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Experimental results on hydraulic behaviour of a GCL 

Resultats experim ental^ sur la permeabilite d’un GCL

F. M a z z ie r i -  Technical U nive rsity o f Turin, Ita ly

E. P a s q u a lin i -A n co n a  University, Ita ly

ABSTRACT : The results of permeability tests on a GCL are discussed. The following aspects are considered: a) the influence on GCL 

permeability of bentonite hydration procedures, usually adopted in the laboratory before performing the permeability tests; b) the 

relation between the GCL hydraulic conductivity and degree of saturation of the benionite; c) the uncertainty concerning the dimensions 

of a GCL sample, when tested in traditional flexible wall permemeters, and how this can affect calculated permeability values. A new 

permeameter appositely designed is described, which allows to estimate the dimensions of GCL sample during each phase of the test.

RESUME: L’article d^crit des essais de permeability sur un GCL. Les aspects suivants ont considers: a)l’influence sur la 

permeability du GCL de differentes techniques de hydratation qui sont adopters en laboratoire avant la permeation de l’ychantillon;

b) le rapport entre la permeability et le degry de saturation de l’ychantillon; c) l ’incertitude sur les dimensions de l’ychantillon quand 

Ton utilise des yquipements & parois flexibles et l’effect de cette incertitude sur le calcul de la permeability. L ’on dycrit un yquipement 

particulier realisy exprfes qui permet de yvaluer les dimensions de l’6chantillon pendant l’essai de permeability.

1 INTRODUCTION

Geosynthetic Clay Liners (GCLs) consist of a thin layer of dry 

bentonite, approximately 5 mm thick, attached to one or more 

geosynthetic materials (e.g. geotextile or geomembrane). Two 

general configurations are currently employed: bentonite 

sandwiched between two geotextiles or bentonite glued to a 

geomembrane. When the bentonite is hydrated with water, the 

bentonite swells and a very low hydraulic conductivity is 

attained. For this property, GCLs have been used both as 

impervious barriers in waste containment linings and caps and 

beneath a wide variety of reservoirs and surface impoundments.

By now, there is a number of years’ experience in the 

construction and behaviour of GCLs, which in principle are to be 

assessed positively but in some cases resulted controversial. 

Floss (1994) pointed out that one must assume that the 

development of GCLs and their related construction measures is 

not yet at an end, but will lead to further improvements.

In this Context, further in situ and laboratory investigations are 

required to continuously improve the understanding of GCLs 

behaviour.

The present paper, with the aim to give a contribution in this 

direction, considers and analyses some aspects concerning the 

laboratory evaluation of GCL permeability.

First of all the aspects regarding the equipment are considered; 

then the influence of hydration procedure and sample saturation 

on GCL permeability is analysed and discussed.

The material tested is a geotextile encased adhesive bonded 

GCL containing natural sodium bentonite. The upper and lower 

carrier layers consist in a polypropilene woven geotextile bonded 

with a nylon non woven geotextile. The total thickness of the dry 

GCL is about 5 mm. The thickness of the hydrated material 

generally depends on confining pressure and can reach 

20-^25 mm in free swelling condition.

2 EQUIPMENT

In the following some critical aspects concerning the use of 

flexible wall permeameter for the evaluation of hydraulic 

conductivity of GCLs are discussed. Moreover a new equipment 

designed at the University of Ancona is described.

2.1 Flexible wall permeameter (FWP)

The hydraulic conductivity of GCLs is usually measured with

flexible wall permeameters (Shan, 1990, Shan and Daniel, 1991, 

Estornell and Daniel, 1992, Lavagnolo and Tresso, 1993, Heyer 

and Floss, 1993, Czurda, 1994, Heyer, 1995).

This equipment allows (Daniel, 1994):

-  enhancement of sample hydration applying back pressure and 

control of sample degree of saturation with measurement of 

the Skempton coefficient B;

-  prevention of any sidewall leakage, since the effective 

isotropic confining pressure applied during the test, ensures 

perfect contact between the rubber membrane and GCL 

sample.

Nevertheless, when traditional flexible wall permeameters are 

used, it is impossible to measure variations of dimensions of the 

GCL sample caused by swelling and/or consolidation. This 

aspect is particularly important when GCL samples are tested, 

since small variations of the sample thickness can significantly 

affect the calculated hydraulic conductivity values.

