in conference
papers by Thiel et al. (2006) or Bostwick et al. (2007, 2008).
A summary of the products examined is given in Table 1 and details
of bentonite grain size classification are given in Fig. 1. Peel test
and swell index values are given in Table 2.

Three different types of bentonite were examined. Bentonite
type A was a Wyoming sodium bentonite used in both the North
American and the European products, in all three granularities
(Table 1). As reported by the supplier, bentonite type B was also
sodium bentonite but not Wyoming sodium bentonite, and C was a
blend of sodium bentonites from different sources (including
Wyoming sodium bentonite). The swell indexes are given in Table 2
for the bentonite used in each GCL. The swell index of the type A
bentonite used in the various GCLs was fairly consistent for a given
roll of GCL but varied between 23 and 32 mL=g from product to
product (probably reflecting variability in the bentonite provided
from nominally the same source from time to time). The swell
index for bentonite B was 24–25 mL=g and C was 28 mL=g.

Test Specimens

Both restrained (R) and unrestrained (UR) specimens were tested.
Preliminary tests by Bostwick et al. (2008) demonstrated that this
factor does not significantly impact the final maximum shrinkage.

Table 1. Properties of Needle-Punched GCLs Examined

Product
Average dry
mass (g=m2)

Range of dry
mass (g=m2)

Range of
initial moisture
contents (%)

Cover
GT

Average cover
GT mass
(g=m2)

Carrier
GT

Average carrier
GT mass (g=m2)

Bentonite
granularity
and type

Thermally
treated?

GCL1 4970 4880–5060 < 1–7 NW 240 W 120 Fine, A Yes

GCL2 4380 3690–5010 3–65 NW 230 NWSR 260 Fine, A Yes

GCL3 5550 5100–6030 0–19 NW 280 W 130 Coarse, A No

GCL4 4870 4510–5170 5–72 NW 260 NW 230 Coarse, A No

GCL5 5380 5360–5410 10 NW 410 NWSR 500 Powdered, A Yes

GCL6 4740 4710–4780 11 NW 310 NWSR 440 Powdered, B Yes

GCL7 4860 4860–4870 11–12 NW with bentonite 410 W 220 Powdered, C Yes

GCL8 4680 4670–4690 9–10 NW 240 W 140 Powdered, B Yes

Note: NW, nonwoven; W, woven; NWSR, scrim-reinforced nonwoven; GT, geotextile.

Fig. 1. Grain-size analysis of bentonites from various GCL products
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Each specimen, whether restrained or unrestrained, had a testing
area of 550 by 350 mm; this was further reduced to an area of in-
terest of 500 by 300 mm by drawing a 25 mm border on all sides of
the specimen. By analyzing only the area of interest, edge effects
were avoided.

After specimens were cut and prepared, they were placed on
individual smooth aluminum baking pans. Unrestrained specimens
were allowed to move freely on the pan, while restrained specimens
were held down with 25-mm-wide clamps at either end. Circular
control markers, used for calibration during photogrammetric
analysis, were also added to the pans. An example of a restrained
specimen is shown in Fig. 2.

Testing Process

Once the initial conditions of each specimen were recorded (e.g.,
water content, mass per unit area, and measurements at grid lines),
the specimens were wet with a specified amount of water. An 8 L
commercial garden sprayer was used to apply the water in a uni-
form manner across the specimen. The amount of water varied
according to the specimen being tested, as noted subsequently.

In test series I, 500 g of water was added to reproduce the
base-case test conditions adopted by Thiel et al. (2006), which was
selected on the basis of a target moisture content of about 65% be-
cause this was reported by Daniel et al. (1993) to be a typical water
content reached through moisture uptake from soil. However, be-
cause the mass per unit area of the specimens tested varied widely,
the application of a constant mass of water meant that, in fact, mois-
ture content varied and generally was not 65%. Thus, in test series
II, the amount of water was selected to give a target water content of
60% of specimen dry mass after moisture uptake. Two additional
test series (III and IV) examined the effect of adding extra water
during the hydration phase; these test series were conducted
concurrently with test series I and II. In test series III, specimens

were wet with 1,000 g of water. In test series IV, the amount of
water added was selected such that it would bring the specimens
to a target water content equal to 100% of specimens’ dry mass.

Following the wetting process, specimens were allowed to hy-
drate for 8 h in a temperature-controlled room at 20°C. During this
period, the specimens were covered with moisture-barrier plastic to
prevent moisture loss to the atmosphere.

The subsequent drying phase, which lasted 15 h, took place in
ovens set to 60°C. This temperature was on the basis of that used by
Thiel et al. (2006) to approximate the temperature that can be
reached by a black geomembrane exposed to solar radiation. Pelte
et al. (1994) measured a maximum geomembrane temperature of
70°C in the field. At the completion of the drying phase, the sam-
ples had reached an average moisture content of slightly less than
1%. The handling phase took approximately 1 h, resulting in a total
cycle length of 24 h.

The described experiments were not intended to give the ex-
pected shrinkage strains under field conditions, but rather to indi-
cate the effect of variables examined on the maximum amount of
shrinkage that might be expected under extreme exposure condi-
tions. For the GCL to shrink, it must first uptake moisture, lose
it, and then uptake it again. In this paper, the GCLs were wetted
with spray from a water bottle. However, in the field, GCL moisture
uptake will be partly because of uptake from the soil and partly
because of condensation of water evaporated from the GCL.
The experiments reported herein approximate the latter mechanism.
The uptake of moisture from the soil and its dependence on the
water-retention curve and the water content of the foundation soil
as well as the water-retention curve for the GCL is not examined in
the present study.

