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Abstract

Hydraulic barrier layer is the major component in the cover system of a modern land"ll. The
primary function of the barrier is to limit the amount of water in"ltration. Another important
function is to minimize the emission of land"ll gas. In recent years, geosynthetic clay liners
(GCLs) have been used in land"ll covers as hydraulic barrier layer. However, in hot and arid
areas the bentonite in GCLs may develop desiccation cracks. Before the cracks are closed upon
wetting, signi"cant amount of land"ll gas might have already emitted into the atmosphere. To
address this issue, air permeability tests were performed to assess the e!ectiveness of GCLs as
a gas barrier. The results show that air can hardly pass through hydrated GCL specimens.
However, the drying of GCLs induced signi"cant increase of their air permeability. ( 2000
Elsevier Science Ltd. All rights reserved.
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1. Introduction

In recent years, GCLs have often been used as substitutes for the compacted soil
components of the land"ll cover systems. The major advantages of GCLs are the more
consistent physical properties, the lower leakage rates, the faster installation, and the
reduced construction quality assurance (CQA) requirements. These features make
GCLs very attractive hydraulic barrier materials. Although they are often recommen-
ded to be used with geomembranes as composite liners (Koerner and Daniel, 1997),
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the GCLs have been used as the sole hydraulic barrier layer in many cases (Daniel and
Scranton, 1996). The unique features of GCLs such as the ability to withstand
di!erential settlement and the ability to self-heal desiccation cracks make them
especially suitable for use in land"ll covers.

The hydraulic properties of GCLs have been extensively studied since the beginning
of 1990s as the demand for technical information on these products increased. Due to
the favorable results of these studies and successful "eld experiences, the use of GCLs
has grown rapidly. However, in municipal solid waste (MSW) land"lls that generate
signi"cant amounts of gas, a hydraulic barrier layer must also be capable of limiting
the #ow of the up-moving gas as well as the in"ltrating water. As a result, it is
necessary to evaluate the e!ectiveness of the GCL as gas barrier.

The objective of this study was to develop the equipment for measuring the air
permeability of GCLs and to investigate the variation of air permeability with the
water content of the bentonite.

2. Gas permeability and water retention of GCLs in land5ll cover

Considerable amount of gas is generated in municipal solid waste (MSW) land"lls
as the organic waste decomposes. The major portion of the gas is methane produced
by anaerobic degradation, which lasts for more than thirty years.

It seems almost impossible for incidents such as explosions to happen in a properly
designed and operated land"ll. However, it is not the case in the real world. For
instance, there are explosions and "res at operating and closed land"lls in Taiwan
every summer. In the southern part of Taiwan the weather is hot and arid. The
average temperature can be as high as 303C from May to October. The compacted
soils of the daily covers or "nal covers are likely to be desiccated by the heat in such an
environment and may not be able to contain methane gas. Once the methane gas
moves upwards and mixes with oxygen in the air, even the sunlight that passes
through a water-"lled glass bottle can set up a "re.

Although it is an important issue, very little information is available regarding the
gas emission of land"lls. Figueroa and Stegmann (1991) performed several "eld tests
on a 0.6 m-thick soil cover at a German land"ll. They found that the land"ll gas #ow
rates ranged from 5.2]10~6 to 9.6]10~5 m3/m2/s. They also recognized that if
cracks formed in the soil liner due to desiccation or di!erential settlement, the #ow
rate could increase signi"cantly. In addition, they suggested that the dominant gas
transport mechanism was advection.

Theoretically, wet compacted soils as well as hydrated GCLs would hardly allow
any gas to pass through (Daniel, 1991). As a result, GCLs' gas permeability has seldom
been studied. Nevertheless, Trauger and Lucas (1995) did measure the rate of methane
gas migrating through GCLs via di!usion. Their results show that the rate of gas
transport through GCL was very low as long as its water content was greater than
90%. The permeance is about 2]10~6 m/s for GCL sample with a water content of
around 50% and drops below 1]10~9 m/s when water content reached above 90%.
This suggests that the gas permeability of GCLs is dependent on the water content.
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Fig. 1. Variation of water content of GCL specimens with time (Yao, 1998).

