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FREEZE-THAW CYCLING AND THE HYDRAULIC CONDUCTIVITY 
OF GCLs AND COMPACTED CLAY LINERS 

 
In cold regions, unprotected liners and covers can freeze during the winter months, potentially 
affecting hydraulic performance.  This technical reference includes two studies which investigate the 
performance of liners exposed to freeze-thaw cycling.  These studies are each discussed separately 
below.   
 
Kraus et al., 1997 
In research organized by the U.S. Environmental Protection Agency and the U.S. Army Cold Regions 
Research and Engineering Laboratory (CRREL), hydraulic conductivity tests were conducted in the 
laboratory and field on geosynthetic clay liners (GCLs) and compacted clay liners to determine if their 
hydraulic conductivity is affected by freezing and thawing. 
 
Compacted Clay Liners 
Hydraulic conductivity tests were performed on specimens obtained from compacted clay liner test 
plots before and after a winter season.  Results indicated that the compacted clay liners had an 
increase in hydraulic conductivity of several orders of magnitude, from approximately 1 x 10-8 cm/sec 
to greater than 1 x 10-5 cm/sec.  Extensive crack networks were present in the after-winter specimens.  
These cracks serve as preferential flow paths and are the primary cause for the high hydraulic 
conductivities that were measured. 
 
GCLs 
In the laboratory, three specimens of Bentomat ST and four specimens of Claymax 200R were frozen 
and thawed 20 times, and no increase in hydraulic conductivity was measured.  All values were very 
low, ranging from 2.9 x 10-9 cm/s to 4.9 x 10-9 cm/s for the initial condition and from 1.7 x 10-9 cm/s to 
3.3 x 10-9 cm/s for the specimens exposed to 20 freeze-thaw cycles.  
 
In field test pads, three specimens of Bentomat ST and Claymax 500SP were exposed to one winter 
of freeze-thaw cycling.  The outdoor freezing and thawing did not cause an increase in hydraulic 
conductivity with the exception of one field test containing a seamed section of Claymax 500SP, a 
discontinued stitch-bonded GCL.  However, a replicate of this test showed no increase in hydraulic 
conductivity.  Thus, the anomaly may have been due to installation quality. 
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Podgorney and Bennett, 2006 
A similar evaluation of freeze-thaw resistance of GCLs was performed in 2006 by the Idaho National 
Engineering Environmental Laboratory (INEEL).  Samples of three GCLs, Bentomat ST, Bentomat 
DN, and Claymax 200R, were exposed to repeated freeze-thaw cycles in the laboratory at pressures 
encompassing final cover (20 kPa) and bottom liner (60 kPa) applications.  Samples were tested in 
the laboratory after 3, 9, 15, 21, 30, 45, 75, 100, 125, and 150 freeze-thaw cycles.  Hydraulic 
conductivity testing found no appreciable changes, even after 150 freeze-thaw cycles. 
 
The results of the laboratory and field test pads indicate that Bentomat and Claymax 200R GCLs were  
not adversely affected by freezing and thawing.  Examination of the GCLs while frozen and after 
thawing reveal why these materials do not incur the increases in hydraulic conductivity typical of 
compacted clay liners.  Ice segregation does occur in GCLs, but the cracks formed during ice 
segregation close when the bentonite thaws because the thawed bentonite is very soft and 
compressible. 
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TECHNICAL NOTES
Evaluating the Long-Term Performance of Geosynthetic Clay
Liners Exposed to Freeze-Thaw

R. K. Podgorney1 and J. E. Bennett2

Abstract: An important consideration for landfill liners and covers constructed in the frost zone of cold climates is the possible
deterioration in performance due to freeze-thaw cycling over the design life of the liner or cover system. Several examples in the literature
show that geosynthetic clay liners can withstand a limited number of freeze-thaw events, but data on long-term freeze-thaw performance
are lacking. The objective of this study was to examine the long-term performance of geosynthetic clay liners exposed to repeated
freeze-thaw cycles, encompassing their application as a final cover as well as a bottom liner. Measurements of hydraulic conductivity were
performed after as many as 150 freeze-thaw cycles, with no appreciable increases observed.
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Introduction

Geosynthetic clay liners �GCLs� have become an increasingly
common component in landfill liner and cover systems since their
introduction in the early 1980s �Mazzieri and Pasqualini 2000�.
An important consideration for liners and covers constructed in
the frost zone of cold climates is the possible deterioration in
performance due to freeze-thaw cycling over the design life of the
liner or cover system, which can be hundreds to even thousands
of years �INEEL 2002�. Previous studies have established that
GCLs retain their hydraulic properties after 20–30 freeze-thaw
events �Hewitt and Daniel 1997; Kraus et al. 1997�, largely due to
the self-healing characteristics of the sodium bentonite material
used in their construction. However, data on the long-term perfor-
mance of GCLs exposed to freeze-thaw are lacking. This data is
necessary for justifying design assumptions associated with long-
term performance.