Strain Measurement

Definition of Specimen Strain

For restrained specimens, the restraint caused specimens to neck
(Thiel et al. 2006; Bostwick et al. 2007, 2008), and hence, the
maximum strain occurred near the midpoint of the specimen. To
minimize the risk of a single point measurement giving excessive
and unrepresentative strain, strain in restrained specimens was ex-
pressed as the average strain on the basis of measurements 100 mm
to either side of the maximum individual value. This is termed the
maximum strain.

For unrestrained specimens, the lack of restraint meant that no
necking occurred; therefore, all shrinkage on unrestrained speci-
mens was expressed as the average shrinkage along the entire
length of the specimen for the transverse (across-roll) direction
and across the entire width of the specimen for the longitudinal
(roll) direction.

Table 2. Peel Strengths of Needle-Punched GCLs Examined and Swell Index

Product
Average peak

peel strength (N)

Standard deviation
of average peak peel

strength (N)
Average bonding peel

strength (kN=m)

Standard deviation of
average bonding peel
strength (kN=m)

Mean swell
index (mL=2 g)

Standard deviation
of swell index
(mL=2 g)

GCL1 93.8 16.5 0.66 0.09 25.3 0.4

GCL2 260 16.8 2.37 0.12 22.6 0.5

GCL3 204 35.7 1.51 0.26 32.2 0.3

GCL4 219 29.6 1.78 0.28 23.2 0.3

GCL5 207 33.7 1.51 0.19 27.1 0.3

GCL6 224 16.9 1.71 0.09 24.3 0.6

GCL7 97.0 14.2 0.73 0.06 27.7 0.3

GCL8 54.0 4.2 0.41 0.04 25.3 0.6

Fig. 2. Setup of restrained pan tests
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This paper does not specifically address the possible effect of
anisotropic shrinkage on overall shrinkage behavior. Bostwick et al.
(2010) demonstrated that there is no apparent variability in longi-
tudinal and transverse shrinkage for GCL2. GCL4 often exhibited
preferential shrinkage in the longitudinal direction; however, this
was not always the case and this was likely due to the considerable
variability in the distribution of bentonite within a single sample
of GCL4.

Hand Measurements

During testing, hand measurements were taken of each of the
specimens following every drying cycle. Measurements were taken
at each of the grid lines, and were only taken within the area of
interest; this resulted in five measurements per cycle for restrained
specimens, and 10 measurements per cycle for unrestrained spec-
imens. This allowed an approximate measurement of strain as
testing progressed. These measurements were only used as a check
on the primary method of measurement—image analysis as is
subsequently discussed. Final hand measurements are given by
Bostwick (2009).

Image Analysis

A 10 megapixel (MP) digital SLR camera was used to capture dig-
ital images of each specimen at the end of both the hydration and
the drying portions of the imposed moisture cycles. These images
were used to calculate shrinkage deformation using the program
GeoPIV (White et al. 2003).

The first stage of the image-based deformation measurement
analysis is the definition of the regions to be tracked. In the soft-
ware GeoPIV, these regions (or patches) consist of a small portion
of the original matrix comprising the initial image. These 64 ×
64 pixel square patches were selected to form 51 pairs on each
specimen, coincident with the border lines. Each patch consists
of its own unique distribution of pixel color intensity; to enhance
the contrast on products with white geotextiles, black paint was
applied to the specimen. The uniqueness of each patch made it
traceable throughout the series of images, thus allowing movement
to be calculated. A series of control markers was drawn on each pan
to provide static reference points, which allowed precise calibration
of the pans using close-range photogrammetry.

According to White et al. (2003), GeoPIV is capable of a pre-
cision up to 0.1 pixels. Thus, the error in an analysis is dependent
on the resolution of the photograph taken. Photographs taken with a
10 MP camera, with dimensions of 3;588 × 2;592 pixels and, thus,
a resolution of approximately 0:17 mm=pixel, have an approximate
error of 0.02 mm. The conversion of this error to percent strain
depends on the gauge length being studied. For a transverse-strain
measurement with a gauge length of 300 mm, the approximate
error would be 0.006%.

Discussion of Test Results

Effect of Initial Moisture Content

One of the differences between different GCL products is the
initial off-the-roll moisture content. For example, for GCL2, a typ-
ical value is less than 10%, whereas GCL4 is typically 15–30%.
The initial moisture content for some specimens used in these tests
was around 5–7%, which indicates that some drying occurred
during storage; these specimens may have undergone an unin-
tended first drying relative to the off-the-roll moisture content prior
to being cut.

