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60131 Ancona, Italy, Telephone: +39 071 2204410, Telefax: +39 071 2204729,

E-mail: f.mazzieri@univpm.it (corresponding author)
2Assistant Professor, Laboratory of Geotechnics, Ghent University, Technologiepark 905, 9052

Zwijnaarde, Belgium, Telephone: +32 09 2645720, Telefax: +32 09 2645849,

E-mail: gemmina.diemidio@ugent.be

Received 3 January 2014, revised 29 July 2014, accepted 9 September 2014

ABSTRACT: Dense prehydrated geosynthetic clay liners (DPH-GCLs) are a particular type of GCL
which, unlike conventional GCLs manufactured with dry bentonite, contain bentonite prehydrated
during manufacturing. DPH-GCLs are produced by a patented process that includes bentonite
prehydration with a polymer solution and vacuum extrusion. This paper describes the results of
permeability tests that were carried out using flexible-wall permeameters to investigate the
hydraulic conductivity of a DPH GCL to water, natural seawater and a 12.5 mmol/l CaCl2 solution.
Moreover, the efficiency of the 0.1 m overlap seams between DPH-GCL panels has been
investigated by means of a medium-scale permeameter able to accommodate specimens 0.305 m in
diameter. Test results showed that the DPH GCL has very low hydraulic conductivity to water
(10!12–10!11 m/s) and preserve low permeability, of the order of 10!11 m/s, in the presence of
relatively high calcium concentration in the permeating liquid. However, the efficiency of overlap
seams can be affected by the permeant type. In the presence of permeant liquids that inhibit
swelling (e.g. seawater), the hydraulic efficiency of the seams needs to be improved by adding
bentonite paste at the overlap interface. The hydraulic performance of the DPH-GCL is attributed
to the combination of prehydration, densification and chemical amendment.
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1. INTRODUCTION

Geosynthetic clay liners (GCLs) are prefabricated hydraulic
barriers consisting of a thin layer of unhydrated bentonite
(, 5–15 mm) sandwiched between two geotextiles or glued
to a polymeric geomembrane. In the last 20 years GCLs
have gained wide acceptance in various applications, includ-
ing bottom liners and cover systems of landfills (Giroud et
al. 1997; Li et al. 2002; Cazzuffi and Crippa 2004; Benson
et al. 2007; Heerten and Koerner 2008; Scalia and Benson
2011). GCLs offer several advantages over traditional
compacted clay liners including cost-effectiveness, ease of
installation, limited thickness, low permeability to water
(Bouazza 2002) as well as self-healing capacity (Mazzieri
and Pasqualini 2000; Babu et al. 2001; Egloffstein 2001;
Sari and Chai 2013). GCLs have also found applications in
structural waterproofing (Reither and Eichenauer 2002), in

linings of artificial ponds and canals (Fleischer and Hei-
baum 2008) and, more recently, in containment of residues
and process liquors from mining applications (Gates et al.
2009; Benson et al. 2010; Bouazza 2010; Hornsey et al.
2010; Shackelford et al. 2010).

The hydraulic efficiency of a barrier system comprised
of a GCL as a single liner depends on the low hydraulic
conductivity, k, attained by the sodium montmorillonite
(the main mineral component of bentonite) when perme-
ated with water. Under effective stresses of 10–20 kPa, k
is of the order of 10!11 m/s (Estornell and Daniel 1992;
Petrov et al. 1997; Mazzieri and Pasqualini 2000; Shack-
elford et al. 2000; Jo et al. 2001; Bouazza 2002; Kolstad
et al. 2004a; Lange et al. 2007; Meer and Benson 2007).

The low permeability of Na-montmorillonite is associated
with ‘osmotic swelling’, namely the macroscopic expansion
of the clay volume as a result of water absorption upon
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hydration (McBride 1994). Most of the water retained by the
clay is bound, leaving little pore space available for hydrau-
lic flow and resulting in low k (Jo et al. 2001). In the
presence of inorganic electrolyte solutions, osmotic swelling
is hindered by high electrolyte concentrations of monovalent
cations (.100 mmol/l) or by moderate concentrations of
polyvalent cations (.25 mmol/l), resulting in increased
permeability. In the case of multiple cationic species in
solution, the hydraulic conductivity depends both upon the
ionic strength of the solution and upon the relative abun-
dance of monovalent and divalent cations (Kolstad et al.
2004a). Organic permeants with low dielectric constants can
also cause drastic increases in k of GCLs (Petrov et al. 1997;
Mazzieri et al. 2000).

