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Abstract: Experimental results from physical testing are reported to examine the thickness and hydraulic performance of three geosyn-
thetic clay liners �GCLs� overlying a geonet when subjected to vertical stresses �e.g., as may be found in a secondary leachate collection
layer or hydraulic control layer in solid waste landfills�. The GCL was found to intrude into the underlying geonet and the effects of GCL
type and water content, temperature, applied pressure, and test duration on the final GCL thickness are examined. The results are
consistent with GCL deformation from the beneficial consolidation of bentonite as opposed to lateral extrusion of bentonite. Results from
fixed ring flow tests suggest that the indentations in the GCL caused by intrusion into the underlying geonet do not appear to negatively
impact the hydraulic performance �permittivity or resistance to internal erosion� of the particular GCLs tested for the conditions examined.
The flow capacity of the geonet in these tests was found to depend not only on the amount of GCL intrusion but also on the orientation
of the geonet relative to the flow direction.
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Introduction

Geosynthetic clay liners �GCLs� may be used in conjunction with
geomembranes �GMs� and a geonet �GN� as part of a double
composite liner separated by a secondary leachate collection sys-
tem �or leak detection layer� in municipal solid waste landfills as
shown in Fig. 1�a�. Contaminant transport through the GMs is
limited to leakage through small holes in the GM �Rowe et al.
2004; Saidi et al. 2008; Bouazza et al. 2008� and diffusion �espe-
cially for nonpolar organic compounds� through the intact GM
�Rowe 2005�. The primary role of the GCL is to reduce the leak-
age through any holes that develop in the GM �e.g., see Rowe and
Brachman 2004�. The GCL may also provide resistance to the
diffusive migration of contaminants that pass through the GM
�Lake and Rowe 2000a, 2004�, although the overall influence on
the resistance to diffusive transport may be limited by its small
thickness �typically 5–15 mm�. The geonet itself provides an op-
portunity to collect and monitor the fluid collected in the second-
ary collection system �e.g., Jaisi et al. 2005�.

Stresses that develop on these liners from the weight of the
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overlying waste could potentially cause the GCL to deform into
the geonet as shown in Fig. 1. Shaner and Menoff �1992�, Legge
and Davies �2002�, and Jaisi et al. �2005� all showed that the
in-plane flow capacity of a geonet can decrease as a result of GCL
intrusion into the geonet. For example, Jaisi et al. �2005� reported
flow test results for geonets �thicknesses between 5.0–6.3 mm and
masses from 786–1,219 g /m2� placed between a GCL �sodium
bentonite encapsulated between a woven and a nonwoven geotex-
tile with needle-punching reinforcement� and a GM, and sub-
jected to overburden stress. They reported that for an overburden
stress of 200 kPa, the flow rate was reduced to between 53% and
63% of the initial unloaded flow rate depending on the type of
geonet used, the type of separating geotextile between the geonet
and the GCL, and the hydraulic gradient across the geonet. Each
of these studies concluded that, although reduced, adequate flow
capacities can be achieved in secondary leachate collection sys-
tems using GCLs overlying geonets based on short-term testing.
However, there is a paucity of data on the change in GCL thick-
ness and the impact on GCL hydraulic performance when over-
lying a geonet and subjected to overburden pressures.

As the GCL deforms into the geonet, the GCL would be ex-
pected to experience a decrease in thickness as illustrated in
Fig. 1�e�. If this decrease in thickness is the result of the lateral
extrusion of bentonite �e.g., Koerner and Narejo 1995; Fox et al.
2000; Stark et al. 2004; Dickinson and Brachman 2006, 2008�,
whereby the bentonite experiences shear failure and moves later-
ally away from the points of contact with the geonet ribs into
the adjacent voids in the geonet, then the reduction in GCL thick-
ness could possibly adversely affect the performance of the GCL,
since the hydraulic gradient across the GCL at these locations is
magnified and hence the leakage would increase since there
would be no corresponding decrease in hydraulic conductivity. If
the reduction in GCL thickness is the result of the primary con-
solidation of bentonite, then although the thickness decreases,
there would be a corresponding decrease in bulk void ratio of the

GCL at the thinner zones. GCL hydraulic conductivity has been
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shown to decrease as the bulk void ratio decreases �e.g., Lake and
Rowe 2000b; Petrov et al. 1997� and thus the hydraulic perfor-
mance of the GCL may not be negatively affected.

It is the objective of this paper to assess the impact of one
particular geonet on the thickness and hydraulic performance of
three different GCL products under various conditions using
physical experiments. The effects of overburden pressure, test du-
ration, GCL water content, and temperature on the physical re-
sponse of the GCL are investigated. Final GCL thickness as well
as the depth of GCL intrusion into the geonet is reported. The
results from a constant flow rate permeation test on a deformed
GCL specimen are presented to examine the hydraulic behavior
of the GCL under these conditions. Factors influencing the flow
capacity of the geonet are also examined.