To examine the effect of the initial water content at the start of
the first wetting/drying cycle for GCL4 (which typically has a rel-
atively high off-the-roll moisture content), water was added prior to
testing to artificially raise the moisture content from the off-the-roll
value stored in the lab (5% for GCL4-UR-4) to initial values of 19%
(GCL4-UR-3), 64% (GCL4-UR-12), and 72% (GCL4-UR-6) to
cover an extreme range of possible initial conditions. These spec-
imens were allowed to equilibrate prior to the addition of 500 g of
water used in the wetting phase. Fig. 3 and Table 3 demonstrate that
although there was a wide range in observed shrinkage values for
these four samples, there does not appear to be any strong corre-
lation on the basis of the initial moisture content (at least for GCL4,
which came with the highest off-the-roll moisture contents). As
shown in Table 3, the average moisture content following drying
was independent of the initial moisture content. Thus, in these ex-
periments, the drying portion of the cycle is sufficient to negate the
effects of initial moisture content, returning the specimens to the
same moisture content for the second and subsequent cycles. While
a higher initial moisture content might increase the shrinkage in the
very first cycle (as is evident from Fig. 3) and, hence, the accumu-
lated strain in the first few cycles, after a number of cycles, the
effect is lost and at equilibrium there is no apparent effect.
Indeed, the highest strain (8.2%) was not for the specimen with
the highest initial water content, and the lowest final equilibrium
strain (6.6–6.8%) was for specimens with the lowest and highest
initial water contents (Table 3). However, the difference in the first
few cycles could be of practical importance for GCLs only left
exposed for a few wet/dry cycles. The strain after five cycles
was 3.2–3.8% for the specimens with low initial water content
and 6.1–6.2% for the specimens with higher initial water contents.

To put the noted strains in context, for typical 4.4–4.7 m wide
GCL rolls, and assuming adjacent rolls shrink in a similar manner, a
shrinkage of 3.2–3.4% would give panel separation for a 150 mm
overlap and shrinkage of 6.4–6.8% would give panel separation for
a 300 mm overlap. Thus, for a 150 mm panel overlap, separation of
GCL4 could occur after only a couple of cycles if the GCL had
developed a water content above 100% prior to the first drying
cycles, or after as few as five cycles if the moisture content was
in the range of 50–80%. This may be a contributing factor to
the fact that GCL4, which starts with a higher initial water content,
has shown panel separation after only a few months exposure on a
flat (4%) slope in the field (Thiel et al. 2006).

Effect of Extra Added Water

Thiel et al. (2006) noted that reducing the amount of water added
from the original 500 to 300 mL resulted in approximately 25% less

Fig. 3. Effect of initial moisture content on shrinkage of GCL4
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shrinkage for GCL2. To examine this issue further, a series of ex-
periments was undertaken in which more water was added during
the hydration process. For series III, 1,000 g was added instead of
500 g (series I); in series IV, the water content was raised to 100%
of the dry mass compared to the usual 60% in series II (Table 4).

For GCL1 (Fig. 4), the extra water did not cause a change in the
final magnitude of shrinkage. It did, however, increase the rate of
shrinkage in the early cycles—the specimen hydrated with extra
water reached its shrinkage equilibrium much faster than those
hydrated with the standard 500 g.

There did not appear to be a change in either the rate or the
magnitude of shrinkage for GCL2 (Fig. 5). This is the same product
tested for the effect of water content by Thiel et al. (2006), and they
concluded that less water resulted in less shrinkage. These two find-
ings may both be valid [i.e., reducing the wet-cycle water content
from about 60% to 35–40% (at or below the typical plastic limit)
resulted in less shrinkage, but increasing it to about 100% did not
increase shrinkage relative to that for 60%] because 300 mL of

water may not have been sufficient to uniformly hydrate the entire
specimen to 35–40%. The experience gained during testing has
shown that it is more difficult to uniformly apply smaller amounts
of water to a specimen. Bostwick (2009) showed that for identical
amounts of hydration water, a specimen that had been wetted un-
evenly, leaving areas unhydrated, can experience less shrinkage
than a specimen that has been wetted evenly.

For GCL4 (Fig. 6), the effect of additional moisture was exam-
ined for both unrestrained and restrained specimens. Bostwick
(2009) showed that longitudinal restraint does not greatly affect fi-
nal shrinkage (as is also confirmed in Fig. 6 with the UR specimens
only giving slightly less final shrinkage than the R specimens).
There appeared to be an increase in both the initial rate of shrinkage
and the final equilibrium shrinkage with extra water, although there
was considerable difference in final shrinkage among the speci-
mens with 60% water added even though they were tested under
nominally identical conditions. Thus, it is possible that the differ-
ence in equilibrium strain between the control specimens and the
specimens with extra water added could be a result of specimen
variability, although the increase in shrinkage from 60% to 100%
water content for early cycles is significant. As was found when
examining the effect of initial water content (Table 3 and Fig. 3),
the initial rate of shrinkage for the specimens with extra water ap-
pears to be higher than for those wetted with the standard amount
of water.

Application of the Student t-test to the data on the percentage of
total shrinkage after five cycles shows that the addition of extra
hydration water does increase the rate of shrinkage at the 0.025
significance level. This could be important in field applications
in which the number of cycles is limited. The shrinkage after five
cycles ranged from 4.8 to 9.1%, depending on the GCL and water
added in these experiments. This would, theoretically, be sufficient
to give panel separation for a 150 mm overlap in all cases and panel
separation for a 300 mm overlap in about 40% of the cases exam-
ined (Table 4) after five wet-dry cycles. That said, care should be
exercised in interpreting the results given in Table 4. Even when

Table 3. Effect of Initial Moisture Content on Final Shrinkage Magnitude

Sample
Dry mass per

unit area (g=m2)
Initial moisture
content (%)

Target moisture
content—first cycle (%)

Average moisture
content after drying (%)

Final
shrinkage (%)

Shrinkage after
five cycles (%)

GCL4-UR-4 4,960 5 58 0.6 6.6 3.2

GCL4-UR-3 4,510 19 77 0.6 7.2 3.8

GCL4-UR-12 5,100 64 115 0.5 8.2 6.2

GCL4-UR-6 4,870 72 125 0.5 6.8 6.1

Note: For typical range of panel widths, shrinkage required for loss of 150 and 300 mm panel overlap would be 3.2–3.4% and 6.4–6.8%, respectively.

