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Abstract

Geosynthetic clay liners (GCLs) are sealing elements, which contain natural sodium
bentonite encapsulated between geotextile components. They are used in a variety of sealing

applications and are most commonly employed to replace compacted clay liners (CCLs). One
important field of application is landfill capping systems. In that geochemical environment an
ion exchange of sodium-bentonite to calcium-bentonite occurs over a period of approximately

1–3 years, if in contact with cover-soil seepage. As a result, there is a slight increase in
hydraulic conductivity of approximately half to one order of magnitude. This is, however, not
alarming, as long as the design engineers take this effect into consideration. Landfill capping
systems are characterized by unsaturated conditions, as often found in applications with low

confining stress (o15 kN/m2, less than 0.75m soil-cover). In such cases, GCLs tend to show
desiccation cracks, which cause a significant increase of the permeability. In contrast to CCLs,
where self sealing is unlikely to occur under low confining stress, a self-sealing of calcium-

bentonite GCls takes place by swelling and plastification of bentonite, if a soil-cover of more
than 0.75m (confining stress >15 kN/m2) is provided. r 2001 Elsevier Science Ltd. All rights
reserved.
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1. The sealing material bentonite in geosynthetic clay liners

The sealing material in geosynthetic clay liners (GCLs), bentonite, is a naturally
occurring clay with very high expansion capability (swelling capacity), high ion
exchange capacity and very low permeability to water (hydraulic conductivity).
High-quality bentonites, those used in GCLs mainly consist of the three-layered
(2 : 1) clay mineral montmorillonite (approx. 75–90% of their weight). Further
components of bentonite may be: quartz, cristoballite, feldspars, mica (muscovite,
biotite), illite, kaolinite, chlorite, carbonates (calcite, dolomite, siderite), zeolites,
volcanic glass, amorph silicic acid and aluminium hydroxide, organic components,
apatite, haematite, limonite, and heavy minerals (pyrite, magnetite, ilmenite,
tourmaline, zircon, rutile) and others (Grim, 1968; Grim and G .uven, 1978;
Egloffstein, 1995). Typical properties are shown in Table 1.
Nearly all commercial GCLs use natural sodium bentonite, meanwhile relatively

rare are soda (sodium) activated calcium bentonite (active bentonite) orFrelatively
newFcalcium bentonite (8–10 kg/m2) in pulverized form or as granulate (Fig. 1). In

Table 1

Typical properties of bentonites in GCLs (Egloffstein, 2000)

Montmorillonite content (Methyleneblue-method) 60–90%

Water absorption capacity 200–700 weight%

Swelling volume (ASTM D 5890-95) 7–30ml

pH-value (suspension) 9–10.5

Plasticity (Ip) 140–380%

Friction angle j/cohesion c 3–151/3–10 kN/m2

Permittivity (C) 5� 10�8–3� 10�9 l/s

Cation exchange capacity (CEC) 60–90mmol (eq)/100 g

Fig. 1. Arrangement of montmorillonite in a pulverized natural sodium bentonite in a GCL (electron scan

microscope picture, 1 cm=2mm).
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most products the bentonite is air dry, however, there are also GCLs with pre-
hydrated bentonite.

2. Ion exchange in bentonites

For industrial applications bentonites are (for the sake of simplicity) divided into
sodium bentonites or calcium bentonites, depending on the dominant exchangeable
cation. Most of the bentonites used for GCLs have mixed occupations, this means
there are (apart from the name-giving main cation which in GCLs is usually sodium),
also considerable amounts of calcium, magnesium and potassium ions. A typical ion
distribution of sodium bentonites used for GCLs is given in Table 2.
The clay mineral montmorillonite as the main component of bentonite (>70