The objective of this study is to examine the long-term perfor-
mance of GCLs exposed to freeze-thaw cycles expected in final
cover and liner systems. The results will provide designers and
regulators with a technical basis for long-term performance as-
sessment of existing liners and covers as well as the assumptions
used in future designs. In order to meet this objective, laboratory
measurements of hydraulic conductivity of three common GCLs
were made for up to 150 freeze-thaw cycles.
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Methods

Hydraulic conductivity was measured using a flexible-wall per-
meameter system under falling-head/rising-tail conditions. The
flexible wall permeameter was chosen because the method is con-
sidered reliable for measuring the hydraulic conductivity at low
flow rates that would be typical of GCL materials �Wong and
Haug 1991� and to prevent the possibility preferential sidewall
flow that would yield artificially high hydraulic conductivity val-
ues �Petrov et al. 1997a�. Laboratory procedures for determining
hydraulic conductivity were developed in accordance with
relevant American Society for Testing and Materials �ASTM�
standards �ASTM 1999, 2001� and the recent literature �Koerner
1997; Othman et al., 1994; Petrov et al. 1997a,b�.

Tests were planned to examine the hydraulic conductivity after
3, 9, 15, 21, 30, 45, 75, 100, 125, and 150 freeze-thaw cycles.
Test samples were obtained by cutting 70-mm disks from bulk
rolls of three GCL types, Bentomat ST �GCL-1�, Bentomat DN
�GCL-2�, and Claymax 200R �GCL-3�. A separate group of three
replicate samples were prepared from each respective GCL type
for each planned number of freeze-thaw cycles, so that the hy-
draulic conductivity of each sample was measured only twice,
once as a prefreeze-thaw baseline and once after the total number
of freeze-thaw events were completed.

The samples were backpressure saturated at 276 kPa with a
confining pressure of 345 kPa for a minimum of 48 h using a
permeant of deionized water �DI�. DI was chosen as the permeant
for the analysis to ensure that all changes observed in the hydrau-
lic conductivity can be attributed to the freeze-thaw process only,
and not to cation exchange processes between the permeant and
the sodium bentonite used in the construction of the GCLs. Jo et
al. �2005� showed that significant changes in hydraulic conduc-
tivity can occur due to cation exchange between the liner materi-
als and ionic permeant solutions. The authors also showed that
samples permeated with DI showed little change in hydraulic con-
ductivity after more than 60 pore volumes were permeated

through GCL specimens, which further lends confidence to our
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results representing only changes due the freeze-thaw.
In order to establish a baseline hydraulic conductivity, samples

were analyzed prior to freeze-thaw at effective stresses of 20 and
60 kPa. A hydraulic gradient of 150 was used for the analysis. The
lower effective stress corresponds to an application of a GCL as a
cover system, whereas a higher stress of 60 kPa simulates the
conditions of an evaporative pond liner, or as a conservative
analysis for a landfill bottom liner. These assumptions are based
on measurements collected at recently constructed evaporation
ponds at the Idaho National Laboratory �Podgorney and Bennett
2004� with 4 m of standing water ��52 kPa effective stress at the
GCL�.

To prepare the samples for the freeze-thaw cycles, the flexible
membrane was left wrapped around the sample and it was placed
in a sealed plastic bag. Samples intended for the same number of
freeze-thaw cycles were laid flat and kept in separate airtight
containers. The containers were cycled in and out of a laboratory
freezer �average temperature of −17°C� every 24 h �ASTM
1997�.

The samples were retested once the planned number of freeze-
thaw cycles were reached. Two replicate samples of each GCL
type for each number of freeze-thaw cycles were retested at 60
kPa effective stress, while the remaining sample was retested at
an effective stress of 20 kPa. The hydraulic gradient for all retests
remained the same as the original testing conditions.