Experimental Details

GLLS Test Apparatus

A schematic of the geosynthetic liner longevity simulators
�GLLSs� used in these experiments is presented in Fig. 2�a�. The
GLLSs are 0.59-m diameter, 0.5-m tall cylindrical steel pressure
vessels capable of applying vertical stresses of up to 1,000 kPa
using compressed air on a flexible rubber bladder �Brachman and
Gudina 2008a,b�. By limiting the outward deflection of the appa-
ratus walls, horizontal stresses corresponding to zero lateral strain
were developed. Friction treatment was used to limit the stress
reduction in the center of the GLLS from sidewall friction to less
than 5%. A temperature control system �involving electrical heat-
ing cables, insulation jackets, and controls� was developed for the
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Fig. 1. Schematic showing deformation of a GCL overlying a geonet
in double liner system
GLLSs to permit testing at temperatures up to 85°C�1°C.
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Configurations and Materials Tested

A total of 24 experiments were conducted in the GLLSs on
double composite GM/GCL liners separated by a geonet with the
various test configurations summarized in Table 1. Poorly graded
medium sand �SP� was used to simulate the case of a stiff foun-
dation layer beneath the GCL. The sand was compacted to a dry
density of 1.9 g /cm3. The sand had maximum and minimum dry
densities of 1.95 and 1.69 g /cm3. In Tests 1–20 the sand was
tested at an initial gravimetric water content of approximately
2�1%. This water content is representative of the field condition
where the groundwater table is well below the foundation layer.
In Tests 21–24, the sand was saturated after it was compacted,
which is representative of the field condition where the ground-
water table is above the foundation layer. The same sand was also
used above the primary GM to simulate the case of an excellent
protection layer for the GM �e.g., see Dickinson and Brachman
2006, 2008�.

Three different GCLs were tested. All consisted of granular
sodium bentonite encapsulated between different cover geotex-
tiles and carrier geotextiles, as detailed in Table 2. The mass of
bentonite per area for each sample tested was consistent for a
given GCL as shown in Table 1. The bentonite in GCLA and
GCLB �which were the same� had a finer gradation than the
coarser granular bentonite found in GCLC, while both had a simi-
lar percentage of montmorollonite and swell index �see Table 2�.
GCLA had a nonwoven cover geotextile and a composite slit-film
woven and nonwoven carrier geotextile. GCLB had a nonwoven
cover and a slit-film nonwoven carrier geotextiles. GCLC had two
different nonwoven geotextiles. All three GCLs were reinforced
by needle-punching and additionally for GCLA and GCLB the
needle-punched fibers were thermally fused to the carrier geotex-
tile. For the purposes of description in this paper, the cover geo-
textile was defined as the one facing upwards when the GCL was
unrolled in its natural orientation, and hence with normal instal-
lation the carrier geotextile �bottom� would be in contact with the
underlying geonet for a primary composite liner in a double lined
landfill. With a bit of effort they may be installed in the field with
the cover geotextile facing down for some applications.

The deformations of a GCL overlying a geonet will most cer-
tainly be impacted by the water content of the GCL �and hence
compressibility and strength of the bentonite� when the vertical
pressure is applied, with increasing deformation expected for
higher water contents. Given the potential complexities and vari-
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Fig. 2. Schematic of �a� test apparatus; �b� line laser; and �c� GCL
hydration apparatus
abilities in moisture uptake of the GCL in a real application, the
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approach adopted in this work was to bound the range of initial
GCL water contents with a low initial water content as supplied
by the manufacturer �Tests 4 and 10 for GCLA and GCLB, respec-
tively� and much initial higher water contents �for all other tests
listed in Table 1� achieved by first immersing the GCL for two
weeks in water under a confining stress of 20 kPa �see Fig. 2�c��.
This approach permits the different GCLs to be compared for
otherwise identical hydration conditions. The gravimetric water
content at the start of each GLLS test is given in Table 1. The
impact of the geonet on initial GCL thickness during hydration
was also investigated.

Table 1. Test Configurations and Summary of GCL Deformation; Carrie

Test GCL

Applied
pressure p

�kPa�
Temp.
�°C�

Test
duration

�hrs�

Bentonite
mass per are

�kg /m2�

1 GCLA 250 22 100 4.0

2 GCLA 250 35 100 3.8

3 GCLA 250 55 100 3.9

4 GCLA 250 55 100 3.8

5 GCLA 250 55 1,000 4.0

6 GCLA 750 22 100 3.9

7 GCLB 250 22 100 4.5

8 GCLB 250 35 100 4.6

9 GCLB 250 55 100 4.6

10 GCLB 250 55 100 4.5

11 GCLB 250 22 1,000 4.6

12 GCLB 250 55 1,000 4.5

13 GCLB 250 55 2,000 4.5

14 GCLB 750 22 100 4.6

15a GCLC 250 22 100 4.3

16a GCLC 250 35 100 4.3

17a GCLC 250 55 100 4.5

18 GCLC 250 55 100 4.4

19a GCLC 250 55 1,000 4.3

20a GCLC 750 22 100 4.5

21b GCLA 250 55 1,000 3.9

22b,c GCLA 250 55 1,000 4.0

23b,c GCLC 250 55 1,000 4.4

24b,c GCLA 250 55 1,000
aGCLC placed with cover geotextile facing GN.
bWater introduced to GN throughout test.
cGT1 placed between GN and GCL.