MA%) belongs to the best known natural ion exchangers. In most cases, the
naturally occurring bentonites are calcium bentonites, natural sodium bentonites are
comparably rare. In order to receive the better swelling properties of sodium
bentonite, calcium bentonite, for instance, is activated with soda (sodium carbonate)
and thus the primary calcium ions are exchanged by sodium ions (so-called active
bentonite). Ion exchange processes are equilibrium processes. To simplify matters it
can be said that the occupation of a cation exchanger depends on the kind and
concentration of the cations available for the exchange. Further on, the size and
most of all the charge of the cations are important. For instance, bivalent calcium
(Ca2+) is more easily exchanged against monovalent sodium (Na+) than vice versa.
In order to activate, for example, a calcium bentonite into a sodium bentonite, high
sodium concentrations (excess of soda) are necessary to replace the calcium at the
surfaces of the bentonite. On the other hand, calcium concentrations in leachates of
soils are likely to exchange the sodium of the bentonite into calcium. Since calcium is
usually the most frequent cation in leachates of soils, the ion exchange of sodium
against calcium normally occurs when GCLs are used in such a geochemical
environment. Evaluation of laboratory tests and numerous excavation results have
shown that this ion exchange takes one to several years when GCLs are used in
partly saturated areas (e.g. landfill cappings). The duration depends on the primary
ion occupation of the bentonite, on the quantity of bentonite per area unit, the
geochemical conditions (concentration and ion distribution in the leachate), the
geohydraulic conditions (water flow in the GCLs, the quantity of water drained off
the GCL) and soil physical conditions (rising ionic concentration in the pore water
by reduction of the water content due to desiccation, possibly extension of the

Table 2

Typical ion distribution of commercial sodium bentonites (based on Egloffstein, 1997)

Na+ Ca2+ Mg2+ K+ Fe2+ Al3+

50–90% 5–25% 3–15% 0.1–0.8% o0.5% o0.5%
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contact areas by desiccation cracks). The exchange occurs until an adsorption
balance between the ion distribution at the bentonite and the ionic concentration in
the soil solution is achieved. When the ion distribution of the bentonite has adapted
to the geochemical environment according to the natural exchange balances, it will
practically remain unchanged. The ion exchange of monovalent sodium ions against
bivalent calcium or magnesium ions reduces the spaces between the silicate layers
(Fig. 2).
The diffuse sodium ion double layer at the surfaces of the clay minerals changes

into a central calcium ion layer. The increase of the inner-crystalline attraction by the
bivalent ions leads to a certain reduction of volume and a change of the micro
structure from smaller, finely distributed clay mineral flakes to larger clay mineral
crystals (increase of permeability). At the same time the high water adsorption and
swelling capacity of the sodium bentonite reduces to the lower level of a calcium
bentonite.

2.1. Influence of the ion occupation and ion exchange on micro structure and water
permeability

Due to the partial delamination of the silicate layers, sodium bentonites have a
smaller average crystal size (colloid clay range) and a more advantageous fine-
dispersed micro structure than calcium bentonites (coarser disperse, more aggregate
structure, see also Figs. 3 and 5). This results in a lower flow-efficient pore space with
longer flow paths around the individual clay particles. In addition, sodium
bentonites form thicker hydrated shells around the clay particles than calcium
bentonites due to their higher water binding capacity. This hinders the flow of freely
moving pore water through these electrostatically bounded overlapping hydrate
shells (Fig. 4). The result of these two effects is an increase of the permeability of
primary calcium bentonites by about one order of magnitude compared to sodium
bentonite.
As a consequence of the ion exchange of a sodium bentonite into a calcium

bentonite a certain reduction in volume due to the decreasing distances between the
montmorillonite flakes and a loss of water of approx. 6–12% can be observed
(Egloffstein, 2000). At the same time, the micro structure is changed from smaller,
finely distributed clay mineral flakes to larger clay mineral crystals (see also Fig. 3).

Fig. 2. Change from sodium to calcium bentonite (modified from Jasmund and Lagaly, 1993).
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This coarser micro structure results in a higher permeability. Permeability tests
carried out in the laboratory using highly concentrated calcium chloride solutions
(here permeabilitiy is also influenced by the electrolytic concentration) and the so-
called ion exchange (sodium against calcium) resulted in an increase of the
permeability by approximately a factor of 3–6 (factor 3.1 with 8000 g and 6.4 with
4700 g bentonite/m2) compared to the permeability of the original sodium bentonite.
Comparing results from laboratory tests, exchanged sodium bentonites in GCLs
have a lower permeability than primary calcium bentonites (factorE3). If no further
disturbing influencing factors are added (e.g. structural changes due to desiccation)
the originally finer dispersed micro structure of the sodium bentonite seems to be
preserved after completion of the ion exchange.