Fig. 4. Effect of additional hydration water on GCL shrinkage (GCL1)

Fig. 5. Effect of additional hydration water on shrinkage of GCL2 Fig. 6. Effect of additional hydration water on shrinkage of GCL4
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they have consistent initial conditions in terms of moisture con-
tent, different GCLs will experience different suction cycles be-
cause of their different water-retention curves. Beddoe et al. (2010)
provided a methodology for establishing the water-retention curve
for GCLs, which was used by Beddoe (2009) and Beddoe et al.
(2011) to examine the water-retention curves under both wetting
and drying conditions for GCLs 1–4.

The findings of Beddoe et al. (2011) indicate that GCL2 had a
substantially different gravimetric water-retention curve than the
other three products. The water-retention curves of Beddoe et al.
(2011) measured along a wetting path indicate that 60% gravimet-
ric moisture content corresponds to a suction of 150–300 kPa, de-
pending on the GCL product. The much higher target gravimetric
moisture content of 100% corresponds to an equilibrium suction of
approximately 5–60 kPa, again depending on the GCL product.
Thus, as a result of the practical testing decision of applying con-
sistent gravimetric moisture cycles for all samples in this study,
GCL2 will be more fully hydrated during the swelling phase of
each cycle, and therefore subjected to a larger suction cycle than
the other GCLs at the same water content. Thus, in these tests,
GCL2 is subject to the most severe conditions in which, as in the
field with similar foundation conditions, GCL2 is likely to be
at a lower water content than the other GCLs and, hence, is likely
to experience less shrinkage in wet-dry cycles.

Effect of Bentonite Granularity and Type

The GCLs tested in this study contained bentonite with three differ-
ent granularities (Fig. 1)—coarse granular (two products), fine
granular (two products), and powdered (four products). The granu-
lar bentonite specimens all had Wyoming bentonite and were
produced in North America. Of the four powdered bentonite spec-
imens produced for the European market, only one was a Wyoming
bentonite (denoted as type A), although the other bentonites (types
B and C) were also sodium bentonite. These bentonite types were
compared to see what effect, if any, this variable had on shrinkage.
The comparisons were grouped by carrier geotextile type so that
this variable did not influence the interpretation of the results.
To simplify graphs, only the results for specimens showing the
greatest and least shrinkage are plotted for granular products.

For the scrim-reinforced products (Fig. 7), the initial shrinkage
over the first five cycles was very similar for all cases. However,
after about five cycles, GCL6 (powdered bentonite type B, test
series III) exhibited much greater shrinkage than GCL5 (test series
III) and GCL2 (test series I). After about 10–15 cycles, GCL5
(powdered Wyoming bentonite) exhibited greater shrinkage than
GCL2 (fine granular Wyoming bentonite). Nominally, GCL5 and

GCL6 have the same cover and carrier geotextiles, differing only in
the type of bentonite (although the average mass per unit area of the
geotextile for GCL5 was greater than for GCL6).

For the GCLs with nonwoven/woven cover/carrier geotextiles
(Fig. 8), GCL7 (powdered type C bentonite with extra bentonite
impregnated in the complete cover layer, resulting in a higher geo-
textile weight; test series III) initially gave the lowest shrinkage. For
GCL1 (test series I) and GCL3 (with the granular Wyoming ben-
tonite, test series I), the shrinkage leveled off after about 25 cycles;

Table 4. Effect of Extra Hydration Water on GCL Shrinkage

Sample
Type of

test—series
Dry mass per unit

area (g=m2)
Water added
(% dry mass)

Final transverse
shrinkage (%)

Transverse shrinkage
after five cycles (%)

Percentage of final
shrinkage after five cycles (%)

GCL1-R-2 Control—I 5,060 51 10.0 6.4 64

GCL1-R-3 Control—I 4,880 53 10.2 6.4 63

GCL1-R-1 Extra water—III 4,970 105 10.4 9.2 88

GCL2-R-2 Control—I 4,610 58 10.8 6.1 56

GCL2-R-3 Control—I 4,800 59 8.4 4.9 58

GCL2-R-1 Extra water—III 4,200 123 11.3 5.1 45

GCL4-UR-18 Control—II 4,570 60 6.4 4.8 75

GCL4-UR-19 Control—II 4,640 60 7.0 5.4 77

GCL4-R-3 Control—II 4,890 60 7.8 5.2 67

GCL4-R-4 Control—II 5,080 60 7.8 4.9 63

GCL4-UR-17 Extra water—IV 4,850 100 8.3 7.5 90

GCL4-R-5 Extra water—IV 4,910 100 8.9 7.3 82

Fig. 7. Effect of bentonite particle size on shrinkage (nonwoven/
nonwoven scrim-reinforced cover/carrier)