Results and Discussion

A baseline hydraulic conductivity for each of the GCL types at
both effective stresses was established by making repeated mea-
surements on all of the samples. The results of the baseline sam-
pling are summarized in Table 1. In general, the baseline data
show a lognormal distribution with nearly all data falling within
one standard deviation of the mean. Due to the number of
samples and measurements that were used to establish the base-
line �approximately 200 total measurements on 30 samples of
each GCL type�, we surmised that these results represent the vari-
ability of the materials themselves and not the laboratory meth-
odology. Therefore, in order to assess the variability inherent in
our methodology, numerous measurements were made on a single
sample �GCL-2 at 60 kPa� over a three-month period to evaluate
the variability in the sampling methods. No discernable trends
were evident in the data, which resulted in a dataset that fit a
Gaussian distribution with a mean hydraulic conductivity value of
1.66�10−9 cm/s. Fig. 1 shows a representative histogram of the
baseline analysis and results of the single sample analysis, both

Table 1. Baseline Hydraulic Conductivity Results at Effective Stresses
of 20 and 60 kPa for the Three GCLs Used in the Study

GCL
Hydraulic conductivity

�cm/s�
Standard deviation

�cm/s�

20 kPa Analysis

GCL-1 2.5�10−9 1.6�10−10

GCL-2 2.9�10−9 1.6�10−10

GCL-3 2.0�10−9 3.5�10−10

60 kPa Analysis

GCL-1 1.7�10−9 8.7�10−10

GCL-2 2.0�10−9 8.1�10−10

GCL-3 9.0�10−10 4.0�10−10
with a Gaussian fit applied to the data. The goodness of fit of the

266 / JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINE
initial measurements to a Gaussian model gave us confidence in
our laboratory methods and procedures.

All of the GCLs tested performed well after repeated exposure
to freeze-thaw, with no significant changes in hydraulic conduc-
tivity. The results of the analysis are shown in Fig. 2. There is a
general decrease in measured hydraulic conductivity for most of
the GCLs after the first few freeze-thaw cycles. This is likely the
result of thaw consolidation or reorientation of the particles
within the liner materials due to changes in the stress state upon
freezing and thawing �Chamberlain and Gow 1979; Kraus et al.
1997�. Following the initial decrease, the measured value of hy-
draulic conductivity is generally higher at lower effective stress
for all GCL types, but neither case shows a significant decrease in
performance.

Fig. 2�a� details the hydraulic conductivity of GCL-1 for both
the 20 and 60 kPa effective stresses. The measured values are

Fig. 1. Histograms and Gaussian fits to: a� the log transformed
baseline hydraulic conductivity analysis for geosynthetic clay liner
GCL-2 at 60 kPa; and b� numerous measurements conducted on a
single GCL-2 sample at 60 kPa
generally parallel to each other, with a few small spikes in the
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measurements. In Fig. 2�b� �GCL-2�, the hydraulic conductivity at
60 kPa showed a minor increase at 21 freeze-thaw cycles, but still
remained within one standard deviation of the mean baseline
value, with the 20 and 60 kPa sample values generally paralleling
each other for the remaining freeze-thaw cycles. The hydraulic
conductivity of GCL-3 �Fig. 2�c�� showed a slight increasing
trend from 21 to 125 freeze-thaw cycles at 20 kPa, only to return
to less than the baseline values after 150 freeze-thaw cycles. The
mean of the baseline measurements is also shown for all GCL
types in Fig. 2. In general, the postfreeze-thaw hydraulic conduc-
tivity is less than or falls within one standard deviation of the

Fig. 2. Hydraulic conductivity variation with freeze-thaw cycling
for: �a� GCL-1; �b� GCL-2; and �c� GCL-3. Values plotted for the
60 kPa tests are the average of two replicate samples.
mean of the baseline hydraulic conductivity.
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Summary and Conclusions

An evaluation of several commonly available GCLs exposed to
repeated freeze-thaw cycling was performed, encompassing their
application as a final cover �20 kPa� as well as a bottom liner
�60 kPa�. Laboratory analysis of the hydraulic conductivity was
performed after as many as 150 freeze-thaw cycles, with no
appreciable changes observed.

The long-term susceptibility of GCLs to increased hydraulic
conductivity as a response to repeated freeze-thaw cycling is
minimal, largely due to the self-healing characteristics of the so-
dium bentonite used in their construction. GCLs perform well and
maintain efficiency as a barrier to flow after 150 freeze-thaw
cycles. Other factors, such as proper installation �Estornell and
Daniel 1992�, permeant chemistry and cation exchange �Jo et al.
2005�, physical disturbance or damage �Mazzieri and Pasqualini
2000�, desiccation �Boardman and Daniel 1996�, etc., have been
shown to significantly affect the hydraulic conductivity and are
likely to exhibit much more control on the long-term performance
of GCLs.
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