For geotextiles encased it is not clear how far the hydrated 

bentonite penetrates the geotextiles, and how this penetrated 

depth should be calculated in assessing the pre-defined thickness 

(Heyer, 1995). To overcome the uncertainty of seepage path, d, 

it was suggested (Heyer and Floss, 1993) to assess the efficiency 

of GCLs in terms of permittivity value k/d, where k is the 

hydraulic conductivity and d is the total thickness of the sample 

(bentonite layer and geotextiles).

However in engineering practice and in certified properties, 

the performances of GCLs are usually assessed by hydraulic 

conductivity values. Moreover, as schematically shown in 

Figure 1, a variation of the sample diameter is also observed, 

particularly if GCL samples are hydrated in a flexible wall 

permeameter at low confining effective pressure. In the following 

it is shown how the assumptions on sample dimensions (area and 

thickness) influence the estimated hydraulic conductivity of a 

GCL.

geolexliles Final shape

hefftonite laver '  Initial shape

Figure  1. Va ria t ion o f GCL s ample  shape  in F WP  (not in scale)
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2.1.1 Effect o f sample dimensions in calculated k values 

The following testing procedure was used. Dry GCL specimens 

were placed in FWPs. The hydration phase was then performed 

at selected total and back pressures. The volumes of absorbed 

water were systematically recorded, and the hydration phase 

lasted until no more water was absorbed. The Skempton 

coefficient B was measured to estimate the degree of saturation 

of the sample. A hydraulic head was applied increasing the 

bottom pressure and maintaining the top pressure constant, so 

that the water flow occurred from the bottom upwards 

facilitating the displacement of residual air bubbles. The 

permeability test was considered ended when the inflow resulted 

almost identical to the outflow. The flexible wall permeameter 

was then disassembled and the final dimensions of GCL sample 

were measured.

Of course these measurements made in absence of the 

confining pressure that acted during the test can be affected by 

some approximations. However according to the Authors these 

approximations are unimportant. The measurements are in fact 

done in a short time (less than 5 minutes) after the 

disassemblement of the permeameter and in absence of water so 

that the additional swelling of the sample can be considered 

negligible. On the contrary swelling due to unloading can be 

important in presence of water and if enough time is allowed 

(Takahashi et al, 1996)

The final shape of the sample is always as shown in Figure 1, 

with an increase both in thickness and diameter.

Figure 2 shows an example of the permeability values obtained 

with three different assumptions on dimensions of the sample: 

-curve a gives k values calculated considering initial thickness 

and diameter of dry sample;

-curve b gives k values calculated considering final thickness and 

maximum diameter of hydrated sample;

-curve c gives k values calculated considering final hydrated 

thickness and initial dry diameter which is equal to the diameter 

of the porous stones.

Of course it must be verified that the final maximum diameter 

of the sample and the diameter of porous stones do not differ 

more than 5% (ASTM D5084-90).

The comparison of curves a, b and c in Figure2 shows that:

-  a small difference in thickness significantly influences the 

calculated hydraulic conductivity of GCL;

-  the most conservative values and probably the most reliable 

ones, are obtained when the final hydrated thickness and the 

initial area are considered.

The importance of this aspect increases when the confining 

pressure decreases and the swelling capacity of the specific GCL 

increases.

A new equipment was designed at the University of Ancona with 

the purpose of overcoming the limitations of FWP. In fact UAP 

allows to measure the variation of thickness and diameter of the 

GCL sample during the both the hydration and permeation 

stages.

A schematic drawing of the device is shown in Figure 3. A 

latex membrane divides the upper chamber (pressure chamber) 

from the lower chamber, where the GCL sample is placed 

between two porous stones. The hydraulic flow usually goes 

from the bottom inlet lines to the top outlet lines, in order to 

saturate both the porous stones and the GCL sample. The device 

has two flow lines at the bottom and three flow lines at the top, 

positioned at 120° around the circumference of the lower 

chamber to facilitate the saturation of porous stones.

The rigid wall, which contains the GCL sample, ensures that 

the area is constant during the test. However, the risk of sidewall 

leakage could be possible, especially at high back pressure and at 

low vertical effective confining pressure (Daniel, 1994).

The shape of the upper chamber was designed to facilitate the 

exit of air when filled with water. The water in the upper 

chamber is pressurised in order to apply the selected total vertical 

pressure and to ensure perfect contact between the latex 

membrane and the upper porous stone. During the hydration and 

permeation stages, the changes in volume of the upper chamber 

are systematically recorded by means of a graduated burette 

connected with the cell pressure line; a main control panel by 

Trautwein Soil Testing Equipment is presently used. The volume 

variations in the pressure chamber are used to estimate the actual 

thickness of the GCL sample during the test.