Table 2. Details of the GCLs Tested

GCL
Cover

geotextile
Carrier

geotextile Detail

A

GCLA Nonwoven
needle-punched

Slit-film woven
and nonwoven
needle-punched

Needle-punched
and thermally treated

GCLB Nonwoven
needle-punched

Slit-film woven Needle-punched
and thermally treated

GCLC Nonwoven
needle-punched

Nonwoven
needle-punched

Needle-punched

Note: CEC=cation exchange capacity.
a
Reported by Bostwick �2009�.
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Results from index puncture tests following ASTM D4833
�ASTM 2007� performed on the individual cover and carrier geo-
textiles after being separated from the GCL are given in Table 3.
Typical results for the carrier geotextile of GCLB are in Fig. 3
along with definition of the offset tensile modulus Jo/s, offset �o/s,
small displacement secant moduli from 0 to 2.5 mm �J0–2.5 mm�
and the peak puncture force �Ppuncture�. All carrier and cover
geotextiles displaced between 5–10 mm prior to mobilizing ap-
preciable magnitudes of force because of slack in their structure
�i.e., as the geotextile deforms the fibers tighten and begin to
mobilize its stiffness� as evidenced by the values of offset and

extile Facing Geonet Unless Otherwise Noted

GCL water content w
�%�

Final GCL thickness
�mm� GCL

intrusion d
�mm�Initial Final Min. Max. Mean

114 83 4.0 6.6 5.6 1.7

113 82 4.0 6.6 5.6 1.8

113 76 3.3 7.0 5.5 2.3

14 14 4.3 6.8 5.9 1.7

113 60 4.1 7.8 6.4 2.4

117 64 3.3 7 5.5 2.5

132 101 5.3 8.7 7.3 2.2

121 98 4.7 7.8 6.5 2.1

114 81 3.7 7.4 6.1 2.5

18 21 3.4 6.4 5.2 1.8

112 84 4.5 7.6 6.4 2.2

115 83 3.1 7.3 5.6 2.8

117 80 3.7 7.6 6.1 2.8

117 71 3.9 7.9 6.1 2.6

176 113 5.2 9.2 7.3 2.7

167 108 4.5 13.3 9.4 2.7

159 99 6.1 12.2 9.1 2.9

155 99 4.0 10.2 7.5 3.6

167 98 5.8 10.3 8.2 3.0

175 88 3.7 8.8 6.7 3.0

123 97 4.3 8.0 6.5 2.4

108 97 5.8 8.9 7.5 1.6

165 124 6.3 10.2 8.6 2.9

—

mass
tonite
m2�

Montmorillonite
content

�%�
CECa

�meq/100 g�
Swella index

�mL/2 g�

Mean grain
size D50

�mm�

5 50–55 80 23 0.4

5 50–55 80 23 0.4

9 53–58 120 23 1
r Geot

a

verage
of ben

�kg /

3.9

4.5

4.3
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.

low secant moduli in Table 3. In Tests 1–14, 18, 21–22, and 24,
the GCL was placed with the carrier geotextile facing the geonet.
In Tests 15–17, 19–20, and 23, GCLC was placed with its cover
geotextile facing the geonet since the cover geotextile was sub-
stantially stiffer than the carrier for GCLC and it was hypoth-
esized that this could result in better performance when placed on
top of a geonet.

The particular biaxial geonet tested had a thickness of 5.4 mm
under a normal stress of 20 kPa. The parallel extruded solid ribs
had an open spacing of approximately 9 mm. The average open
diagonal span of the geonet was 12 mm. A photograph of the
geonet is presented in Fig. 4. No water was added to the geonet
during Tests 1–20, while it Tests 21–24, water was introduced
to the geonet. High-density polyethylene GMs with thicknesses of
1.5 and 2.0 mm were used in the testing as the primary and
secondary GMs, respectively as per Ontario Regulation 232/98
�MoE 1998�.

Quantifying GCL deformation

Following each experiment, the GCL was carefully removed from
the GLLS and a line laser was used to measure the final thickness
of the central 0.1�0.09 m portion of the deformed GCL to an
accuracy of 0.04 mm. Fig. 2�b� is a schematic of the line laser
apparatus. The laser was mounted on a linear rail and a total of

Table 3. Description and Index Puncture Test Results of the Geotextile
Geotextile Tested Are Reported �See Fig. 3 for Definition of Terms�

Type
Mass

�g /m2�
Jo/s

�N/mm�

GCLA

Cover NW 217 26.2 ��2.1�

Carrier W&NW 242 60.8 ��2.5�

GCLB

Cover NW 233 24.7 ��1.4�

Carrier W 123 40.1 ��1.2�

GCLC

Cover NW 254 47.1 ��4.1�

Carrier NW 242 21.0 ��1.3�

GT1 NW 270 47.7 ��2.3�

Note: NW=nonwoven, W=woven, and HBNW=heat-bonded nonwoven
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Fig. 3. Typical results from index puncture tests �ASTM 4833
�ASTM 2007�� for GCLB lower geotextile
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100 cross sections were taken at 0.001 m intervals. Each cross
section was 0.09 m wide and consisted of 1,024 individual points.
This technique provides the permanent �i.e., plastic� deformations
of the GCL; the amount of elastic rebound of the GCL following
stress removal is expected to be small. Although it is the mini-
mum final thickness �tmin in Fig. 1�e�� which likely controls the
hydraulic performance of the GCL, it is difficult to compare tests
solely based on this parameter since the final GCL thickness de-
pends on the initial thickness, which varies in each test as a result
of the inherent variability in the distribution of bentonite mass in
GCLs. As a result an additional metric of GCL deformation was
required. Using surface generating software, planes of maximum
and minimum GCL thickness �represented as the dashed lines in
Fig. 1�e�� were created and the volume between these two planes
was calculated. This volume was then divided by the sample area
to give the average depth of GCL intrusion into the geonet, d, as
shown in Fig. 1�e�.

