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ABSTRACT 
 
Today, geosynthetic clay liners (GCL or GBR-C) are used in many applications as an alternative to compacted clay 
liners (CCL), as they offer considerable ecological advantages and protect the natural clay resource. 
Tenders/specifications for geosynthetic clay liners mainly contain requirements for hydraulic conductivity (k-value). 
This value alone leads the customer / user in the wrong direction when selecting the product to be used. This value 
alone does not provide any information about the flow rate through the sealing layer, as this can only be correctly 
determined together with the thickness (indirectly the mass) of the sealing layer. However, determining the thickness 
is also subject to errors. Alternatively, the permittivity or the index flux can be evaluated and shall be used in 
specifications. The paper shows the influence of the mass/thickness on the results and the real flow rate, also in 
comparison to other sealing elements such as clay. 
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1 INTRODUCTION 

Geosynthetic clay liners (GCL), also known as clay 
geosynthetic barriers (GBR-C) are used in many 
applications as an alternative to compacted clay liners 
(CCL), as they offer considerable ecological advantages 
and protect the natural clay resource. Specifications for 
geosynthetic clay liners mainly contain requirements 
for hydraulic conductivity (k-value). This value alone 
leads the customer / user in the wrong direction when 
selecting the product to be used. This value alone does 
not provide any information about the flow rate through 
the sealing layer, as this can only be correctly 
determined together with the thickness (indirectly the 
mass) of the sealing layer. Alternatively, the 
permittivity or the index flux can be evaluated and shall 
be used in specifications. 
 

 
Figure 1: Principle curve of k-value, permittivity and flux as a 
function of bentonite  

 
Fig. 1. shows the basic principle curve of hydraulic 
conductivity (k-value), permittivity and index flux as a 
function of mass. 
This paper shows the influence of the mass per unit 
area of the bentonite on the results also in comparison 
to other sealing elements such as clay. 
 

2 INDEX FLUX MEASUREMENT FOLLOWING 
ASTM D5887 AND EN 16416 

In ASTM D5887 (Standard Test Method for 
Measurement of Index Flux Through Saturated 
Geosynthetic Clay Liner Specimens Using a Flexible 
Wall Permeameter) [1] and in EN 16416 (Geosynthetic 
clay barriers – Determination of water flux index – 
Flexible wall permeameter method at constant head) [2] 
equations are given to calculate from the measured 
flow-through volumes in the test (the test method itself 
is nearly identical following ASTM D5887 and EN 
16416) hydraulic properties.  
It should be noted that the flux in ASTM D5887 and 
EN 16416 ensures that products can be directly 
compared under the same test conditions. 



 

2.1 Index flux measurement following ASTM D5887 
Chapter 10 of ASTM D5887 shows the calculation 

of the flux, qi as follows: 
 

               qi = (Q) / (At)   (1) 
 

where: 
qi = flux, (m³/m²)/s, 
Q = quantity of flow, taken as the average of inflow and outflow, 
m³, 
A = cross-sectional area of nominal 100 mm diameter porous end 
piece, 0.00785 m², and 
t = interval of time, s, over which the flow occurs. 

 
Annex X2 of ASTM D5887 gives the calculation of the 
hydraulic conductivity based on Flux test data and for 
constant head: 

 

              kT = (QT) / (Ath)   (2) 
 

where: 
kT = hydraulic conductivity (at measured temperature), m/s, 
Q = quantity of flow, taken as the average of inflow and outflow, 
m³, 
T = thickness of specimen (clay part), m, 
A = cross-sectional area of clay component, m², 
t = interval of time, s, over which the flow Q occurs, s, 
h = difference in hydraulic head across the specimen, m, of 
water. 
The temperature range during the test shall be 21°C +/- 2°C) 

 
The measurement of the thickness of “the clay” of a GCL 
specimen shall be measured and measurements must be 
completed within 10 min after dismounting the test 
specimen. The dismounted test specimen is cut across its 
diameter. First, utilizing a sharp razor knife, the upper 
geotextile backing is cut. Next, the clay portion of the GCL 
is cut with the razor knife. Finally, the cut area is carefully 
folded back and the lower geotextile backing is cut with a 
pair of scissors. The cut geotextile backing can be gently 
peeled away from the clay portion using the blade of the 
razor knife until the clay portion is clearly defined. The 
thickness of the exposed clay portion is directly measured 
(per test methods D374/D374M) at three different locations 
along the cut diameter (d) using calibrated calipers or 
similar devices capable of measuring to the nearest 0.3 mm 
[0.01 in.] or better. Fig. 2 give recommended locations for 
measuring clay thickness. 
 