It is widely recognised that prehydration of GCLs with
pure water (e.g. deionised or distilled water) or a dilute
aqueous solution (e.g. tap water) determines a lower k than
the k of non-prehydrated GCLs in direct contact with a
given potentially aggressive solution (‘first exposure’
effect) (Mazzieri et al. 2000; Shackelford et al. 2000;
Bouazza 2002; Malusis and McKeehan 2013). However,
considering operational conditions in the field, prehydra-
tion with unpolluted water cannot always be ensured. One
possible means to ensure acceptable performances is to
utilise GCLs containing amended or polymer-modified
bentonites capable of swelling even in the presence of
high electrolyte concentrations (Onikata et al. 1996; Lo et
al. 1997; McRory and Ashmawy 2005; Di Emidio 2010;
Scalia et al. 2011). Another option is to use special GCLs
products, known as dense prehydrated GCLs (DPH-
GCLs), that are prehydrated during manufacturing through
a patented process.

DPH-GCLs were introduced in the 1990s by a British
company (Rawell Co., UK) and are currently on the
market. The patent registered in the USA is available
online (Flynn and Carter 1998). The principle of these
products is to confer during manufacturing the benefits of
prehydration, chemical amendment and densification to
the k of bentonite. Relatively few studies are available in
the literature regarding the characteristics and performance
of these materials.

This paper presents the results of a research programme
carried out jointly at Technical University of Marche
(Italy) and at Laboratory of Soil Mechanics of Ghent
University (Belgium). In particular, the aim of the study
was to illustrate the permeability of a DPH GCL product
to water, natural seawater and a 12.5 mmol/l CaCl2

solution, and to compare the results with those obtained
on conventional GCL, when available. A crucial aspect for
the overall efficiency of any GCLs barrier is the efficiency
of seams between adjacent panels. Therefore, some of the
factors that may impact the efficiency of seams of DPH-
GCLs such as the confining pressure and the nature of the
permeant liquid have been investigated. The practical
implications of the experimental findings are discussed.

2. DENSE PREHYDRATED GCLS

The reported information regarding the manufacturing
process of the DPH-GCL was drawn from the patent

(Flynn and Carter 1998). Dry bentonite clay is first mixed
with a solution of water and additives in a high-speed,
high-shear mixer. The exact composition of the hydrating
solution of the DPH-GCL bentonite is undisclosed, since
the patent only reports a range of possible dosages of the
different additives. Therefore, it is possible that different
production lots have slightly different compositions. The
hydrated bentonite is extruded under vacuum into a
bentonite sheet about 5.0 mm thick. The production
process induces a densification of the bentonite hydrated
core, analogous to the effect of mechanical consolidation
(average void ratio e ¼ 1.5), and a nearly parallel align-
ment of montmorillonite platelets in the sheet plane
(Figure 1), which contributes to the particularly low k in
the direction normal to the sheet (Egloffstein 1995).
Carrier and cover geotextiles are then united to the
bentonite and a roll is formed. To prevent dehydration,
each roll is wrapped in airtight stretch film.

It is understood from the manufacturer technical in-
formation that various DPH GCL products are available,
which differ mainly in the geotextile type and mass per
unit area whereas the processing of the bentonite core is
essentially the same. The different products have different
fields of application (structural waterproofing, landscap-
ing, environmental, etc.) and also have different technical
specifications (e.g. seaming procedure and overlap width).
The seaming procedures of the particular DPH-GCL
product used in the study are detailed in the following
sections. The readers are warned to consult the technical
specifications of each particular product.

Previous studies have reported that DPH-GCLs contain
the polymer sodium carboxymethyl cellulose (Na-CMC)
and methanol (Kolstad et al. 2004b; Katsumi et al. 2008).
These substances have fungicidal and preserving action;
moreover, they make the bentonite flexible such that the
thin hydrated bentonite sheets can be bent to form rolls
(Figure 1) without fissuring (Schroeder et al. 2001).
Studies of montmorillonite-Na-CMC mixtures by X-ray
diffraction (XRD) and Fourier transform infrared spectro-
scopy (FTIR) have shown that Na-CMC macromolecules
intercalate in the interlayers of montmorillonite, as indi-
cated by the increase of the basal distance, d001 (Mitchell
1993) of the crystal from 1.25 to 1.47 nm (Qiu and Yu
2008),

A recent study on the effect of amendment with Na-
CMC on the characteristics of a sodium bentonite has
shown an increase in the swelling capacity and a reduction
of the k of treated bentonite clay (known as HYPER clay)
in comparison with the untreated bentonite in the presence
of various permeant solutions (Di Emidio 2010). The
reduction in k can be ascribed to the intercalation of
strongly hydrophilic Na-CMC molecules, which increase
the water adsorption and retention capacity of the clay
(McBride 1994).