Results

GCL Hydration

Tests H1-H12 were conducted to see the effects of a geonet in
contact with one side of a GCL during hydration. In Tests H1-H3,

d; the Mean ��95% Confidence Intervals� from 15 Specimens of Each

o/s
m�

J0–2.5 mm

�N/mm�
J0–5 mm

�N/mm�
Ppuncture

�N�

��0.5� 0.5 ��0.1� 0.9 ��0.1� 312 ��27�

�0.2� 0.8 ��0.2� 3.6 ��0.5� 426 ��14�

��0.4� 0.3 ��0.0� 0.4 ��0.0� 300 ��20�

�0.2� 2.4 ��0.4� 7.1 ��0.7� 274 ��12�

�0.5� 2.1 ��0.4� 5.42 ��0.7� 429 ��49�

��0.4� 0.5 ��0.0� 0.80 ��0.1� 280 ��20�

�0.1� 11.9 ��0.6� 22.2 ��0.9� 474 ��18�

19 mm

Fig. 4. Photograph of geonet
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H5-H7, and H9-H11, a geonet was placed in contact with the
carrier geotextile and a GM was placed in contact with the cover
geotextile. Water was then introduced into the geonet and the
GCL was allowed to hydrate under a confining stress of 20 kPa
for a period of two weeks. After this time, the water content and
thickness distribution of the GCL were measured. A schematic of
the apparatus used in these tests is presented in Fig. 2�c�. As a
comparison, in Tests H4, H8, and H12, a saturated geotextile was
placed in contact with the carrier geotextile of the GCL in place
of the geonet and a confining stress of 20 kPa was applied for two
weeks.

A summary of results �the minimum, maximum, and mean
final GCL thickness for the sample area, as well as the final water
content of the GCL� from Tests H1-H12 are presented in Table 4.
A contour plot and three-dimensional representation of GCL
thickness following hydration from Tests H3 and H4 are pre-
sented in Fig. 5. The water contents of the GCLs after two weeks

Table 4. Results at the End of Two-Week-Long GCL Hydration Tests
under 20 kPa Confining Stress; Cover Geotextile of GCL in Contact with
a GM; Carrier Geotextile of the GCL in Contact with either a Geonet
�GN� or Geotextile �GT�

Test GCL

Material
in contact
with GCL
carrier GT

Water
content
of GCL

�%�

Thickness of GCL �mm�

Min. Max. Mean

H1 GCLA GN 113 5.9 8.1 7.1

H2 GCLA GN 115 6.0 7.7 6.8

H3 GCLA GN 112 5.8 7.8 6.9

H4 GCLA GT 110 5.2 7.8 6.7

H5 GCLB GN 127 6.4 9.0 7.6

H6 GCLB GN 113 6.9 9.2 8.1

H7 GCLB GN 110 6.7 8.9 7.8

H8 GCLB GT 111 5.6 8.6 7.3

H9 GCLC GN 131 7.8 12.8 10.1

H10 GCLC GN 174 9.7 13.5 11.6

H11 GCLC GN 143 9.2 12.7 11.1

H12 GCLC GT 142 7.5 11.9 9.7
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Fig. 5. GCL thickness after hydration under 20 kPa for 2 weeks for
two cases: �a� geonet in contact with GCL; �b� uniform stress above
GCL
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are similar for both hydration through a geonet and hydration
under a uniform stress. Furthermore, although some indentations
appear on the GCL as a result of the geonet ribs �Fig. 5�a��, they
are very small, typically with d less than 1 mm. Hydration under
uniform stress conditions resulted in slightly smaller minimum
GCL thicknesses than with a geonet but there was no discernable
difference in mean and maximum GCL thickness. These results
suggest that, overall, for an overburden pressure of 20 kPa, the
geonet had very little effect on the GCL during hydration when
compared to the same stress applied uniformly. Based on these
results, in all other tests where the GCL was prehydrated, the
hydration of the GCL was done under a uniform stress block of
20 kPa. Under these conditions the average water content after
hydration �with 95% confidence interval� of GCLA was 114%
��3�, 118% ��5� for GCLB and 166% ��6� for GCLC �Table 1�.

GCL Deformations

A summary of the initial and final GCL water content, the mini-
mum, maximum, and mean GCL thickness, and the average in-
trusion of the GCL into the geonet �d� for each GLLS test is
presented in Table 1.

Typical Deformed GCL Thickness
A two-dimensional contour plot and three-dimensional surface
plot representing final GCL thickness for Test 5 are presented in
Fig. 6, where the lighter areas represent thinner regions whereas
darker areas represent thicker regions. In all tests, the pattern of
GCL deformation was the same. The most apparent indentations
were parallel ridges and valleys corresponding to the set of geonet
ribs that were in direct contact with the GCL. Along the valleys,
a series of regularly spaced concentric thinner regions developed
which corresponded to the rib intersections in the geonet. The
geonet is thickest at these locations �Fig. 1� and so the GCL
deformations at rib intersections are the largest. In some tests
�e.g., Tests 6, 14, and 20� the GCL intruded far enough into the
geonet that deformations from the second parallel set of geonet
ribs became visible. A typical cross section of GCL thickness
following Test 5 is presented in Fig. 7. This cross section was
taken perpendicular to the orientation of the geonet ribs directly
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Fig. 6. Two-dimensional and three-dimensional representations of
GCL thickness following Test 5
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Fig. 7. Typical cross section of GCL following Test 5
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in contact with the GCL. The ridges and valleys in the GCL
caused by this set of geonet ribs can be seen. In this test, the
minimum thickness of the GCL was 4.1 mm and the average GCL
intrusion d was 2.4 mm. Out of all the results in Table 1, the
largest GCL deformation occurred in Test 18 for GCLC, where the
average depth of GCL intrusion was 3.6 mm. The minimum final
GCL thickness observed in these tests was 3.1 mm and was re-
corded in Test 12.