Fig. 3. Model conception of the micro structure and the permeability of clay. Left-hand side: dispersed

clay, e.g. fine dispersed sodium bentonite. Right-hand side: aggregated clay, such as coarse dispersed

calcium bentonite (modified from Hasenpatt, 1988).

Fig. 4. Forms of binding of water in the montmorillonite crystal (modified from Koch, 1994). (a)

adsorption water, subjected to high surface tensions (up to 2000MN/m2) and is considered as non-

movable (b) hydration water surrounds the cations with a hydrated shell, is bound by electrostatic forces

(c) free movable pore water.
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2.2. Influence of electrolytic concentration and the ion exchange on permeability

The thickness of the diffuse double layer depends according to the Gouy–Capman-
correlation on different influencing factors (Mesri and Olson, 1971; Daniel, 2000)

Tp½D=n0v2�1=2; ð1Þ

where T is the thickness of the diffuse double layer; D the dielectric constant of the
pore solution; n0 the electrolytic concentration in the pore solution; and v the valence
of the cations in the pore solution.
According to the above quoted Gouy–Chapman-correlation, the thickness of the

diffuse double layer influences the permeability (k) by reducing or increasing the
extension of the flow paths between two clay particles. The determining factors for
the thickness of the diffuse double layer (related to the application of GCLs) are

Fig. 5. Comparison of the micro structures using electron scan microscope pictures (1 cm=2 mm).
Explanation to Fig. 5: Left-hand side, top: Natural, pulverized sodium bentonite (Wyoming bentonite)

with a so-called honeycombed structure. Left-hand side, bottom: The same Wyoming bentonite ion-

exchanged with 0.3-molar CaCl2 solution. The honeycombed structure is preserved, the montmorillonite

flakes, however, are a little bit coarser. Right-hand side, top: In situ ion-exchanged sample (Landfill

Hamburg–Georgswerder), excavated after 26 months. The honeycombed structure is preserved to a large

extent, however, its shape is a little bit coarser. Right-hand side, bottom: Natural calcium bentonite

(Calcigel) with coarser montmorillonite aggregates and a coarser structure.
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mainly the valence of the cations in the pore solution and the electrolytic
concentration. The use of the formula for the thickness of the diffuse double layer
for estimating the k-value seems bold since the permeability not only depends on the
influence of the thickness of the diffuse double layer but also on the micro structure
of the bentonite (see Fig. 3)

kp½nov2=D�1=2: ð2Þ

However, the formula does recognize the influence of the valence of the cations
and the electrolytic concentration in the pore solution of the bentonite (the dielectric
constant does not change with electrolytic solutions such as CaCl2 solution). Since
the valence of Ca2+ is twice as high as that of Na+, theoretically it can effect the
permeability k by a factor 2. The concentration of the test solution also affects the
k-value, however, only as a root function (this means in case of an electrolytic
concentration 4 times higher results in a permeability two times higher).
The flow of a 0.0125M CaCl2 test solution through a sample resulted in an

increase of permeability by a factor E3–5 from kD5� 10�12 m/s to
kD1:9� 10�11 m/s (Lin and Benson, 2000) (Fig. 6). When considering the influence
of the concentration in the pore solution (assumed min. factor 10 higher), the
influence of the concentration in the pore solution in Eq. (2) may be overestimated.
Measurements carried out by the author with GCLs using a 24-times higher CaCl2
concentration (0.3M CaCl2, the concentration of the test solution was dictated by
other factors, under free choice a test solution of e.g. 0.015M=solubility of gypsum
would have been taken) confirm this increase of the permeability at a normal stress
of 15 kPa. Depending on the unit weight, the permeability of heavy GCLs D 8000
(8000 g bentonite/m2) increases with the average factor 3.1 and of medium-weight
GCLs D 4000 (4700 g bentonite/m2) with the average factor 6.4.