Possible components of the hydrating solution men-
tioned in the patent are sodium hexametaphosphate and
sodium polyacrylate. Hexametaphosphate and polyphos-
phate anions are known to impart a dispersing action on
clay suspensions by preferentially absorbing to the ex-
posed aluminium cations at the edge of clay platelets,
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preventing edge-to-face aggregations. Polyacrylate poly-
mers possess water-absorbency properties that are similar
to those of Na-CMC (Qiu and Yu 2008) and are utilised in
other polymer-amended clays (Scalia et al. 2011). Coating
of the solid surfaces with Na-CMC or polyacrylates may
prevent conversion of treated bentonite into calcium or
other multivalent cations form (Flynn and Carter 1998).
Moreover, excess dispersant anions may bind to cations in
the pore water, thus reducing or retarding the interaction
with the charged surface (e.g. cation exchange). It is well
known that the latter process can affect the overall
performance of the bentonite as a hydraulic barrier (e.g.
Lin and Benson 2000; Mazzieri and Pasqualini 2000). In
this regard, addition of salts and polymers in their sodium
form probably contributes to enrichment in sodium of the
clay exchange complex.

A few studies in the literature have investigated the
permeability of materials identified as ‘factory-prehy-
drated’ or ‘dense prehydrated’ GCLs. In the first study
(Schroeder et al. 2001), permeability tests were performed
in a rigid-wall apparatus, using various permeant liquids
(standard water, CaCO3-saturated water, seawater, landfill
leachate) under different vertical effective confining stress
(!9v). The measured k values were always lower than
5.0 3 10!11 m/s, even under the lowest confining stress
adopted in the study (!9v ¼ 3.8 kPa). Moreover, specimens
simulating actual overlap seams (with and without the
addition of supplemental bentonite paste in the overlap)
were permeated with standard water (made of 25%
distilled water and 75% CaCO3-saturated water). Schroe-
der et al. (2001) did not report the overlap width they
tested but stated that standard conditions recommended

for joints were adopted. They also reported that the
permeability of overlap specimens (with and without
bentonite paste) was practically the same as that of single-
layers specimens.

Kolstad et al. (2004b) reported the k of a DPH-GCL
permeated with deionised water (DI), and with aqueous
solutions containing 1 mol/l NaCl, 1 mol/l CaCl2, HCl
(pH ¼ 1.2) and NaOH (pH ¼ 13). The tests were conducted
in flexible-wall permeameters at an average isotropic effec-
tive stress, !9i ¼ 20 kPa. The measured k values were always
lower than 1.0 3 10!11 m/s, except for the HCl solution for
which k was equal to 1.6 3 10!10 m/s.

Katsumi et al. (2008) conducted permeability tests for up
to 5 years using flexible-wall permeameters (!9i ¼ 25 kPa)
to investigate the performance of a DPH-GCL and found
k , 5.0 3 10!12 m/s for electrolyte solutions with concen-
trations of up to 1 mol/l CaCl2. Mazzieri et al. (2013)
permeated a DPH-GCL in two stages: the first was carried
out with distilled water (DW), the second was carried out
with a synthetic solution having pH ¼ 2.0 and containing
Cu2+, Zn2+ and Pb2+, each at concentrations equal to
25 mmol/l. The k to DW was 3.7 3 10!12 m/s and increased
to 1.3 3 10!11 m/s upon permeation with the synthetic
solution. In short, the available experimental data, based on
laboratory studies, indicate that DPH-GCL products may be
able to maintain very low permeability in the short-term,
even in the presence of permeant solutions that have been
proven to increase the permeability of conventional GCLs.

One of the most critical issues related to field perform-
ance of conventional GCLs is desiccation, which has been
shown to impair the hydraulic performance if combined
with cation exchange (Lin and Benson 2000; Meer and

Bentonite Water additives!

Mixer
Vacuum
extrusion

Geotextiles

Particles

DPH-GCL

Prehydrated
bentonite

Figure 1. Manufacturing of DPH-GCLs (modified after Flynn and Carter (1998))
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Benson 2007). The manufacturer claim that DPH-GCLs
will not desiccate in the field as they are highly hydro-
philic and that once in the ground they will suck up
moisture from the surrounding soil or concrete. The issue
of desiccation of the same DPH-GCL product used in the
present study was addressed in two laboratory studies. In
the first (Mazzieri and Pasqualini 2008) dry–wet cycles
were simulated by repeatedly drying the DPH-GCL in an
oven at 358C and rehydrating the DPH-GCL using DW or
a calcium solution (12.5 mmol/l CaCl2). Dry–wet cycles
using DW had little or no effect on the k of the DPH-GCL
product. Combination of desiccation and permeation with
the calcium solution eventually resulted in a drastic
increase in k. The increase was ascribed to the presence of
desiccation cracks that did not heal upon rehydration.
However, the simulated drying conditions were very severe
(water content, w, equal to 5–10% in the dry stages) and
probably unlikely to occur in the field. In the second study
(Mazzieri et al. 2009) dry–wet cycles with milder desicca-
tion states (w ranging from 85 to 35% in the dry stages)
were simulated with a 12.5 mmol/l CaCl2 solution being
used as permeant liquid. The k of the DPH-GCL remained
relatively low (<2.0 3 10!11 m/s) for w > 45%. For
w ¼ 35% the k increased irreversibly. Unhealed cracks
were responsible for the increase in k. From a practical
point of view, the test results indicated that the response
of the DPH-GCL product to dry–wet cycles depends upon
the permeant liquid and the extent of desiccation. There-
fore, more focus is necessary in order to assess the extent
of desiccation that DPH-GCL products may encounter in
typical applications. At present, the writers are not aware
of any published study that addresses the DPH-GCLs
long-term field behaviour, in which samples from actual
installations were examined. Several cases of application,
including a landfill base liner, are listed in the manufac-
turer’s website. According to the manufacturer, no leaks
have been reported.