The GCLs' capability to absorb water from the surrounding soils is supported by
the results of several studies. For example, Daniel et al. (1993) described the water
absorption tests where dry GCL specimens were buried in sands of various water
contents. They found that the bentonite did absorb considerable amount of water
from the surrounding sand over the 40-days test period. However, their results
showed that the "nal water content of bentonite in the GCL specimens placed in drier
sands were much lower than that of fully saturated GCLs.

On the other hand, the ability of hydrated GCLs to retain water has also been
investigated (Geoservices, 1989). The tests were performed in an environmental
chamber, which could simulate the day/night cycle. The temperature and the humidity
of the `daya period were 353C and 30%, respectively. For the `nighta period the
temperature was lowered to 213C and the humidity was raised to 50%. Hydrated
GCL specimens were put in two containers and covered with 203.2 mm and 457.2 mm
of sand, respectively. After the 90 days of testing, the "nal water contents of GCL
specimens were as high as 260% and 248%, respectively.

However, results of tests performed by Yao (1998) did not show hydrated GCLs
have a strong ability to retain water. GCL specimens were placed under 0.5 m of moist
sand and loosely compacted moist clay in two 86 liter buckets. The GCL specimens
were allowed to absorb water under dead weights that imposed a vertical stress that is
equivalent to 0.5 m of soil before they were put in the buckets. The test was performed
over a 90-day period spanning from March 1998 to May 1998. The monthly average
temperatures were 17.23C, 21.13C, and 24.63C. The average humidity during the test
period was about 85%. The suction in the cover soils was monitored with tensiometers.
The variations of the water content of GCL specimens with time are shown in Fig. 1.
The results are also listed in Table 1. The "nal water contents of the specimens are
comparable to the results of absorption tests performed by Daniel et al. (1993).

In addition, the result of large bench scale tests that was intended to simulate "eld
conditions in arid regions showed that the GCL sample tested severely cracked
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Table 1
Results of water retention tests of GCLs (Yao, 1998)

(a) Water content of GCL specimens placed in clay

Time (days) 0 15 30 45 60 75 90

Claymaxt 186.35 66.54 75.53 65.86 38.82 31.44 27.51
Bentomatt 122.10 65.70 55.34 56.60 36.34 31.39 27.00
Water content of clay (%) } 21.50 19.49 17.17 16.10 12.56 10.30
Suction in clay (mbar 67 69 58 72 78 80 72

(b) Water content of GCL specimens placed in sand

Time (days) 0 15 30 45 60 75 90

Claymaxt 186.35 116.54 93.90 70.69 56.23 62.34 52.45
Bentomatt 122.10 53.83 76.91 71.93 63.75 55.43 48.25
Water content of sand %) } 6.11 4.88 4.54 3.77 3.70 2.62
Suction in sand (mbar) 22 30 35 62 70 72 80

when desiccated (Boardman, 1993; LaGatta et al., 1997). The pattern of cracks they
described was similar to that shown in Fig. 7. The average water content of the
bentonite in the dry GCL sample was 12% (Boardman, 1993).

The most important factor that controls the gas permeability of a moist soil is the
degree of saturation, which is dependent on the water content and void ratio. Since
water content could vary signi"cantly after the cover system is constructed. Therefore,
it is necessary to determine the e!ect of various water contents on the gas permeability
of GCLs.

3. Experimental program

3.1. GCL materials

The two GCLs tested in this study are Bentomatt ST and Claymaxt 200 R, which
will be designated as BM and CL, respectively. BM is comprised of a nonwoven
needlepunched geotextile that is needle punched again through a layer of bentonite
into a woven slit-"lm geotextile. The bentonite content is 3.6 kg/m2. The water
content of the bentonite in dry BM is about 10}12%. In CL, 3.6 kg/m2 of bentonite is
sandwiched between woven geotextile on the top and open weave geotextile at the
bottom.