Mode of GCL Deformation
In an effort to understand the deformation behavior of a GCL
when underlain by a geonet observed in the GLLS tests, two
oedometer tests were performed on GCLB �Fig. 8�. In the first
test, a GCL sample with a diameter of 100 mm was prehydrated
under a uniform stress of 20 kPa and placed in a fixed wall
oedometer over sand �SP� subgrade. A GM was placed above the
GCL so that drainage could only occur through the sand. Stress
was then applied in increments of 50 kPa every ten minutes up to
250 kPa and deformation was recorded with time. In this test,
deformation of the GCL was most certainly from the consolida-
tion of bentonite. This test was then repeated with a geonet be-
neath the GCL in place of the sand and the results from these two
tests are compared in Fig. 8. The rate and magnitude of deforma-
tions were nearly identical whether the subgrade was uniform
sand or a geonet. This suggests that the observed GCL deforma-
tions from the geonet result from bentonite consolidation. To fur-
ther illustrate this, an example of GCL deformation caused by
lateral extrusion of bentonite is also shown in Fig. 8, where the
GCL was loaded by an individual gravel particle. In that case,
large deformation �four times larger than with uniform loading� of
the GCL occurred at low stress levels because the applied stresses
exceeded the �very low� available strength of the GCL �Dickinson
and Brachman 2004�. At higher stresses, consolidation of the ben-
tonite remaining beneath the contact can be seen.

Further evidence that the deformation of the GCL in the GLLS
tests was the result of consolidation can be gathered by compar-
ing the GCL thickness results from the GLLS experiments with
those from the hydration tests. If deformation was the result of
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extrusion, there would be very little volume change of the bento-
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nite, and therefore, the areas where the GCL experiences a reduc-
tion in thickness would be accompanied by adjacent areas where
the thickness has increased �Dickinson and Brachman 2006�. The
average maximum thickness of GCLA, GCLB, and GCLC in the
hydration experiments �with 95% confidence intervals� was 7.9
��0.2�, 8.9 ��0.2�, and 12.7 ��0.6� mm, respectively. As shown
in Table 1, the maximum thickness of the GCLs in the GLLS
experiments was nearly always less. Further, the mean thickness
of each GCL in the hydration tests was larger, typically by be-
tween 1 and 2 mm, than in the GLLS tests which suggest a net
volume reduction of the GCL in the GLLS experiments. Finally,
the noticeable decrease in GCL water content �Table 1� from the
expulsion of pore water during the test is also indicative of con-
solidation. Overall, the data strongly suggests that the deforma-
tion of the GCL when underlain by a geonet and subjected to load
is predominantly the result of primary consolidation of the ben-
tonite. This is very much different to the GCL deformations
caused by extrusion of bentonite beneath gravel contacts if the
GCL is not adequately protected �Dickinson and Brachman 2006,
2008�.

Factors Influencing GCL Intrusion into the Geonet
Temperatures at the base of landfills up to 20 to 60°C have been
reported depending on the type of waste, age of the landfill, and
whether the leachate is being circulated �e.g., Rowe 2005; Ko-
erner and Koerner 2006�. To establish the effect of temperature on
GCL deformation in a secondary leachate collection system with
a geonet, a series of tests were performed for 100 h with an
overburden pressure of 250 kPa at temperatures of 22°C, 35°C,
and 55°C. A plot of temperature versus GCL deformation, ex-
pressed as the average depth of geonet intrusion d, for each GCL
tested is presented in Fig. 9. Temperature has some effect the
deformation of the GCL under these testing conditions. For ex-
ample, for GCLA, d increased from 1.7 to 2.3 mm by increasing
the temperature from 22°C to 55°C. It is likely that at elevated
temperatures the carrier geotextile of the GCL, which is in contact
with the geonet, becomes less stiff, thus allowing the GCL to
intrude further into the geonet.

Assuming a unit weight of waste of 13 kN /m3 and accounting
for a frictional loss of 5%, the experiments at an applied pressure
of 250 kPa correspond to a thickness of approximately 18 m of
waste. To observe the effects of an even higher overburden pres-
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sure on GCL deformation for the conditions tested, a series of
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tests were conducted at 750 kPa for 100 h at 22°C. As shown
in Table 1, GCL deformation increased with increased overbur-
den pressure. For example for GCLA, d increased from 1.7
to 2.5 mm as the pressure increased from 250 kPa to 750 kPa
�Test 1 versus 6�.

Typically, the deformation of the GCL increased slightly with
increasing test duration up to 1,000 h �Table 1�. For example,
for GCLB, d was calculated to be 2.5 and 2.8 at 100 and 1,000 h,
respectively �Test 9 versus 12�. No further increase in in-
trusion was detected for a test on GCLB conducted to 2,000 h
�d=2.8 mm in Test 13�.