3. MATERIALS AND METHODS

3.1. GCLs

The DPH-GCL product used in this study is recommended
by the manufacturer primarily for waterproofing of struc-
tures where an oversite blinding has been specified. The

product has a high-strength woven polypropylene cover
geotextile (average mass per unit area 119 g/m2) and a
perforated polyester scrim carrier geotextile (average mass
per unit area 17 g/m2), which presents large voids (about
1 mm in diameter), through which prehydrated bentonite
can be seen. The geotextiles are united to the bentonite by
simply pressing them against the bentonite (no glue or
reinforcement connecting the geotextiles is present).
Therefore, although no direct assessment was carried out
in this study, the internal shear strength of this product is
expected to be low. In the as-manufactured state, bentonite
is sufficiently hard to resist extrusion through the voids of
the geotextile, even if walked on by workers during
installation.

The standard rolls of the product used in this study are
1 m 3 5 m in size, but larger sizes are possible. The
manufacturer’s specifications state that the rolls are
wrapped in airtight stretch films and packaged into boxes
containing 20 rolls each. The boxes are sealed with
polyethylene covers for weatherproofing. The manufac-
turer’s specifications suggest that the surface onto which
the product is to be laid should be smooth concrete, free
from abrupt irregularities with all lumps removed and
voids filled with mortar or bentonite paste. The product
should be laid with the nonwoven perforated scrim
geotextile in contact with the blinding concrete and with
the woven geotextile uppermost. The manufacturer recom-
mends placing a 50 mm concrete blinding to protect the
GCL from the steel fixers and inclement weather.

In Table 1 the main physical and chemical properties of
the DPH-GCL product used in this study are listed together
with the properties of a conventional needle-punched GCL
(C-GCL) used for some comparative testing. The swell
index of the DPH-GCL is less than the C-GCL. However,
the traditional swell index test (ASTM D5890) does not fully
reflect the swelling behaviour of DPH-GCLs; firstly, be-
cause the clay must be oven dried before testing, secondly,
because the presence of polymers may interfere with the
settling of the clay and thus affect the test results (Di Emidio
2010). The swelling test cylinders were left standing longer
than specified in the test methods (24 h); however, no
significant increase in the free swell of the DPH-GCL was
observed.

In Figure 2 the diffraction spectra of the air-dried
powdered clays from the two GCLs are shown. The basal

Table 1. Physical and chemical properties of the C-GCL and DPH-GCL products used in this study

Property C-GCL DPH-GCL Note

Mass per unit area of bentonite Mbent (g/m2) 4390 5430 ASTM D5993

Cover geotextile PP B NW Ta PP W

Carrier geotextile PP PE PS

Average thickness (mm) 6.4 5.4

Bentonite water content, w (%) 10 42 ASTM D2216

Principal mineral Montmorillonite (89%) Montmorillonite (97%) XRD

Swell index (ml/2 g) 36 17.3b ASTM D5890

Specific gravity, Gs (–) 2.65 2.56 ASTM D854

a B, impregnated with bentonite powder; NW, nonwoven; PE, polyester; PP, polypropylene; PS, perforated scrim; T, thermally treated; W, woven.
b The separation surface was not clearly identifiable due to turbidity of the solution; the reported value is the average of three measurements.
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distance of montmorillonite crystals of C-GCL was
1.25 nm, typical of sodium montmorillonite. The basal
distance of DPH-GCL bentonite was d001 ¼ 1.40 nm. The
increase in the basal distance of montmorillonite can be
ascribed to the intercalation of polymer molecules in the
interlayer (Qiu and Yu 2008).

As recommended in the technical specification sheets
of the DPH-GCL product used in this study, the seams are
obtained by overlapping the edges of the adjacent panels
for at least 0.10 m. The overlap zone is marked by a red
line printed on the woven geotextile, which must be
installed facing upwards. According to technical specifica-
tion, the openings in the perforated scrim allow the
bentonite to swell out upon wetting and to seal the
interface.