Fig. 8. Effect of bentonite particle size on shrinkage (nonwoven/woven
cover/carrier)
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however, for GCL7, shrinkage kept increasing. GCL8 (type B ben-
tonite, test series III) initially exhibited shrinkage similar to GCL1
and GCL3, but after about 15 cycles, it continued to accumulate
shrinkage strains at a significant rate, whereas for the other two
GCLs, the shrinkage accumulation began to level off. Thus, after
many cycles, the GCLs with powdered bentonite exhibited very
different total shrinkage behavior than that observed with either the
fine or coarse granular bentonite (Figs. 7 and 8). The GCLs with
granular bentonite reached a relatively constant shrinkage by about
30 cycles, whereas the GCLs with the powdered bentonite had not
reached a relatively constant shrinkage after 75 cycles. As a con-
sequence, the GCLs with the powdered bentonite also experienced
much higher shrinkage, up to 20% in some cases. Although pow-
dered bentonite specimens tend to shrink more than granular ben-
tonite specimens, there is still a large variability even among
products with the same bentonite grain size (Table 5).

Although it is of scientific interest to observe the difference in the
behavior between the differentGCLs aftermany cycles, the relevance
of this to actual field situations must be questioned unless the
composite liner is left uncovered for very considerable periods of
time. Because it will generally take considerable time for the GCL
to rehydrate to 60% moisture content after drying, the first 5–10
cycles are likely most relevant to field situations for GCLs resting
on typical foundation soils.At 10 cycles, themagnitude of the shrink-
age for the powdered and granular bentonite products were similar.

GCLs 5 and 6 have very similar properties except for the type of
bentonite. Bentonite type A (Wyoming bentonite) in GCL5 gave
less shrinkage than bentonite type B in GCL6. GCL6 experienced
less shrinkage than GCL8, which also contained bentonite type B
(although it had a different carrier geotextile). GCL7 (bentonite
type C) had additional bentonite impregnated into the cover layer.
After the completion of 75 cycles, GCL8 exhibited the highest
shrinkage of all the GCLs examined; however, there did not appear
to be a great difference between GCLs 6 and 8, which had similar
shrinkage curves and contained the same type of bentonite (type B).

Effect of GCL Type

Although all products contained a nonwoven cover geotextile, the
carrier geotextile ranged from woven (W), nonwoven (NW), and
nonwoven scrim reinforced (NWSR). A comparison between the
otherwise similar GCL2 (NW/NWSR) and GCL1 (NW/W) is given
in Fig. 9. To simplify the graphs, only the results for specimens
showing the greatest and least shrinkage for each of the products
are included; in addition, individual data points have been removed
for clarity. In these specific tests, there is no statistically significant
difference between the product with the nonwoven scrim-
reinforced geotextile and the product with the woven geotextile
(Bostwick 2009), on the basis of the results of a Student t-test.
However, this does not necessarily mean that they will perform

the same in the field, and this observation should be viewed with
considerable caution as will be subsequently explained.

There does not appear to be a statistically significant difference
(Bostwick 2009) between GCL3 (NW/W) and GCL4 (NW/NW),
as may be appreciated from Fig. 10. This is consistent with instan-
ces of field shrinkage because both Thiel and Richardson (2005)
and Koerner and Koerner (2005a, b) reported that both GCL3
and GCL4 had suffered loss of panel overlaps.

There is high variability between specimens from the same GCL
roll (which was especially significant for GCL4), even when care
is taken to only compare specimens tested under as near-identical
conditions as practical. Also, the dry unit weights of the various geo-
textiles in each of the products differs, which may affect shrinkage.

In investigating possible solutions to the problem of GCL panel
separation, Koerner and Koerner (2005a, b) recommended that if a

Table 5. Summary of Properties and Final Shrinkage for GCLs with Powdered Bentonite

Sample Bentonite type Carrier GT Cover GT
Maximum transverse

shrinkage (%) Average (%)
Shrinkage after
five cycles (%)

GCL5-R-1 A NWSR NW 14.8 14.8 6.2

GCL5-R-2 14.7 6.6

GCL6-R-1 B NWSR NW 18.8 18.5 7.0

GCL6-R-2 18.1 6.6

GCL7-R-1 C W NW with bentonite 12.3 13.6 4.4

GCL7-R-2 14.8 5.0

GCL8-R-1 B W NW 20.5 19.9 6.2

GCL8-R-2 19.3 6.5

Fig. 9. Comparison of maximum and minimum shrinkage curves—
fine granular bentonite

Fig. 10. Comparison of shrinkage curves—coarse granular bentonite
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NW/NW product is used, it should be accompanied by scrim
reinforcement. In addition, laboratory shrinkage tests by Thiel et al.
(2006) showed that a GCL with scrim reinforcement shrank less
than a simple NW/NW product. The results of a comparison be-
tween GCL2 and GCL4 tested under nominally identical condi-
tions are given in Table 6. Although there is a large range of
shrinkage for both products, on average, GCL4 shrank more than
GCL2 (the scrim-reinforced, thermally treated product). A one-
tailed Student t-test confirmed that this result is statistically signifi-
cant (Bostwick 2009). However, the maximum shrinkages of
10.8% (GCL2) and 13.5% (GCL4) are less than those found by
Thiel et al. (2006) of 12.8% (GCL2) and 23.0% (GCL4) for tests
that were nominally identical. The difference for GCL2 is modest
(10.8% versus 12.8%), but for GCL4 it is large (12.8% versus
23%), suggesting that there is much greater variability from roll
to roll for GCL4 than for GCL2.