The shrinkage limits of the bentonite in the GCLs were determined according to
standard test method ASTM D427-92 and are listed in Table 2. It is interesting to note
that the shrinkage limits of the bentonite are very low comparing to the high water
content of saturated bentonite.
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Table 2
Results of shrinkage limit tests on bentonite in the GCLs

GCL Shrinkage limit (%) Volume change (%)

BM 35.2 87.86
CL 29.9 88.15

Fig. 2. Schematic diagram of the permeameter for measuring air permeability of GCL.

3.2. Air permeability tests

The GCL specimens were cut from the rolls supplied by the manufacturer to
a diameter of 114.5 mm. The specimen was placed in an acrylic mold with an inner
diameter of 114.5 mm. A dead load weighing 4 kg was put on top of specimen to
provide a normal stress equivalent to that created by 300 mm of topsoil. The specimen
was then soaked with tap water. After 1 day of hydration, the assembly was placed
inside an oven and heated under a temperature of around 353C for a given period of
time. The specimen was then removed from the oven for air permeability testing. This
process was repeated for di!erent drying times.

The air permeameter was modi"ed from the apparatus originally used for gradient
ration test of geotextiles (Fig. 2). GCL specimens were clamped between two ring-
shape holders. Next, bentonite paste was placed along the edges of the specimen to
prevent air leakage. The permeameter was then assembled and connected to the air
permeability testing system (Fig. 3).

The #ow rate of air was adjusted by regulating in#uent air pressure with the
pressure control panel. Very low in#uent air pressure was used (less than 2 kPa). The

H.-Y. Shan, J.-T. Yao / Geotextiles and Geomembranes 18 (2000) 251}261 255



Fig. 3. Schematic diagram of the air permeability test system.

Fig. 4. Relationship between velocity and gradient for BM specimens.

range of #ow rate was as high as 27 l/min for the more permeable specimens under
larger gradients and as low as 0.5 l/min for less permeable specimens under smaller
gradients. The head loss across the specimen was measured by U-tube manometer.
For each specimen, head di!erence values corresponding to 5 di!erent #ow rates were
measured. It is determined that gas #ow was in the laminar range. This was justi"ed
by the linear relationship between #ow rate and gradient (Fig. 4). After each test, the
water content and the thickness of specimen were measured.

The air permeability of the GCL specimens was computed with the following equation:

k"
q/A

A
*h

505!-
!*h

%26*1.%/5
t B

, (1)
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Fig. 5. Relationship between air permeability and water content for BM.

Fig. 6. Relationship between air permeability and water content for CL.

where *h
505!-

is the total head loss measured (mm); *h
%26*1.%/5

is the head loss of
system without any GCL specimen (mm); k is the air permeability (mm/s). The
compressibility of air has been taken into account when computing the #ow rates that
passed through the specimens from the values measured with the #owmeter.

4. Results and discussion

The relationship between air permeability and water content for BM and CL is
shown in Fig. 5 and Fig. 6, respectively. For CL specimens with water content higher
than 190%, no #ow of air was observed. On the other hand, it was unable to detect
any #ow of air for BM specimens with water content higher than 170%. It can be
clearly seen that air permeability increases as the water content decreases. The
relationship between air permeability and water content of CL is much clearer than
for BM.
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Fig. 7. Crack pattern of CL specimens.

After drying, cracks could be observed for desiccated CL specimens with water
content lower than about 140%. The bentonite in these specimens formed chunks of
about 100 mm2 such that the GCL developed a network of wide-open cracks (Fig. 7).
For CL specimens with water content higher than about 140%, hairline cracks in the
bentonite could be observed.

On the other hand, there was no network of large cracks found in the desiccated
BM specimens. Instead of forming large chunks, the bentonite in BM specimens
shrank to form small granules as when it was manufactured. The needlepunched "bers
prevented the bentonite from forming chunks during the drying process. Therefore,
the #ow rates through the bentonite were smaller. In addition, the nonwoven geotex-
tile in BM specimens also induced considerable head loss. In any case, the air
permeability of the desiccated BM specimens was much lower than that of CL
specimens.