The higher the initial GCL water content before application of
the load, the higher the initial void ratio of the GCL and thus the
softer the material. As a result, one would expect that the higher
the initial water content, the larger the deformation of the GCL. A
plot of the average depth of GCL intrusion for tests performed at
55°C for 100 h with GCLs at different initial water contents is
presented in Fig. 10. For example, for GCLA, intrusion d in-
creased from 1.7 to 2.3 mm by increasing the initial water content
from 14% �as supplied� to 113% �hydrated for two weeks under
20 kPa�.

The results show that the type of GCL, specifically the extent
to which the GCL will swell under a given stress prior to loading
as well as the type and stiffness of the geotextile in contact with
the geonet, has a distinctive effect on the resulting deformation.
This is a function of the geotextiles used and the method of manu-
facture. GCLA and GCLB were both thermally treated and this has
been shown to decrease the bulk void ratio and thickness of the
GCL at hydration relative to GCLs not thermally treated �GCLC�
due to the fact that the thermal treatment minimizes the pullout of
the needle-punched fibers on hydration �Lake and Rowe 2000b�.
Thus, typically, the deformation of GCLC was largest, followed
by GCLB, and the smallest deformations were observed in GCLA.
It is likely that the deformations in GCLA were smaller than in
GCLB as a result of the lower initial water content in GCLA

�Table 1�, although the higher offset tensile modulus of the lower
�carrier� geotextile in GCLA �see Table 3� may have also contrib-
uted. The deformations were largest for GCLC as compared to the
other GCLs primarily as a result of its higher initial water content
�under identical hydrating conditions� resulting from the different
method of manufacture. The largest deformations were observed
in Test 18, where GCLC was placed with the lower �carrier� geo-
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textile facing the geonet. As shown in Fig. 9, these deformations
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were larger than in the tests where GCLC was placed with the
upper �cover� geotextile facing the geonet, since the upper geo-
textile had a much higher stiffness for this particular product �see
Table 3�.

In a real landfill, fluid may be present in the geonet from small
leaks in the primary liner. Once the GCL has deformed, this fluid
could potentially cause the GCL to swell into the voids between
the geonet ribs, thus further reducing the geonet pore volume. To
observe the potential effects of a continuous supply of fluid in the
geonet, a number of tests were conducted where the geonet was
saturated with water throughout the experiments. The data sug-
gests that the posthydration introduction of water to the geonet
had very little effect on the deformation of the GCL. For example,
Tests 21 was identical to Test 5 except that in Test 21; water was
introduced to the geonet throughout testing. The values of d in
both of these experiments were calculated to be 2.4 mm. Simi-
larly, in Tests 19 and 23, d was calculated to be 3.0 and 2.9 mm,
respectively. The lower geotextile appears to resist increases in
GCL thickness from swelling between geonet openings.

In Test 22, a 0.6-mm-thick heat-bonded nonwoven geotextile
�GT1� was placed between the geonet and the GCL. Index prop-
erties for this geotextile are given in Table 3. This geotextile was
chosen because of its high stiffness at small displacement and low
slack �Dickinson and Brachman 2008� relative to other woven
and nonwoven geotextiles. The geotextile appeared to have a
considerable effect at reducing the deformation of the GCL under
the conditions tested. The average depth of geonet intrusion in
Test 22 was 1.6 mm—the lowest observed in this study. Further,
the minimum GCL thickness recorded in this test was 5.8 mm,
which is the largest for any experiment involving GCLA

conducted.

Hydraulic Performance of the GCL

To evaluate the hydraulic performance of the deformed GCL,
constant flow rate permeation tests were conducted in a 100-mm
diameter fixed ring apparatus �Fig. 11�. Loose bentonite powder
compacted between the GCL and sidewall and a compression seal
around the perimeter of the GCL ensured that no leakage of water
between the GCL and sidewall occurred.

Two tests were conducted using GCLB placed with the woven
�carrier� geotextile facing the geonet. In one test the GCL was
placed above saturated sand �SP� and a GM was placed above the
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GCL to serve as a reference case. A uniform pressure of 50 kPa
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was applied every 10 min up to 250 kPa, which was maintained
for 24 h, allowing full consolidation of the GCL. At this time, the
GM was replaced with a porous stone and de-aired tap water was
injected into the cell and permeated through the GCL at a con-
stant flow rate of 7.0 mL/hour and the cell pressure was recorded
with time �Fig. 11�a��. The test was conducted at a temperature of
22°C. The second test was nearly the same except that the sand
subgrade was replaced with a geonet �Fig. 11�b��. Permittivity of
the GCL with time was calculated from the imposed flow rate and
measured cell pressure using Darcy’s Law

� =
Q

��H��A�
�1�

where Q=flow rate; �H=head difference across the GCL;
and A=cross-sectional area of the apparatus. The advantage of
using permittivity in this context—as opposed to hydraulic
conductivity—is that although the thickness of the GCL impacts
the permittivity, it is not required to calculate the permittivity
�hydraulic conductivity is equal to the permittivity multiplied by
the thickness�.

A plot of permittivity with time for each of these tests is pre-
sented in Fig. 11. The steady state permittivity of the GCL when
underlain by a geonet was 3.8�10−9 s−1 and when underlain by
saturated sand was 2.0�10−9 s−1. The permittivity was likely
higher with a geonet because there is less consolidation in be-
tween the geonet ribs �tmax in Fig. 1�e��. The increase in permit-
tivity for a GCL overlying a geonet need not be a problem
provided that the slightly higher permittivity is taken into account
in design. Further, both the GCL tested above sand and geonet
had a calculated permittivity below that typically specified by its
manufacturer �5�10−9 s−1 when permeated with de-aired water at
an effective stress of 34.5 kPa�.