Both GCL1 and GCL3 had a woven carrier geotextile, with the
major differences being the bentonite granularity (GCL1 with fine
granules, GCL3 with coarse granules) and the heat treatment of
GCL1. On the basis of the data, GCL3 did shrink more than
GCL1 at a statistically significant level (Bostwick 2009), indicating
that either the bentonite granularity or the heat treatment may play a
factor in GCL shrinkage.

Conclusions

Shrinkage of eight different GCLs subjected to wetting and drying
cycles was examined. On the basis of specific experiments con-
ducted and GCLs tested, the following conclusions were reached:
1. Higher initial moisture content results in higher initial shrink-

age and accumulated shrinkage during the first five cycles. The
effect of the initial moisture content diminished with number of
cycles and did not notably affect the magnitude of the final
equilibrium shrinkage after many cycles.

2. For GCLs with granular bentonite and wetted to a moisture
content of about 60% (or greater) in the hydration phase,
the actual moisture content did not appear to affect the mag-
nitude of the final equilibrium shrinkage (i.e., after many cy-
cles). However, it did affect the rate of shrinkage. Specimens
brought to about 100% moisture content in each cycle reached
a constant shrinkage value much faster than those brought to
about 60% in each wetting cycle.

3. The difference in the accumulation of shrinkage strain in
the first five cycles because of higher initial water content
(conclusion 1 above) or higher hydrated water content (conclu-
sion 2 above) could have important implications in the field

where the number of cycles is limited. The former will depend
on the moisture content of the as-delivered GCL (with it being
much higher for some GCL products than for other GCLs). For
the same thermal exposure conditions, the latter will depend
on the initial moisture content of the underlying foundation
layer, the water-retention curve of the foundation layer, and
the water-retention curve of the GCL, which may vary from
product to product (Beddoe et al. 2011).

4. For GCLs with Wyoming bentonite, the bentonite particle size
affected the magnitude of the shrinkage, with the GCLs con-
taining fine granular bentonite shrinking the least and those
with powdered bentonite the most. All the powdered bentonite
specimens continued to show a slow accumulation of strain
with increasing cycles up to at least 75 cycles, although the
strains in the most critical early stages were similar to those
with granular bentonite. Thus, over the range examined, the
bentonite grain size will not significantly affect the GCL per-
formance with respect to panel separation unless the GCL is
subjected to a very large number of wet-dry cycles.

5. The shrinkage of a needle-punched GCL with a thermally trea-
ted scrim-reinforced nonwoven carrier geotextile and granular
bentonite was less than that for a needle-punched GCL with a
simple nonwoven carrier and granular bentonite.

6. For some products, there was considerable variability in GCL
shrinkage for specimens from the same roll and tested under
nominally identical conditions, whereas for other products, the
variability was relatively small. For example, a comparison of
results from this study with those reported by Thiel et al.
(2006) for nominally identical experimental conditions and
products showed that while the difference for one product
was modest (10.8% versus 12.8%), for another it was large
(12.8% versus 23%).

7. The shrinkage strain required to cause the loss of 150–300 mm
panel overlap could be mobilized in about five wet-dry cycles
in the experiments reported.
The results from the experiments reported in this paper should

not be viewed as expected values of shrinkage strains under field
conditions, but rather as an indication of the effect of certain
variables and the maximum amount of shrinkage that might be ex-
pected under extreme exposure conditions. For the GCL to shrink,
it must first uptake moisture, lose it, and then uptake it again. In
these laboratory tests, this was achieved by wetting from a spray
water bottle. However, in the field, GCL moisture uptake will be
from (1) the soil and (2) possible condensation of water evaporated
from the GCL. The uptake of moisture will depend on the water-
retention curve and the water content of the foundation soil at the
time the GCL is placed and the water-retention curve for the GCL.

Table 6. Effect of Scrim Reinforcement on GCL Shrinkage

Sample
Water added
(% dry mass)

Transverse
shrinkage (%)

Shrinkage after
five cycles (%) Sample

Water added
(% dry mass)

Transverse
shrinkage (%)

Shrinkage after
five cycles (%)

GCL2-R-2 58 10.8 6.1 GCL4-R-1 45 13.5 8.4

GCL2-R-3 59 8.4 4.9 GCL4-R-2 49 12.1 7.6

GCL2-R-4 64 10.7 4.1 GCL4-UR-1 51 10.0 6.6

GCL2-R-5 60 10.0 5.1 GCL4-UR-2 55 11.0 6.4

GCL2-R-6 59 9.8 5.3

GCL2-UR-1 60 9.1 3.7

GCL2-UR-2 70 10.5 4.0

GCL2-UR-3 52 6.2 4.5

Average 60 9.4 4.7 Average 50 11.7 7.3

Standard deviation 5 1.5 0.8 Standard deviation 4 1.5 0.9

Note: Each sample had 500 g of water added to it; differences in water content as a percentage of dry mass is a result of the differences in sample dry mass.
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Beddoe et al. (2011) showed that in terms of moisture uptake,
there is a significant difference between the water-retention
curves of different products. The effect of this is not reflected in
the current study in which all GCLs were brought to a similar nomi-
nal water content or had a similar amount of moisture added in
the same time period. Because the rate of cyclic accumulation of
shrinkage strains was observed to be a function of the moisture
content cycle imposed on a GCL sample, it is therefore likely that
the magnitude of shrinkage achieved in the field will be a function
of (1) the water-retention characteristics of the GCL and subsoil
and (2) the magnitude, duration, and number of moisture cycles.
When these factors are considered, there may be greater differences
between the shrinkage observed for different products than is
evident from this study. In addition, although the temperature of
the ovens was chosen to correspond to temperatures measured in
the field beneath a geomembrane, the testing process could not
exactly replicate the water-vapor pressure experienced by field-
installed GCLs.