Fig. 6. Influence of a 0.3M CaCl2 test solution on the permittivity of a medium-weight GCL D 4000.
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Due to the 24-times higher concentrated test solution, the permeability should
theoretically exceed the results of Lin and Benson (2000) by a factor of O24E5
(which is not the case). Independent of the influence of the concentration determined
in laboratory tests and of the ion exchange caused by the used CaCl2 electrolytic
solutions, the Gouy–Chapman-correlation gives an impression on the kind and size
of the factors which influence the permeability of GCLs. The increase of
permeability as a result of the ion exchange sodium against calcium in the reported
range (Lin and Benson, 2000 Efactor 3–5 with 0.0125M CaCl2, Egloffstein (2000)
factor 3.1–6.4 with 0.3M CaCl2=also influence of the electrolytic concentration)
does not result in a considerable deterioration of the permeability properties relative
to the permeability range over several orders of magnitude.
However, the high concentrations (6.7ME270000mg/l Ca2+) used by Lin and

Benson (2000) are much too high (much more extreme than ‘‘worst case’’) to provide
realistic data with respect to in situ conditions. The electrolytic content (independent
on the ion exchange) alone of such high CaCl2 concentrations considerably
influences the permeability (see also Gouy–Chapman-correlation). Frequent calcium
concentrations in the pore water of soils range between approx. 40 and 160mg/l resp.
0.001–0.004M. Gypsum, a frequent and freely soluble soil mineral
(CaSO4+H2O)Ca2+SO4

2�) has a solubility of approx. 600mg/l resp. E0.015M
Ca2+ resp.E0.03Val Ca2+. Higher calcium concentrations are not to be expected in
natural soils (Table 4). Therefore the calcium concentration 0.0125M used by Lin
and Benson (2000) as the lowest concentration can be assumed as high but not
unrealistic. The leachate composition of the drainage water of the Landfill
Hamburg–Georgswerder was Ca2+=70–75mg/l E0.002M, Mg2+=5–6mg/l
E0.0002M, Na+=50–55mg/l E0.002M, K+=4–5mg/l E0.0001M. For a better
assessment and comparison of the ranges Table 3 shows the concentrations of sea
water and Table 4 shows reference values for dissolved contents in different types of
liquids.

Table 3

Sea water composition for assessing the concentrations of the test solutions (M=mol/l) (Based on

Correns, 1981)

[mg/l] [mol/l] [val/l]

Ca2+ 410 0.010 0.020

Na+ 10470 0.455 0.455

Mg2+ 1280 0.053 0.106

K+ 380 0.010 0.010

CO3
� 138

SO4
2� 2650

Cl� 18970 0.535

SiO2 6

Others 92

Total 34396 0.6
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The influence of the electrolytic concentration can be recorded when a flow-
through with deionized water is carried out after a flow-through with a highly
concentrated CaCl2 test solution. When the CaCl2 concentrations are low (approx.
0.001–0.015), the permeability will remain more or less the same. When the CaCl2
concentrations are higher, a noticeable decrease of the permeability can be recorded
after change to deionized water. However, it has to be assumed that the influence of
a higher CaCl2 concentration is not completely reversible, this means that
permeability tests of GCLs should be carried out using in situ concentrations of
soil leachates after the ion exchange. Higher (CaCl2 and others) concentrations will
give (slightly) worse results. Considerably lower permeabilities will result, when the
first swelling of the bentonite already occurs with high electrolytic concentrations
(here 0.3M CaCl2), this means when a pre-swelling of the GCL in fresh water did not
occur. As shown in Fig. 8, the permeabilities are clearly higher without a pre-swelling
with deionized water. As the results of Lin and Benson (2000) show, after pre-
hydration with deionized water subsequent permeation with CaCl2 (0.0125M) was
well-tolerated for the bentonite (with an increase in the permeability by the factor
E3–5).

2.3. Influence of ion exchange with simultaneous partial desiccation

The influence of ion exchange on the permeability of GCLs as the only influencing
factor does not explain the considerable increase of the permeability from kD5�
10�11 to D8� 10�8 m/s after flow-through with 0.0125mol/l calcium and 4–6 dry–
wet series, as determined by Lin and Benson (2000). According to this the influence
of the desiccation cracks as a result of the air-drying is much more important, the ion
exchange having only an indirect influence. During the first four dry–wet series, the
properties of a sodium bentonite with a considerably higher self-healing (swelling)
capacity are still prevailing, whereas a change of the properties into those of calcium
bentonite with a clearly lower self-healing (swelling) capacity has to be observed