The head difference across the GCL at steady state observed
for the tests in Fig. 11 was 125 m and 64 m with sand and geonet
subgrades, respectively. The hydraulic gradient created by these
large head values are much greater than one would expect to
occur in a landfill. These results suggest that for this particular
GCL, applied stress, and application in a landfill, where the liner
is provided with a suitable protection layer and is therefore loaded
uniformly, there may be relatively little risk of failure of the GCL
from internal erosion of bentonite since there was no evidence of
internal erosion at the very large gradients tested, albeit this test
was only conducted for 200 h. Rowe and Orsini �2003� presented
results from fixed ring hydraulic conductivity tests, where a GCL
with the same cover and carrier geotextiles as GCLB but with a
higher mass of bentonite was placed directly over a geonet with a
thickness, opening size, and diagonal span of 5.1, 8, and 12 mm,
respectively, and a mass of 790 g /m2. A confining stress of
12 kPa was applied prior to two weeks of hydration and remained
throughout the tests. They reported that the GCL experienced
internal erosion at a head of approximately 19 m. The much
higher confining stress �250 kPa versus 12 kPa� and the resulting
reduction in void ratio from consolidation is likely the reason
why internal erosion did not occur in the fixed ring test presented
in Fig. 11. At a confining stress of 250 kPa the contact stresses
between the GCL and the geonet ribs are much higher than at
12 kPa. This could be quite significant with the higher stress
reducing the mobility of the bentonite particles. It is noted that the
geometry of the geonet may also influence the potential for inter-
nal erosion and these findings should not be extrapolated to geo-
nets with larger spacings between the ribs than that examined

in this study without experimental verification. Based on the find-
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ings of Rowe and Orsini �2003� GCLA can be expected to per-
form even better than GCLB with respect to internal erosion. The
good performance with respect to internal erosion observed for
GCLB and inferred for GCLA may not apply to other GCLs due to
the effects of the method of GCL construction; for other GCLs,
testing would be required to assess the likelihood of internal ero-
sion when used over a geonet.

Hydraulic Performance of the Geonet

In Tests 21–24, a constant head reservoir was attached to the
GLLS apparatus and the flow rate through the geonet was mea-
sured under a gradient of 0.5 �see Fig. 2�a��. A bentonite seal was
placed above and below the geonet to prevent leakage of water
into the sand layers. The sand layers above and below the liner
were also saturated under the same head as the geonet so as to
eliminate any hydraulic gradient between these layers to further
ensure that no side leakage would occur. During these flow mea-
surements, the water was introduced at the same temperature as
the GLLS. An initial measurement of flow rate was taken before
application of the overburden stress so as to provide a baseline for
comparison. Subsequent measurements began immediately after
the full stress level of 250 kPa had been reached. A plot of flow
rate, expressed as a percentage of the flow rate under zero over-
burden stress, for Tests 21–24 is presented in Fig. 12.

In Tests 21–23, the geonet was oriented as depicted in
Fig. 12�a�. In Tests 21 and 23 in which the GCL was in direct
contact with the geonet, the intrusion of the GCL into the geonet
caused the flow rate to stop within 3 h of the stress being applied.
This is consistent with the cessation of flow under similar condi-
tions reported by Legge and Davies �2002� and supports their
conclusion that a geonet should not be used for a drainage media
without a supporting geosynthetic between it and the overlying
GCL. In Test 22, with the heat-bonded nonwoven geotextile GT1

between the geonet and the GCL, the flow rate immediately after
the full overburden stress was reached was 50% of the unloaded
flow rate, which then dropped to less than 10% within 3 h of
the full stress being reached. In Test 24, the conditions were the
same as for Test 22 except that the geonet was oriented as shown
in Fig. 12�b�. In this test the flow rate immediately after the full
overburden stress was reached was 68% of the unloaded flow rate
and had still not reached steady state conditions after 1,000 h. It is
likely that the geotextile reinforced the GCL over the geonet
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openings, and over time, the continued decrease in flow capacity
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was the result of creep of the geotextile, which led to an increase
in GCL intrusion. The decrease in geonet flow capacity is consis-
tent with Jaisi et al. �2005� who reported a flow rate reduction of
between 53–63% under a stress of 200 kPa for different geonets
and geotextiles. As indicated by the downward trend in flow rate
for Test 24 in the first 1000 h �Fig. 12�, it is possible that the flow
rate in this test would have continued to decrease with time. How-
ever, the similarity between the amount of geonet intrusion in
Tests 12 and 13 conducted for 1,000 and 2,000 h, respectively,
suggests that the majority of geonet intrusion typically occurred
in the first 1,000 h; therefore a further reduction in geonet flow
capacity after 1,000 h is expected to be small. The difference in
flow capacity between Tests 22 and 24 was the result of the geo-
net orientation. The geonet orientation in Tests 22 and 24 is
shown in Fig. 12. In Test 22, the lower set of geonet ribs effec-
tively prevented the flow in the lower half of the geonet as shown
in Section A-A of Fig. 12. Flow in the upper half of the geonet
was greatly diminished by the deformed GCL and so the flow
capacity in the GCL was compromised. In Test 24, even though
the pore volume in the upper half of the geonet was reduced as a
result of the overlying GCL, the lower half of the geonet re-
mained open and thus the geonet retained some flow capacity. It
is unlikely that geonet orientation would have as severe an effect
in a landfill as it did in these experiments, where the inflow and
outflow were each concentrated through a single port. In a land-
fill, flow would be expected to occur over a much wider area and
therefore the fluid would have an easier time finding its way
around an obstruction. However, the results show that even with a
geotextile reinforcement layer between the geonet and the GCL,
the majority of flow will occur in the lower set of geonet ribs. In
critical field applications and laboratory experiments, care should
therefore be taken to ensure that the lower set of ribs is oriented in
the desired flow direction.