Acknowledgments

The study reported herein was financially supported by the Natural
Sciences and Engineering Research Council of Canada (NSERC),
the Ontario Centres of Excellence, and Terrafix Geosynthetics
Inc. The writers are grateful to their industrial partners, Terrafix
Geosynthetics Inc, Solmax International, Ontario Ministry of
Environment, AECOM (Gartner Lee Ltd.), AMEC Earth and
Environmental, Golder Associates Ltd., and CTT Group, for their
input during the study. The funding for the equipment used was
provided by the Canada Foundation for Innovation, the Ontario
Innovation Trust and NSERC. The writers also gratefully acknowl-
edge Khaled Abdelatty for providing CEC values, Mohammed
Hosney for providing swell index values, and NAUE GmbH for
providing the mineralogical analyses of the bentonite from the
GCLs tested. Grain size analysis of the powdered bentonite was
performed by Dr. D.N. Singh, IIT Bombay. The value of discus-
sions with Dr. R.W.I. Brachman and Messers K. von Maubeuge,
B. Herlin, B. Kennedy, and R. Thiel is gratefully acknowledged.

References

Beddoe, R. (2009). “Establishing the water retention behaviour of geosyn-
thetic clay liners.”M.Sc. thesis, Queen’s Univ., Kingston, ON, Canada.

Beddoe, R. A., Take, W. A., and Rowe, R. K. (2010). “Development of
suction measurement techniques to quantify the water retention behav-
iour of GCLs.” Geosynth. Int., 17(5), 301–312.

Beddoe, R. A., Take, W. A., and Rowe, R. K. (2011). “Water retention
behaviour of geosynthetic clay liners.” J. Geotech. Geoenviron.
Eng., 10.1061/(ASCE)GT.1943-5606.0000526 (Mar. 2, 2011).

Benson, C. H., Jo, H. Y., and Abichou, T. (2004). “Forensic analysis
of excessive leakage from lagoons lined with a composite GCL.”
Geosynth. Int., 11(3), 242–252.

Benson, C. H., Kucukkirca, I. E., and Scalia, J. (2010a). “Properties of geo-
synthetics exhumed from a final cover at a solid waste landfill.”Geotext.
Geomembr., 28(6), 536–546.

Benson, C. H., Ören, A. H., and Gates, W. P. (2010b). “Hydraulic conduc-
tivity of two geosynthetic clay liners permeated with a hyperalkaline
solution.” Geotext. Geomembr., 28(2), 206–218.

Bostwick, L. E. (2009). “Laboratory study of geosynthetic clay liner
shrinkage when subjected to wet/dry cycles.” M.Sc. thesis, Queen’s
Univ., Kingston, ON, Canada.

Bostwick, L. E., Rowe, R. K., Take, W. A., and Brachman, R. W. I. (2007).
“The effect of sample size on shrinkage of a non scrim reinforced
geosynthetic clay liner.” 60th Canadian Geotechnical Conf., Canadian

Geotechnical Society, Richmond, BC, Canada, 2123–2128.
Bostwick, L. E., Rowe, R. K., Take, W. A., and Brachman, R. W. I. (2008).

“Observations of the dimensional stability of four GCL products under
combined thermal and moisture cycles.” Geoamericas 2008, Industrial
Fabrics Association Int. (IFAI), Roseville, MN, 435–443.

Bostwick, L. E., Rowe, R. K., Take, W. A., and Brachman, R. W. I. (2010).
“Anisotropy and directional shrinkage of geosynthetic clay liners.”
Geosynth. Int., 17(3), 157–170.

Cooley, B. H., and Daniel, D. E. (1995). “Seam performance of overlapped
geosynthetic clay liners.” Geosynthetics ’95, Industrial Fabrics Associ-
ation Int. (IFAI), Roseville, MN, 691–705.

Daniel, D. E., Shan, H. Y., and Anderson, J. D. (1993). “Effects of
partial wetting on the performance of the bentonite component of a
geosynthetic clay liner.” Geosynthetics ’93, Vancouver, BC, Canada,
1483–1496.

Dickinson, S., and Brachman, R. W. I. (2010). “Permeability and internal
erosion of a GCL beneath coarse gravel.”Geosynth. Int., 17(3), 112–123.

Gassner, F. (2009). “Field observation of GCL shrinkage at a site in
Melbourne, Australia.” Geotext. Geomembr., 27(5), 406–408.

Gates, W. P., and Bouazza, A. (2010). “Bentonite transformations in
strongly alkaline solutions.” Geotext. Geomembr., 28(2), 219–225.