Table 4

Reference values for dissolved contents (residue on evaporation, conductivity, equivalent concentration)

(Based on Egloffstein, 1996)

Types of Liquid Residue on evaporation [mg/l] cond. [mS/cm] conc. (eq) [mval/l]

Distilled water o3.6 o5 0.05

Rainwater 3–20 5–30 0.05–0.3

Fresh water 20–1000 30–2000 0.3–20

Brackish water 1000–10000 2000–45000 20–450

Mineral water 7250–14500 10000–20000 100–200

Saltwater 10000–100000 13800–138000 138–180

Sea water 35000 45000–55000 600

Landfill leachates 300–50000 2000–100000 20–1000

Water from oil fields 72500 >100000 >100000

Brine >100000 >138000 >13800
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beginning with the fifth series. Under the chosen test conditions (ion-exchanged
calcium bentonite, extreme air-drying, 17.5 kN/m2 normal stress) the calcium
bentonite is evidently no longer capable of completely closing the desiccation cracks
caused by the extreme drying. Only when ion exchange and simultaneous desiccation
are combined do significant increases in the permeability result. Therefore, excessive
desiccation of the bentonite has to be avoided by carrying out suitable measures
(sufficient covering, water balance control).
According to the author’s test results, the significant increase of the permeability

after ion exchange and 4–6 dry–wet series determined by Lin and Benson (2000) has
to be attributed to the following facts: On the one hand, the desiccation of the
bentonite exceeded that which would be expected under the in situ conditions. On
the other hand, the author could measure similar initial permeabilities for excavated
GCLs under comparable test conditions (normal stress of 15–20 kPa), however, as
time went by, the permeability decreased which was a result of the self-healing of the
desiccation cracks of the bentonite. Lin and Benson (2000) do not give information
on the water contents of the air-dried bentonites. However, it has to be assumed that
air-dried bentonite has a water content of approx. 15–20%, depending on the
atmospheric humidity. The water contents of the bentonite of 12 GCLs excavated
from landfill caps in Germany (humid climate, precipitation approx. 780mm/a)
usually ranged between 70% and 120%, the lowest water contents ever measured
ranging between 40% and 60% (test fields Hamburg–Georgswerder).
The author’s examinations of excavated ion exchanged and partially dried GCLs

(water contents X52.5 p100%) indicate that there can be high initial permeabilities
resulting from structural changes to the bentonite layer. However, most of these
cracks closed again as a result of the swelling and plastification of the bentonite. This
was reflected in a reduction of the permeability by one to two orders of magnitude
during the period of testing.
The above-mentioned considerations are relevant to the use of GCLs in

unsaturated soil, e.g. in landfill caps. However, for the sake of completeness it has
to be pointed out that GCLs as base seals in landfills have given rise to test results
which deviate considerably from the Gouy–Chapman-correlation. Due to the change
of the valence, of the electrolytic content and possibly also of the dielectric constant
of leachates from waste landfills, an increased permeability towards deionized water
has to be expected. This has to be checked under consideration of project-related
data when designing base sealings for landfills. Some tests with landfill leachates,
however, also resulted in permeabilities comparable to deionized water (see also
Ruhl, 1994). Tests carried out by the author using leachates from the household
waste landfill Piesberg in Germany resulted in slightly lower permeabilities and in a
higher layer thickness (better swelling behaviour) of the bentonite than in tests with
deionized water. Due to the multitude of substances in landfill leachates it can
usually not be predicted to what extent the individual components of the landfill
leachate will affect the permeability. Thus, laboratory tests are necessary (see Petrov
and Rowe, 1997; Rowe, 1998; Shackelford et al., 2000). When the electrolytic
concentrations are higher, it may be necessary to hydrate the GCL using water with
a low content of electrolytes. This is, for instance, necessary in all applications where
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contact with sea water is expected. Due to the high electrolytic content of sea water,
osmotic swelling is inhibited. After the inner crystalline swelling, this is the second
step of the swelling process. It depends on the electrolytic concentration of the water.
Due to this, the bentonite does not hydrate and swell enough to achieve a low water
permeability. When a pre-swelling of the GCL is carried out using water with a low
content of electrolytes, sea water (due to its high sodium content) will be the best
geochemical environment imaginable for the long-term resistance of a sodium GCL.
The nearly identical water adsorption behaviour of a calcium and a sodium
bentonite with a highly concentrated calcium chloride solution (determined by
Gleason et al., 1997) is basically the result of the influence of the electrolytic
concentration. Nearly the same result has to be expected with all highly concentrated
electrolytic solutions (also sodium!) due to the swelling mechanisms (see also Figs. 7
and 8, first swelling of the bentonite with high electrolytic concentrations).