To verify the reliability of this technique, the results were 

compared with those obtained in oedometric swelling tests 

performed at the same vertical effective pressure. Figure 4 shows 

an example of these comparisons: in both equipment an 

immediate vertical settlement was recorded after the application 

of vertical pressure in dry condition; the dry condition was 

maintained for a prefixed time (4 minutes), then water was added 

and the increase of the sample thickness versus time was 

recorded. Very similar results were obtained in all the 

comparisons, so that the swelling measurement in UAP can be 

considered reliable. Unfortunately, these comparisons refer only 

to the hydration phase. A further control of the reliability of GCL 

sample dimensions was made by the comparison between the 

estimated thickness in UAP at the end of permeation stage, and 

the direct measurement of this thickness after the 

disassemblement of the UAP. This further comparison gave a 

differences of less than 3%, which have a negligible influence on 

calculated permeability values.

2.2 University o f Ancona permeameter (UAP)
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Figure 3. Schematic drawing of UAP permeameter
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The curve d in Figure 2 shows the results of a UAP test carried 

out on the same type of GCL tested in FWP at the same vertical 

effective pressure. UAP systematically gave permeability values 

lower than FWP.

According to the Authors, this could be due to the rigid walls, 

which preventing horizontal swelling apply a confining horizontal 

effective pressure greater than horizontal (isotropic) effective 

pressure acting in FWP.

3 INFLUENCE OF HYDRATION PROCEDURE 

In the above considered tests the hydration of the samples 

occurred under selected confining effective pressure. This 

procedure reproduces the most probable in situ hydration 

condition, but it is often considered unsuitable, as the 

permeameter is engaged all the time necessary for the hydration 

of GCL samples. To overcome this disadvantage and also to 

enhance the swelling of the GCL, the hydration phase is 

sometimes performed outside the permeameter, without 

confining pressure (Czurda, 1994, Heyer ,1995).

3.1 Hydration procedures

In the following it is shown that different hydration procedures 

can influence the permeability of GCLs. Three different hydration 

procedures were experimented.

3.1.1 Free vertical swell hydration (X)

The GCL sample (102 mm in diameter) was installed in a rigid 

ring (40 mm in height and 103 mm inner diameter) and then 

submerged in water without any vertical pressure. After a 

hydration phase lasted 48 hours, the sample was extracted from 

the rigid ring and then installed in the FWP. Then the selected 

total and back pressures were applied.

The handling of the sample and the set-up of the equipment 

were very difficult due to the high compressibility of hydrated 

GCL sample mainly when the stainless steel top cap and the latex 

membrane were installed. Moreover the application of the 

confining effective pressure produced two negative effects: a) 

large deformations which could not be measured occured; b) the 

permeation phase could not start before the end of consolidation 

of GCL sample (al least four days were necessary). Therefore 

this hydration procedure does not give any advantage in terms of 

engagement of the permeameter either.

3.1.2 Confined vertical swell hydration (Y)

The GCL sample was installed in the rigid ring previously 

described and the top cap of FWP was positioned on it. The 

water was then added for the hydration stage, that also in this 

case lasted 48 hours. The vertical pressure given by the weight of 

top cap was only 2 kPa, but enough to reduce problems 

concerning the handling of the sample. Moreover, after the

application of the confining pressure a shorter time was 

necessary to complete the consolidation before starting the 

permeation stage (usually, 2 days).

3.1.3 Isotropic swelling hydration (Z)

The GCL sample was easily installed in the FWP in a dry state. 

Then the selected total and pore pressures were applied. The 

absorbed water volumes were recorded in order to detect the end 

of hydration. About seven days were usually required to 

complete this phase. Then the permeation phase was started 

without any hydrated specimen handling problems.

3.2 Results

Figure 5 shows an example of the influence of hydration 

procedures on measured permeability values. It can be observed 

that the procedures described in 3.1.1 and 3.1.2 give very similar 

hydraulic conductivity values whereas the procedure described in

3.1.3 gives the lowest permeability values. Since the effective 

confining pressure during permeation is the same for all GCL 

samples, the results of Figure 5 point out that the adopted 

hydration procedure influences the permeability values.