Discussion

The results suggest that indentations in the GCL caused by intru-
sion into an underlying geonet do not appear to negatively impact
the hydraulic performance �permittivity or resistance to internal
erosion� for the particular GCLs and conditions examined. The
lower geotextiles of the GCLs do not prevent but do limit GCL
intrusion into the geonet once they experience sufficiently large
deformations to mobilize their stiffness, and inclusion of a rein-
forcing geotextile was shown to further reduce the GCL intrusion.
However, since the geosynthetic elements of the GCL �geotextiles
and needle-punched fibers� appear to be essential to the GCL
bridging the openings in the geonet and thereby allow the GCL to
perform its intended function as a hydraulic barrier, the long-term
performance of a GCL when installed on top of a geonet could be
negatively impacted if the service life of the lower geotextile
and/or needle-punching fibers of the GCL is reached �e.g., Hsuan
and Koerner 2002; Thomas 2002�. For example, von Maubeuge
and Ehrenberg �2000� suggested conservative service life esti-
mates of 25–50 years for polypropylene fibers. This may be re-
lated to the long-term shear strength of GCLs �Müller et al. 2008�
since both the application considered here and the long-term shear
strength depend on the long-term performance of the fibers.

The tests conducted in this study represent the field case where
the GMs are placed with few wrinkles. Wrinkles are known to
be present in many landfills �Rowe et al. 2004; Rowe 2005� and
a technique has been developed for quantifying wrinkles �Take

et al. 2007�. A wrinkle in the GM could potentially impact the
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physical response of the GCL and geonet by redistributing verti-
cal stresses causing nonuniform loading �e.g., Dickinson and
Brachman 2006.�

While the focus of this paper has been on the hydraulic per-
formance of a GCL when placed on top of a geonet, Fitzsimmons
and Stark �2002� have postulated that the diffusive flux through
the GCL would also likely increase as a result of reduced GCL
thickness. Using assumed values of diffusion coefficient, they
calculated that the diffusive flux through a GCL with an initial
thickness of 7 mm could theoretically increase by a factor of 3 or
4 times should the thickness be reduced to 2 mm as a result of
extrusion. The impact of increased diffusion through a GCL de-
formed by a geonet may warrant assessment; however, if resis-
tance to significant diffusion of, say, volatile organic compounds
is required for the double composite liner separated by a geonet
shown in Fig. 1, then rather than relying on the thin GCL, one
could simply add a soil layer �i.e., the foundation/attenuation
layer in Fig. 1� that need not be of exceedingly low hydraulic
conductivity �e.g., one of the order of 10−7 m /s for say a sandy
silt� with its thickness selected to limit diffusion �e.g., see Rowe
and Brachman 2004�.

Conclusion

The thickness and hydraulic performance of three different GCL
products when overlying a geonet in a secondary leachate collec-
tion or leak detection layer and subjected to overburden stresses
of 250 kPa and 750 kPa were examined by physical testing. For
the particular GCLs and conditions tested, the principal conclu-
sions are
1. GCL thickness: The final GCL thickness was nonuniform

having thinner regions that were in direct contact with the
geonet ribs and thicker areas that occurred in between the
geonet ribs. The amount of GCL intrusion into the geonet
increased with increasing GCL water content, temperature,
and applied pressure. The lower geotextile of the GCL lim-
ited GCL intrusion into the geonet once they experienced
sufficiently large deformations to overcome initial slack in
their structure and mobilize some stiffness. Inclusion of a
reinforcing geotextile between the GCL and geonet did not
prevent, but further reduced, GCL intrusion into the geonet.
Assessment of the service life of the geosynthetic compo-
nents of the GCL may be required for the adequate long-term
performance of the GCL. The measured results and observa-
tions are consistent with GCL deformation from the benefi-
cial consolidation of bentonite and not from lateral extrusion
of bentonite;

2. GCL hydraulic performance: The indentations in the GCL
caused by intrusion into an underlying geonet did not nega-
tively impact the hydraulic performance �permittivity or re-
sistance to internal erosion� for the practical applications
considered over the time frame of the tests. Constant flow
permeation testing showed that one particular GCL overlying
a geonet and subjected to a uniform stress of 250 kPa had a
permittivity of 3.8�10−9 s−1 under a steady state head dif-
ferential of 64 m relative to a permittivity of 2.0�10−9 s−1

and a steady state head of 125 m when overlying saturated
sand. Internal erosion of bentonite did not occur in either
test; however this conclusion is only valid for GCL tested
and should not be extrapolated to other types of GCL without
experimental verification; and
3. Geonet flow capacity: The flow capacity of a geonet can be
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greatly reduced from GCL intrusion into the geonet. The
presence of a reinforcing geotextile can certainly reduce the
GCL intrusion into the geonet and the potential effects from
creep, elevated temperatures, and possibly the orientation of
the geonet with respect to the flow direction need to be con-
sidered. However, in such cases the long-term flow capacity
of the geonet will also depend on the service life of the
reinforcing geotextile.
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