The suggested minimum overlap width of this product
(0.10 m) is less than the range commonly recommended
for conventional GCLs (0.15–0.3 m). The motivation
probably resides in the type of application recommended
for this product: in waterproofing of structures large
deformation of the subgrade that may cause panel separa-
tion are not expected (as opposed, for example, to landfill
covers). Moreover, GCLs installed under structures are
less exposed to dry–wet cycles, which may cause shrink-
ing (Thiel et al. 2006; Rowe et al. 2010) and separation of
conventional GCLs panels (Koerner and Koerner 2005a,
2005b; Thiel and Richardson 2005). To improve the
sealing of seams or to seal pipe penetrations, the manu-
facturer recommends a bentonite paste (mastic) with
composition similar to the bulk DPH-GCL but with a
higher water content (144%), which enables spreading of
the paste on the overlap edges and around pipe penetra-
tions. The manufacturer states that for applications where
an immediate seal against hydrocarbons, contaminants or
gases is required, a liberal application of bentonite mastic

must be made to the woven geotextile prior to lapping.
Thus, the need for bentonite paste must be assessed on a
case-by-case basis depending on the permeant fluid to be
contained.

3.2. Permability tests

Permeability tests on single-layer GCL (i.e. no overlap)
were carried out in flexible-wall permeameters accommo-
dating 0.10 m diameter specimens, in general agreement
with ASTM D5084 (except for the limitations on the
applied hydraulic gradient, which was usually higher than
recommended in the test method). A constant average
isotropic effective stress (!9i) was maintained during the
test. Tests were performed at different stress levels (14, 27
and 275 kPa). The permeant liquids used were DW, natural
seawater (NSW) and a 12.5 mmol/l CaCl2 solution. The
chemical composition of the NSW used in this study is
described in Table 2.

Permeability tests on the overlaps were carried out in a
medium-scale flexible-wall permeameter able to accom-
modate circular specimens 0.305 m in diameter and to
conduct two separate tests simultaneously, although sub-
jected to the same cell pressure (Figure 3a). The DPH-
GCL seams were simulated by overlapping two specimens
0.305 m in diameter, shaped as circular segments (Figure
3b). The resulting overlap section was 0.1 m in width and
shaped as a double-based circular segment, whereas an
actual overlap section is of rectangular shape. To have a
uniform thickness of the testing layout and to allow
hydraulic flow, the removed portions of the DPH GCL
were replaced by nonwowen geotextile layers (Figure 3a).
The geotextiles were wetted prior to the test assembly to
promote saturation.

Four permeability tests (two pairs) on the overlaps were
performed. Tests were conducted in pairs, as the medium-
scale permeameter allows conducting two tests simultane-
ously and using different permeant liquids, if desired. The
first test pair was conducted without bentonite paste on
the overlap, using DW and NSW as permeant liquids,
respectively. To examine the effect of the confining stress
on the seam efficiency, the isotropic effective stress !9i
was applied in four stages of 14, 28, 55 and 110 kPa,
respectively. The minimum applied effective stress
(14 kPa) was selected to simulate conditions where the
GCL is placed under relatively thin cover layers (soil or
concrete), whereas the maximum applied effective stress
(110 kPa) depends on the allowable cell pressure of the
medium-scale apparatus.

The second test pair was conducted to investigate the
effect of bentonite paste on the overlap. In the absence of
precise specifications, a 1 mm thick layer was applied on
each side of the overlaps, 1 mm being considered to be the
minimum layer of bentonite paste that could be applied
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Figure 2. XRD spectra of air-dried powdered bentonites:
(a) C-GCL; (b) DPH-GCL

Table 2. Chemical composition of the NSW

Ion/parameter Na+

(mmol/l)

K+

(mmol/l)

Ca2+

(mmol/l)

Mg2+

(mmol/l)

Cl!

(mmol/l)

SO4
2!

(mmol/l)

HCO3
!

(mmol/l)

CO3
2!

(mmol/l)

NO3
!

(mmol/l)

pH

(–)

EC

(S/m)

Concentration/ value 501 11.5 10.6 49 547 26.8 2.7 0.3 0.7 7.9 5.5
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uniformly on the overlap. The bentonite paste was spread
with a spatula and the obtained thickness was measured
by a caliper. The average !9i was equal to 14 kPa through-
out the test; the permeant liquids used were DW and NSW,
respectively.

4. RESULTS AND DISCUSSION

4.1. Permeability to water

Figure 4 illustrates the trend of k versus time of DPH-
GCLs specimens permeated with DW under different !9i
(14, 27 and 275 kPa). All tests were permeated for a
longer time than required to meet the termination criteria
as per ASTM D5084. As expected, the value of k de-
creased with increasing !9i. In particular, the k values were
consistently lower than 10!11 m/s. The graph of k plotted
against time of a C-GCL specimen permeated at average
!9i equal to 27 kPa is also displayed in Figure 4 for
comparison. For the given effective stress, the k of the
C-GCL (1.5 3 10!11 m/s) was about four times higher
than the DPH-GCL (3.7 3 10!12 m/s). The lower per-
meability to water of the DPH-GCL relative to the C-GCL
results from a combination of factors: the densification of
bentonite through the vacuum extrusion process, the
presence of additives and polymers as well as the higher
mass of bentonite per unit area (Table 1).