In particular Table 1 shows the different ratios between the 

weight of absorbed water and total weight of the sample which 

were both measured at the end of permeation. The sample 

hydrated with the procedure described in 3.1.3 which showed 

the lowest permeability values had the minimum amount of 

absorbed water. These experimental data demonstrate that the 

permeability of GCL is not uniquely correlated to the swelling 

action of bentonite but also depends on the confining pressure 

acting during the hydration of bentonite.

4 INFLUENCE OF SAMPLE SATURATION 

At the end of hydration stage, an increase of the total isotropic 

confining pressure was applied to the GCL samples in undrained 

conditions and the increase of pore pressures was measured. The 

values of Skempton coefficient B obtained are shown in Table 1.

The GCL sample Z, which has the lowest permeability values, 

shows also the lowest B value, that is the lowest saturation 

degree; therefore it can be argued that the minimum permeability
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Figure  5. Influe nce  o f hydration conditions  on hydr aulic  conduc tivity o f 
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Table. 1 Properties of tested samples

B before  

pe rmeation

Hydr aulic

conductivity

P w .f

Ptot

Sample (10'9 cm/s)

X 0.85 5.6 0.708

Y 0.91 4.7 0.622

Z 0.66 1.8 0.500

P w ,f= final water we ight o f the sample  

P tot= final total we ight o f the s ample
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observed in this case could be due to the partial saturation of 

GCL sample.

In order to investigate the influence of saturation level on 

hydraulic conductivity of GCL sample an apposite test was 

performed.

The GCL specimen was initially hydrated in FWP following 

the procedure described in 3.1.3 under total confining pressure of 

150 kPa and a back pressure of 100 kPa (effective confining 

pressure of 50 kPa). After seven days of hydration the specimen 

was permeated until the inflow rates resulted very close to the 

outflow rates. This first permeation stage was followed by other 

four permeation stages, where the total and the back pressures 

were gradually increased, maintaining the same effective 

confining pressure.

In each stage, before starting the permeation, the coefficient B 

was measured. The test ended when a B value grater than 0.95 

was obtained. Fig.6 shows the hydraulic conductivity values 

measured at the end of each phase of the permeability test 

described above. It can be observed that:

-  the saturation degree of the GCL does not affect significantly 

the hydraulic conductivity;

-  the permeability tends to slightly decrease when the saturation 

degree increases, therefore it is not unsafe to evaluate the 

permeability from partially saturated GCL samples.

Figure 7 shows the permeability values calculated considering 

both the inflows and the outflows measured during each 

permeation stage. It can be observed th a t:

-  at the start of each phase of permeation the differences 

between the inflow and outflow rates are maximum; this 

reflects the beginning of a new phase of GCL sample 

hydration and saturation.

-  the differences between inflow and outflow rates decrease 

during the permeation, and this confirms that a part of the 

inlet water is captured by the bentonite not wholly hydrated;

-  with the proceeding of hydration and permeation phases, 

carried out at increased back pressure, the differences 

between inflow and outflow rates tend to be nullified and the 

B values tend to 1.
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5 FINAL CONSIDERATIONS

The measure of GCL sample dimensions during hydration and 

permeation in traditional FWP is not possible. Therefore the 

evaluation of hydraulic conductivity may be affected by some 

approximation. The use of FWP may result particularly critical, if 

the lateral swelling of GCL produces an hydrated sample 

diameter more than 5% greater than that of porous stones 

(ASTM D.5084-90). More accurate result can be obtained in 

equipment like that described in 2.2 which prevent lateral 

swelling and allows to continuously detect the thickness of GCL 

sample.

The comparison of different hydration procedures shows th a t: 

-free vertical swell hydration (see 3.1.1) is not recommended, 

since the handling of the hydrated sample is very difficult and 

the positioning of top cap produces deformations which 

cannot be measured ; moreover, after the application of 

confining pressure, some days of consolidation must pass 

before permeating the sample.

-confined vertical swell hydration (see 3.1.2), does not give 

any particular problem inherent sample handling and 

consolidation tim e; however the measured permeability 

values are greater than those obtained with GCL samples 

hydrated following the procedure described in 3.1.3.

The measurements of Skempton coefficient B performed on 

GCL samples) show th a t:

-the full hydration of bentonite is not necessary to obtain low 

permeability values when bentonite hydration occurs in 

presence of confining pressure (see Tablel and Figure 5).

-at the same confining pressure the increase of bentonite 

saturation does not produce a significant decrease of 

permeability values.
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