2.3.1. Influence of the type of GCL on the development of desiccation cracks
Open desiccation cracks in the bentonite can be expected to have the most effect

on GCL permeability. During the period of time which the bentonite requires for
water adsorption, swelling and plastification to close the desiccation cracks, an
increased water flow through the GCL has to be expected, depending on the extent
of the cracking (amount, width and length of cracks) and the hydraulic gradient. The
geometry and particularly the width of the cracks in the bentonite layer is decisively
dictated by the kind of encapsulation of the bentonite between the cover and a
carrier geotextile. Direct comparisons of excavated GCLs from the Hamburg–
Georgswerder landfill (one fibre-reinforced GCL and one stitched GCL) demon-
strate this. Whereas the fibre-reinforced GCL shows many fine desiccation cracks
with small crack openings, the stitched GCL has a fewer desiccation cracks, but they
are considerably wider. The crack pattern follows the seams which are about 3 cm

Fig. 7. Swelling volume of a Na-bentonite with different diluted solutions of various concentrations

(modified from Egloffstein, 1996).
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apart. This means the number of cracks is rising along the seams, however, the crack
openings become smaller in this area. The influence of the fibres and seams on the
geometry and width of the cracks in the bentonite layer is thus evident. With respect
to the self-healing capacity, which means the closing of the cracks, finer cracks with
small crack openings have to be considered to be better than a few wide cracks.

2.4. Course of the ion exchange, marginal conditionsFexperience gained from
excavations

‘‘In situ’’ ion exchange of sodium bentonite in GCLs to calcium bentonite
frequently occurs (as discussed earlier). On the one hand, essential calcium (but also
a few other ions, e.g. magnesium) predominates over sodium in nearly every kind of
soil which is used as a cover for GCLs. On the other hand, the exchange balance

Fig. 8. Typical course of permeability for GCLs over the time in dependence of ion exchange, ion

exchange and desiccation, self-sealing, electrolytic content, type of bentonite and kind of pre-swelling. The

normal stress conditions are 15–20 kN/m2 the hydraulic gradient I ¼ 30245: Series a: Course of

permeability (self-sealing behaviour) of CGLs after ion exchange and partial desiccation over the time

(results from permeability tests with excavated samples). Series b: Course of permeability after radical ion

exchange by ion exchange by initial swelling with salt solutions (0.3Mol CaCl2). Note the difference to

series d: pre-swelling with deionized water before percolation with 0.3Mol CaCl2-solution. Series c:

Course of permeability of a heavy calcium-bentonite GCL (8000 g calcium-bentonite/m2) after preswelling

with deionized water and percolation with 0.3Mol CaCl2-solution. The soft increase of permeability

(reversible) between 20 and 200 days shows the influence of the high electrolytic content of the 0.3Mol

CaCl2-solution. Series d: Course of permeability after soft ion exchange in situ with seepage water of low

electrolytic content during 1–3 years. The lower curve shows a heavy GCL with 8000 g sodium-bentonit/

m2, the upper curve a middle heavy GCL with 4000–5000 g sodium-bentonite/m2. Please note the slight

difference in permeability of the primary calcium-bentonite GCL and the ion exchanged calcium-bentonite