The test conducted at the lower effective stress, which
displayed the highest k (,8 3 10!12 m/s) and allowed a
sufficient amount of fluid to be collected, was continued
up to about 400 days to characterise the effluent liquid.
Samples were regularly collected over time and analysed
for electrical conductivity (EC), pH and major dissolved
cations (Na+, Ca2+) and anions (Cl!, SO4

2!). The trends
of measured EC and of the concentrations of major
dissolved ions in the effluent liquid are illustrated in
Figure 5. The measured data have been plotted against the
number of pore volumes of flow. Sodium (Na+) was the
most abundant cation in the effluent liquid, as indicated
also by the similarity of the plots representing EC and
sodium concentration. Significant concentrations of chlor-
ide (Cl!) and sulfate (SO4

2!) were measured. However,
the sum of equivalent concentration of chloride and sulfate
did not balance the cation equivalent concentration. To
preserve the electroneutrality of the effluent solution,
additional anions must have been present, most probably
phosphate, added as phosphate salts in the prehydration
solution. Although total phosphate was not measured
during this specific test, significant concentrations (up to
600 mg/l) were detected in the effluent liquids of other
permeability tests performed with the same DPH-GCL
product. At the average pH values measured in the effluent
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liquid (pH , 6.5), phosphate is present as H2PO4
!

(,75%) and HPO4
2! (,25%).

4.2. Permeability to NSW

Waterproofing to NSW using GCLs requires the assess-
ment of the impact of permeation of the GCL with NSW.
Figure 6 illustrates the results of permeation tests of the
C-GCL and the DPH-GCL with NSW. Upon direct
permeation with NSW the C-GCL displayed very high k
(10!7–10!8 m/s), in agreement with other studies (Shan
and Lai 2002). Despite the predominance of sodium
cations in NSW (Table 2), the ionic strength inhibits
swelling of bentonite and the resulting k is very high
(Kolstad et al. 2004a).

It is widely recognised that needle-punched fibres
restrict swelling of bentonite hydrated with water at low
confining stresses and that GCLs with intact fibres will
generally have a lower k to water than without fibres (e.g.
Petrov et al. 1997; Lake and Rowe 2000). However, in the
case of poor bentonite swelling, bundles of fibres in
needle-punched GCLs may not be efficiently impregnated
by swollen bentonite and represent preferential flow path-
ways (Scalia and Benson 2011). Therefore, the test was
repeated on a fibre-free specimen prepared with the same
bentonite as the C-GCL and the same nominal mass of
bentonite per unit area as the commercial product. The
permeability of the fibre-free specimen was indeed lower
(10!9 m/s) but still relatively high for a barrier function. A
similar fibre-free specimen was first hydrated and perme-
ated with tap water (‘prehydration’) and then with NSW.
The k to NSW of the prehydrated specimen (10!10 m/s)
was of about one order of magnitude lower than the non-
prehydrated specimen, as a result of the well-known ‘first
exposure’ effect (Shackelford et al. 2000). It should be
noted that a fibre-free specimen was used only for com-
parison purpose. A GCL with intact fibres, hydrated with
water, would give a lower permeability than a fibre-free
GCL during the water permeation stage and probably
during the permeation stage with NSW as well.

The k of the DPH-GCL directly permeated with NSW
was extremely low (1.6 3 10!12 m/s). This result can be
ascribed to the combined effect of prehydration, densifi-
cation and chemical amendment. Although the DPH-GCL
was permeated for more than 6 months, due to the low

permeability only 1.2 pore volumes of flow were permeated.
However, permeability tests with a duration of more than 5
years (corresponding to approximately 18 pore volumes of
flow) and using strong electrolyte solutions showed no
significant increases in the laboratory-measured long-term k
of a similar DPH-GCL product (Katsumi et al. 2008).

4.3. Permeability to 12.5 mmol/L CaCl2

The trend of k plotted against time for permeation with
12.5 mmol/l CaCl2 is illustrated in Figure 7. A
12.5 mmol/l CaCl2 solution has been used in other studies
on GCLs to simulate a calcium-rich permeant liquid
(Benson et al. 2007). The DPH-GCL was continuously
permeated for more than 5 years (1825 days) with the
calcium solution. No appreciable increase in k was ob-
served.

Benson et al. (2007) conducted a permeability test on a
non-prehydrated conventional GCL (different from the
product used in the present study) using a 12.5 mmol/l
CaCl2 solution. The applied stress and hydraulic gradient
were very similar to those applied in the present study on
the DPH-GCL. A gradual increase in k of the conventional
GCL, starting from about 300 days of permeation was
observed. The increase in k was ascribed to the progres-
sive cation exchange of sodium adsorbed to the bentonite
surface for calcium cations. As the exchange rate is
controlled by diffusion of calcium cations in the interlayer,
for relatively dilute solutions such as the one used in the
study, the concentration gradient driving the diffusion was
low and the induced exchange process relatively slow. The
k stabilised after about 600 days of permeation to
2.3 3 10!10 m/s, compatible with a calcium-exchanged
bentonite.