Hornsey, W. P., Scheirs, J., Gates, W. P., and Bouazza, A. (2010). “The
impact of mining solutions/liquors on geosynthetics.” Geotext.
Geomembr., 28(2), 191–198.

Katsumi, T., Ishimori, H., Onikata, M., and Fukagawa, R. (2008). “Long-
term barrier performance of modified bentonite materials against
sodium and calcium permeant solutions.” Geotext. Geomembr., 26(1),
14–30.

Koerner, R. M., and Koerner, G. R. (2005a). “In-situ separation of GCL
panels beneath exposed geomembranes.” GRI White Paper #5, Geosyn-
thetic Institute, Folsom, PA.

Koerner, R. M., and Koerner, G. R. (2005b). “In-situ separation of GCL
panels beneath exposed geomembranes.” Geotech. Fabr. Rep., 23(5),
34–39.

Lange, K., Rowe, R. K., and Jamieson, H. (2010). “The potential role of
geosynthetic clay liners in mine water treatment systems.” Geotext.
Geomembr., 28(2), 199–205.

Mackey, R. (1997). “Geosynthetic clay liners, part five: Design, per-
mitting and installation concerns.” Geotech. Fabr. Rep., 15(1), 34–38.

Pelte, T., Pierson, P., and Gourc, J. P. (1994). “Thermal analysis of geo-
membranes exposed to solar radiation.” Geosynth. Int., 1(1), 21–44.

Rosin-Paumier, S., et al. (2010). “Swell index, oedopermeametric, filter
press and rheometric tests for identifying the qualification of bentonites
used in GCLs.” Geosynth. Int., 17(1), 1–11.

Rowe, R. K. (2005). “Long-term performance of contaminant barrier
systems.” Geotechnique, 55(9), 631–678.

Rowe, R. K., Bostwick, L. E., and Thiel, R. (2010). “Shrinkage char-
acteristics of heat-tacked GCL seams.” Geotext. Geomembr., 28(4),
352–359.

Rowe, R. K., Quigley, R. M., Brachman, R. W. I., and Booker, J. R. (2004).
Barrier systems for waste disposal facilities, Taylor & Francis Books,
London, 587.

Saidi, F., Touze-Foltz, N., and Goblet, P. (2008). “Numerical modelling
of advective flow through composite liners in case of two interacting
adjacent square defects in the geomembrane.” Geotext. Geomembr.,
26(2), 196–204.

Shackelford, C. D., Sevick, G. W., and Eykhol, G. R. (2010). “Hydraulic
conductivity of geosynthetic clay liners to tailings impoundment solu-
tions.” Geotext. Geomembr., 28(2), 149–162.

Thiel, R., Giroud, J. P., Erickson, R., Criley, K., and Bryk, J. (2006).
“Laboratory measurements of GCL shrinkage under cyclic changes
in temperature and hydration conditions.” Eighth International Conf.
on Geosynthetics, Vol. 1, Ios Press, Fairfax, VA, 21–44.

Thiel, R., and Richardson, G. (2005). “Concern for GCL shrinkage when
installed on slopes.” JGRI-18 at GeoFrontiers, GII Publications,
Folsom, PA, 2.31.

White, D. J., Take, W. A., and Bolton, M. D. (2003). “Soil deformation
measurement using particle image velocimetry (PIV) and photogram-
metry.” Geotechnique, 53(7), 619–631.

JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINEERING © ASCE / NOVEMBER 2011 / 1027

Downloaded 24 Dec 2011 to 130.15.85.36. Redistribution subject to ASCE license or copyright. Visit http://www.ascelibrary.org

http://dx.doi.org/10.1680/gein.2010.17.5.301
http://dx.doi.org/10.1061/(ASCE)GT.1943-5606.0000526
http://dx.doi.org/10.1061/(ASCE)GT.1943-5606.0000526
http://dx.doi.org/10.1016/j.geotexmem.2010.03.001
http://dx.doi.org/10.1016/j.geotexmem.2010.03.001
http://dx.doi.org/10.1016/j.geotexmem.2009.10.002
http://dx.doi.org/10.1680/gein.2010.17.3.157
http://dx.doi.org/10.1680/gein.2010.17.3.112
http://dx.doi.org/10.1016/j.geotexmem.2008.09.010
http://dx.doi.org/10.1016/j.geotexmem.2009.10.010
http://dx.doi.org/10.1016/j.geotexmem.2009.10.008
http://dx.doi.org/10.1016/j.geotexmem.2009.10.008
http://dx.doi.org/10.1016/j.geotexmem.2007.04.003
http://dx.doi.org/10.1016/j.geotexmem.2007.04.003
http://dx.doi.org/10.1016/j.geotexmem.2009.10.003
http://dx.doi.org/10.1016/j.geotexmem.2009.10.003
http://dx.doi.org/10.1680/gein.2010.17.1.1
http://dx.doi.org/10.1680/geot.2005.55.9.631
http://dx.doi.org/10.1016/j.geotexmem.2009.11.001
http://dx.doi.org/10.1016/j.geotexmem.2009.11.001
http://dx.doi.org/10.1016/j.geotexmem.2007.05.003
http://dx.doi.org/10.1016/j.geotexmem.2007.05.003
http://dx.doi.org/10.1016/j.geotexmem.2009.10.005
http://dx.doi.org/10.1680/geot.2003.53.7.619