GCL (Efactor 3) (see also Fig. 11).
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between calcium and all other bivalent cations ranges so close to calcium that
already small calcium concentrations are sufficient to cause an ion exchange on a
long-term basis (Egloffstein, 1997). The process of the ion exchange caused by calcite
in the bentonite, which was described by James et al. (1997) can also be confirmed by
tests carried out by the author. Excavations at a capping seal of a household waste
site, many X-ray comparisons with a virgin sample has shown that the calcite had
dissolved completely (probably caused by acid landfill gas condensate). 1% calcite
means 20mmol (eq) calcium per 100 g bentonite, this means that theoretically the
dissolving of approx. 3% calcite in the bentonite would be sufficient to exchange the
total amount of sodium in the bentonite against calcium (CEC bentonite approx. 60–
90mmol(eq)/100 g, of which usually approx. 40–70mmol(eq)/100 g sodium). When
humidity is added over a longer period of time, the sodium-activated calcium
bentonites sometimes used in Europe tend to turn back into a calcium bentonite,
because the calcium exchanged by a surplus of sodium carbonate (soda) remains in
the bentonite. Dry–wet-cycles support the ion exchange, particularly with lower
calcium concentrations. The evaporation of the water causes the ion concentration in
the remaining pore solution to rise. This increases the compulsion to exchange the
calcium ions (the reverse process is used in the sodium activation of freshly mined
calcium bentonites).
According to values from 12 excavations (mainly of landfill cappings), the ion

exchange usually takes after approx. 1–2 years when the GCL is used in unsaturated
conditions. A GCL from the test field of the Hamburg–Georgswerder landfill shall
serve as an example: This GCL was excavated 3 times over a period of approx. 4
years and the ion occupation was compared to a virgin sample. After about 2 years,

Fig. 9. Crack manifestation of a fibre-reinforced GCL and a stitched GCL excavated from the Hamburg-

Georgswerder landfill (left picture: fiber-reinforced GCL with 3 kg/m2 Wyoming-Bentonite, right picture:

stiched GCL with 5 kg/m2 activated bentonite (pictures taken from Melchior, 1999).

T.A. Egloffstein / Geotextiles and Geomembranes 19 (2001) 427–444 439



the natural sodium bentonite of this GCL completely changed into a calcium
bentonite. No significant change occurred after two years (see Figs. 9 and 10).

3. Comparison of the permeability behaviour of a primary calcium bentonite and an

ion-exchanged calcium bentonite

Given the statement above that the use of GCLs nearly always involves an ion
exchange of the bentonite from sodium to calcium, a (legitimate) question has been
asked whether it is useful to choose a calcium bentonite for GCLs right from the
start (see also Egloffstein, 1997; Gleason et al., 1997).
This question has two answers. On the one hand, twice as much calcium bentonite

would be required for GCLs to achieve similar low permeabilities than those of
sodium bentonites. Comparison tests with 4700 and 8000 g sodium bentonite and
8000 g calcium bentonite at 15 kPa showed for D 4000 permittivities of
c ¼ 4:7� 10�9 l/s, for D 8000 c ¼ 3:1� 10�9 l/s and for D 8000 calcium bentonite
c ¼ 2:3� 10�8 l/s (see Figs. 6 and 11). Previous attempts to produce medium-weight
calcium GCLs were given up due to the poor permeabilities. The above permittivity
data are valid for the construction phase and a short time afterwards (see above).
After completion of the ion exchange, the permittivity of D 4000 increase by a factor
6.4 to c ¼ 3:0� 10�8 l/s and in the case of D 8000 by the factor 3.1 to
c ¼ 9:5� 10�9 l/s. The calcium GCL showed during the flow-through with the
0.3mol CaCl2 test liquid (10.800mg/Ca

2+/l) only a slight increase of the permittivity
to c ¼ 2:8� 10�8 l/s. This value fell to the initial value c ¼ 2:2� 10�8 l/s after
another flow-through with deionized water, indicating that all values were in the
same range. However, the direct comparison of the two D 8000 GCLs under

Fig. 10. Course of the ion exchange according to excavation results from test fields of the Hamburg–

Georgswerder landfill.
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identical conditions shows that the sodium GCL still had better results (by a factor
E3) after completion of the ion exchange than the calcium GCL.
After completion of the ion exchange the permittivity of the D4000 GCL was