The difference between the DPH-GCL and the conven-
tional GCL is ascribed firstly to the lower k, which reduces
the amount of calcium cations entering the DPH-GCL by
advection. Secondly, the presence of various sodium-rich
additives contributes to increasing the sodium concentra-
tion in pore water (Figure 5), which makes cation
exchange of sodium for calcium less favoured. Phosphate
anions present in the porewater of the DPH-GCL may also
remove part of the calcium cations by precipitation of
insoluble compounds. Finally, polymers added to the clay
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are thought to protect it from cation exchange by physical
encapsulation (Alther 1984) and prevent the collapse of
the double-layers, which is associated with the increase in
permeability of cation-exchanged bentonites.

4.4. Permeability of overlap seams

The permeability of GCLs has sometimes been described
in terms of the parameter hydraulic permittivity ł (T!1)
defined as (Heyer 1995)

ł ¼ q

˜h A
¼ k

H
(1)

where q is the volumetric flow rate (L3/T); ˜h is head loss
across the GCL (L); A is the cross-sectional area of the
GCL specimen (L2), H is the GCL specimen thickness
(L). The hydraulic permittivity is equal to the ratio
between k and the GCL thickness, and it is a useful
parameter when H is not known, such as when permeabil-
ity tests are performed in flexible-wall permeameters not
equipped with a device for measuring the specimen
thickness.

In this study, to characterise the permeability of the
overlap, the parameter hydraulic permittivity of the over-
lap, ł* (T!1) has been defined as

ł# ¼ q

˜h(2AL þ As=2)
(2)

where q is the measured volumetric flow rate (L3/T); ˜h
is the head loss across the overlap specimen set-up (L); AS

is the cross-sectional area of the overlap zone (L2); AL is
the cross-sectional area of the single-layer portion of the
specimens (L2) (Figure 3b). Due to the geometry of the
overlap testing set-up (Figure 3b), even in case of perfect
sealing (i.e. no interface flow), the seepage flow through
the overlap is not, at rigour, one-dimensional. Assuming
one-dimensional seepage flow and absence of preferential
interface flow, the following theoretical relationship can
be derived

ł# ¼ kov

Hov
(3)

where kov is the (vertical) hydraulic conductivity of each
portion of the overlap (assumed equal) and Hov is the
thickness of each portion of the overlap (assumed equal).
With the further assumption that, under the same confin-
ing effective stress, each portion of the overlap will have
the same k and the same H of a single-layer specimen (i.e.
k ¼ kov and H ¼ Hov), the following relationship can be
obtained

ł# ¼ ł ¼ k

H
(4)

Figure 8 displays the hydraulic permittivity values of
the overlap (ł*) and of a single-layer specimen (ł),
permeated with DW and NSW, under an average isotropic
effective stress of 14 kPa. In the case of water permeation,
the values of ł and ł* are practical coincident, in
agreement with the theoretical prediction. The efficiency
of the overlap is ensured by the swelling of DPH-GCL in
the presence of pure water, which is also reflected by the

increase in specimen thickness during the tests. For
example, the thickness of single-layers specimens perme-
ated with DW increased from to 5.4 to 9.1 mm (average of
two tests). The driving forces for further water adsorption
and swelling are probably residual suction and osmotic
gradients.

Using NSW as permeant liquid, hydraulic permittivity
of the overlap ł* stabilised on very high values
(ł* ¼ 2 3 10!6 s!1), of about four orders of magnitude
higher than the hydraulic permittivity of the single-layer
specimen permeated with NSW (ł ¼ 3 3 10!10 s!1). The
high ł* depends upon the lack of sealing of the overlap
and the resulting preferential flow. The ionic strength of
NSW inhibits the swelling of bentonite and hinders the
sealing of the overlap. Inhibition of swelling was con-
firmed by the final thickness of the specimen permeated
with NSW (6.0 mm), which was practically equal to the
initial thickness (5.4 mm) despite the relatively low con-
fining pressure of 14 kPa. Note that, at the same confining
pressure, the k of single-layer DPH-GCLs to NSW
remained very low because it is not related to post-
installation swelling but rather to the material character-
istics conferred by the manufacturing procedure.