Furthermore, the air permeability of BM specimens with water content ranging
from 100% to 140% scattered considerably. This seems to be a transition zone. When
the water content of the bentonite was higher than 140%, the volume change of the
bentonite had mainly led to a reduction in the thickness such that few pathways to air
was formed. On the other hand, when the water content of bentonite reduced to below
100%, the bentonite became dry enough to form granules smaller than the spacing
between "bers. As a result, the air permeability increased with decreasing water
content. When the water content fell within this transition zone, it was the needlepun-
ched "bers that control the measured air permeability. It is possible that in some
specimens, very small bentonite chunks formed in the places where the "bers are loose,
thus the small cracks allowed air to pass through them with less resistance. However,
for other specimens in which the "bers distributed uniformly, the bentonite shrank
uniformly without forming small chunks and the air permeability remained very low.

The ability of GCLs to transmit air can also be expressed as the permittivity to air
to allow comparison between di!erent barrier materials. The permittivity is computed
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Fig. 8. Comparison of the air permittivity of BM and CL.

Fig. 9. Comparison between the air permeability and Permeance of BM.

with the following equation:

k

t
"W"

q

*h]A
. (2)

The relationships between the air permittivity of BM and CL are shown in Fig. 8.
The air permittivity values of the desiccated CL are much higher than those of the
desiccated BM for water content ranging from 50 to 150%. Beyond 150%, the gas
permittivity of both GCLs is very low.

The air permeability of BM obtained by this study is compared with the results of
gas di!usion tests performed by Trauger and Lucas (1995) in Fig. 9. The methane
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permeance through BM is much lower than the air permeability obtained by this
study. The permeance was computed from the results of di!usion of methane though
BM specimens. Advection of gas was not allowed in di!usion tests. Otherwise,
methane would have passed through the drier BM specimens at a much faster
rate.

Both advection and di!usion should be taken into account when estimating the gas
#ux through the GCLs in a land"ll cover system. For desiccated GCLs with lower
water contents, advection dominates the gas transport. For GCLs with high water
contents, only a very small amount of gas would di!use through the material. It is
important to maintain the GCLs in a near saturation state in order to limit the gas
migration. However, the results of water absorption tests by Daniel et al. (1993) and
water retention tests by Yao (1998) indicate that GCLs will not maintain fully
hydrated when they are in contact with soils. Therefore, GCLs are not as good in
limiting gas emission out from the land"lls as they are in preventing water in"ltration
into the land"lls.

5. Conclusions

The air permeability of two types of GCLs was measured in this study. The results
showed that it is di$cult for air to pass through fully hydrated GCL specimens.
However, when desiccated, the bentonite in the GCLs experienced signi"cant volume
change and developed cracks that acted as the pathway for rapid transmission of gas.
The air permeability of the GCL specimens started to increase even when the water
contents were still considerably high.

The existence of needlepunched "bers has a signi"cant in#uence on the cracking
pattern and the air permeability of the GCL. As a result, the air permeability of the
BM specimens, which have thicker geotextiles and needlepunched "bers, is lower than
that of the CL specimens.

The geosynthetic clay liners have been proven to be superior hydraulic barriers.
They are gaining popularity for their many advantages over compacted soils. How-
ever, the air permeability of desiccated GCLs is very high such that they are not very
e!ective as gas barriers.

As a result, when the gas emission is not of concern, such as the cover system for
land"lls containing incinerated ashes or stabilized wastes, GCLs can be used as the
sole hydraulic barrier materials. However, for cover systems of municipal solid waste
land"lls where the emission of gas has to be controlled, it is strongly recommended
that the GCLs should better be used with geomembranes to form composite liners.
Otherwise, considerable amount of gas would #ow through the GCLs once they start
to desiccate.
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