C ¼ 2:2� 10�8 l/s which is in the same range as that of the D8000 calcium GCL or
only slightly poorer. The more advantageous fine-dispersed structure of the sodium
bentonite seems to be preserved even after completion of the ion exchange. There is
no other evident explanation for the lower permittivity when a primary calcium
bentonite is compared to an ion-exchanged calcium bentonite. This can be
appreciated by comparing the four photographs shown in Fig. 6.
The more important statement, however, is that from the economic point of view,

it is sufficient to use medium-weight GCLs with approx. 4–5 kg sodium bentonite/
m2, which will show permeabilities comparable to those of heavy calcium GCLs after
completion of the ion exchange. Another important aspect with respect to long-term
permeability of the design of sealing systems is, that one should not rely on the data
provided by the manufacturer (these data are only valid for the construction phase
and a short time afterwards), but it should consider permeabilities which are half to
one order of magnitude higher. The extremely high swelling and thus self-healing
capacity of the sodium bentonite in the construction phase must again be referred to
in a positive way with respect to possible damage during installation. In this case as
well, the use of primary calcium bentonites would bring up disadvantages due to its
clearly lower swelling and self-healing capacity. Both water balance control using the
HELP-model and results from test fields in Germany show that a 98–99% efficiency
of the GCL towards precipitations can be expected even after completion of the ion

Fig. 11. Comparison of the permeabilities of a heavy weight GCL D8000 using sodium bentonite and a

specially produced D8000 using calcium bentonite.
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exchange with a higher permeability (Egloffstein and Markwardt, 1999). Precondi-
tion for this, however, is that the GCLs will be covered with a sufficiently thick soil
layer which avoid the negative experience from the test fields of the Hamburg–
Georgswerder landfill (test fields Hamburg–Georgswerder landfill: GCL only
covered with 30-cm soil layer and 15-cm drainage layer, see also Heerten, 2000).
On the one hand, this is important for a protection against excessive desiccation. On
the other hand, the load may be required to close desiccation cracks after repeated
wetting and plastification of the bentonite. According to tests carried out with
excavated GCLs in Germany, a minimum load of 15 kPa (better 20 kPa) is required,
this means a cover of approx. 0.75m (better 1m) of soil.

4. Summary

Natural bentonites are the essential sealing material in geosynthetic clay liners.
Bentonites are reactive clays. They are submitted to the influences of their
geochemical, soil-physical and geohydraulic environment.
Usually, the sodium bentonites change their predominant sodium ions for calcium

ions or possibly magnesium ions over a period of one to several years. This is a
natural process which would only be prevented under the condition of a leachate
from soils with a high sodium content (very rare). The ion concentrations usually
existing in the leachate of natural soils do not give much reason for concern
regarding the influence of the electrolyte content on the permeability. The maximum
natural calcium concentrations are about 0.015M (solubility of gypsum). The
influence of the ion exchange on the increase in permeability amounts to a factor of
3–5 under water-saturated conditions (Lin and Benson, 2000). This is not alarming.
The direct comparison of the permeabilities of a calcium GCL and a GCL which was
ion-exchanged by high CaCl2 concentrations in the laboratory brings up advantages
for the sodium bentonite. Additionally a calcium bentonite based GCL would have
to have a minimum bentonite of approx. 8000 g/m2, which would slow down
installation and increase installation costs. Another advantage is the much better
self-healing capacity of the sodium bentonite with regard to damage caused by
construction works. Due to the relatively low self-healing capacity of a calcium
bentonite (no matter whether primary calcium bentonite or secondary exchanged,
former sodium bentonite), extreme desiccation of the bentonite layer has to be
prevented by choosing a suitable composition of the vegetation layer, if necessary by
considering water balance control (e.g. HELP-model, Schr .oder et al., 1994).
If the desiccation cracks are so extremely developed as described by Lin and

Benson (2000) (air-dried!), the self-healing capacity of the calcium bentonite is
evidently no longer capable of closing the desiccation cracks by swelling of the
bentonite. These marginal conditions, however, are very theoretical and do not
correspond to the real conditions in any climate provided that there is sufficient
cover. Excavation and field tests in Germany show that a desiccation-safe design of
capping seals with GCLs is possible and that a self-healing of partly desiccated ion-
exchanged bentonites occurs when the vegetation layer is thick enough (0.75–1m
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soil). If a very extensive desiccation of a GCL cannot be prevented by taking
constructive measures, the installation of a covering geomembrane is the only
alternative. Under these conditions, a mineral sealing as an alternative has to be
excluded due the danger of desiccation and the lack of self-healing capacity.
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