To assess the impact of the confining stress on the
hydraulic efficiency of the overlap, the effective confining
pressure was increased by in steps to 110 kPa. For both
tests a reduction in permittivity of about one order of
magnitude was observed. However, the permittivity of the
overlap specimen permeated with NSW remained high. A
coloured dye was introduced in the permeant liquid during
the last stage of permeation, under an effective stress of
110 kPa (Figure 9). At the inspection of the specimen after
the test, a preferential flow through the overlap interface
was evident from the coloured paths (Figure 10)

Permeability tests were repeated on identically prepared
overlap specimen except for bentonite paste spread on the
overlap area (about 1 mm of bentonite paste on each side).
The results were practically coincident for DW and NSW
as permeant liquids (Figure 11). Note that in the case of
DW the results with and without bentonite paste were also
practically coincident. Therefore in applications were
contact with NSW is possible, a performance equivalent to
that observed with DW can be obtained by application of
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Figure 8. Hydraulic permittivity of the DPH-GCL
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bentonite paste on the overlap. Conversely, simple overlap
seams (without bentonite paste) do not seem to be able to
ensure a good performance in the presence of NSW, even
at relatively high confining pressure. From a practical
point of view, the need for bentonite paste in overlap
seams causes an increase in costs and in installation times.

5. CONCLUSIONS

Dense prehydrated geosynthetic clay liners (DPH-GCLs)
are a particular type of GCLs produced by a patented
process in which the bentonite is prehydrated and then
extruded under vacuum into a dense sheet. The most
notable difference with conventional GCLs is that bento-

nite is already hydrated at installation instead of becoming
hydrated during the service life. The paper describes the
results of permeability tests carried out using water,
natural seawater (NSW) and a calcium solution to provide
insight into the hydraulic performance of a DPH-GCL
product.

The permeability tests on single-layer GCLs specimens
were performed using flexible wall permeameters 0.10 m
in diameter, whereas the permeability tests on the overlap
of the DPH-GCL were performed using a flexible wall
permeameter able to accommodate specimens 0.305 m in
diameter. Test results showed that the DPH-GCL has very
low permeability to water, with k ranging from 8 3 10!12

to 5 3 10!13 m/s with the confining stress ranging from
14 to 275 kPa. Permeation with a 12.5 mmol/l Ca2+

solution, which lasted more than 5 years, did not impact
significantly on the permeability, unlike the results de-
scribed in the literature for conventional GCLs subjected
to similar conditions. The value of k was found to be very
low (1.6 3 10!12 m/s) also in case of direct permeation
NSW.

In addition to the low hydraulic conductivity of the
GCL, the efficiency of the seams is crucial to the overall
efficiency of the hydraulic barrier. According to the
technical specifications, the seams of the DPH GCL
product used in this study are obtained by overlapping
the edges of adjacent panels for a minimum of 0.10 m.
This overlap is less than commonly specified for conven-
tional GCLs (0.15–0.30 m). As this product is mainly
recommended for waterproofing of below-ground struc-
tures, the specified minimum overlap probably accounts
for the perception that risks of subgrade deformations
and desiccation/shrinking are lower than in other applica-
tions (e.g. in landfill covers). Test results indicated that
the hydraulic efficiency of the overlap seams strongly
depends on the permeant liquid. When DW was used as
permeant, bentonite swelling in the overlap prevented
preferential flow and ensures sealing of the interface
between the overlapped panels. Conversely, NSW inhib-
ited the swelling of the bentonite and prevented the self-
seaming mechanism of the overlap. Bentonite paste must
be added to ensure sealing of the overlap in the presence
of NSW. Therefore, when the permeant liquid to be
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contained is different than water it is necessary to
carefully assess the need for bentonite paste at overlaps
and pipe penetrations.

Although the available evidence on the hydraulic con-
ductivity of DPH-GCLs, mostly based on laboratory tests,
consistently showed that low permeability is usually
preserved against strong electrolyte solutions, some im-
portant issues need to be further addressed for a complete
understanding of the overall field performance over time.
In particular, the main concerns are the risk of polymer
decay or extraction to the surrounding environment and
the consequent impact on the hydraulic performances, as
well as the risk of desiccation for DPH-GCL products
used in applications where desiccation is more likely to
occur (e.g. artificial seasonal ponds, waste basins tempora-
rily emptied for maintenance, lining applications with thin
covers, landfill covers, landfill liners in case of heat-
producing waste). Care should be also exercised in
installations even on gentle slopes considering the absence
of reinforcement in DPH-GCL products.
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NOTATION

Basic SI units are given in parentheses

A cross-sectional area of the GCL specimen (m2)
AS cross-sectional area of the two-layer central

portion of the overlap (m2)
AL cross-sectional area of the single-layer lateral

portions of the overlap (m2)
H thickness of the GCL specimen (m)

Hov thickness of each layer of the overlap (m)
k hydraulic conductivity of the GCL (m/s)

kov hydraulic conductivity of each layer of the overlap
(m/s)

q volumetric flow rate (m3/s)
˜h head loss (m)
ł hydraulic permittivity of the GCL (1/s)

ł* hydraulic permittivity of the overlap (1/s)
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