 
Figure 2: example from ASTM D5887 where/how to measure the 
clay thickness, with d as the sample diameter 

2.2 Water flux index measurement following EN 
16416 

Chapter 8 of EN 16416 shows the calculation of the 
flux, qi as follows: 

 

             qi = (V) / (At)   (3) 
 

 
 

where: 
qi = flux, (m³/(m² s)) at test temperature, 
V = quantity of flow, taken as the average of inflow and outflow, 
in m³, 
A = cross-sectional area of nominal 100 mm diameter porous end 
piece, in m², 
t = interval of time over which the flow occurs, in s, 

 
The flux value q10 shall be reported in m³/(m² s) after being 
corrected to the flux at 10 °C by using RT10 (RT10 is the 
ratio of viscosity of water at test temperature to the 
viscosity of water at 10 °C). 
 
Annex A of EN 16416 gives the calculation hydraulic 
conductivity at the test temperature, kT as follows: 

 

                kT = qi / i   (4) 
 

where: 
kT = hydraulic conductivity at the test temperature in m/s 
qi = flux, (m³/(m² s)) at test temperature, 
i = hydraulic gradient in the test  

 
The hydraulic gradient i can be calculated according to: 

 

            i = ΔH / d   (5) 
 

where: 
ΔH = head loss across the specimen, in m 
d = thickness of the specimen, in m 
 
The thickness (d) should be measured immediately at 
the end of the test using the apparatus and following the 
procedure of EN ISO 9863-1 at 35 kPa using a loading 
plate of an area of 25 cm². 
The hydraulic conductivity k10 should be reported in 
m/s after being corrected to the hydraulic conductivity 
at 10 °C by using RT10 (RT10 is the ratio of viscosity of 
water at test temperature to the viscosity of water at 10 
°C). 
Annex A of EN 16416 also gives calculation of the 
permittivity at the test temperature (ΨT) in 1/s and ΨT 
can be calculated: 

 

              ψT = qi / ΔH   (6) 
 

where: 
ψT = permittivity at the test temperature in 1/s or s-1 
qi = flux, in m³/(m² s) at test temperature, 
ΔH = head loss across the specimen, in m 

 
The permittivity Ψ10 should be reported in m/s after 
being corrected to the permittivity at 10 °C by using 
RT10 (RT10 is the ratio of viscosity of water at test 
temperature to the viscosity of water at 10 °C). 

2.3 Summary of ASTM D5887 and EN 16416  
Both methods (ASTM D5887 and EN 16416) give as 

the main value to evaluate the flux in m³/m² s under a water 
head of 1.5m. The results of both methods can be compared 
with each other, however, the temperature differences in 
each test method (ASTM D5887 (21° +/-2°C) vs. EN 
16416 (reported at 10°C) must be taken into account. At the 
same temperature, the same flux values should be obtained. 



 

Both standards give further procedures how to calculate 
hydraulic conductivity based on the flux values in the 
appendix, resp. annex. However, the evaluation of the GCL 
thickness is described differently. 
In ASTM D5887 a way is described to measure the 
thickness of the clay portion on its own. However, the 
accuracy and reproducibility of the method is questionable. 
The sample preparation of the cut edges and the definition 
of the measuring points are prone to errors. 
In EN 16416 a way is described to measure the thickness of 
the entire GCL. As a result, a higher thickness gives a 
higher hydraulic conductivity (more permeable). The 
thickness measurement here includes the geotextile part of 
the GCL, which can be a non-woven fabric on one side and 
a woven fabric on the other, but sometimes also non-woven 
fabrics on both sides or a non-woven fabric on one side and 
a non-woven fabric/woven fabric combination on the other. 

Assuming that a GCL always has the same amount and 
type of bentonite, but has different total thicknesses due to 
the textile structure around it, a higher hydraulic 
conductivity (more permeable) is calculated as the 
thickness increases, although the permittivity and flux 
remain the same. This clearly shows the negative influence 
of increasing thickness on the result, as the thickness comes 
from structures that do not influence the permeability of the 
GCL. 
EN 16416 also provides the option of determining the 
permittivity. The permittivity results from the flux in 
relation to the water head (here in both cases, ASTM and 
EN) 1.50 m water head. The determination of the thickness 
plays no role in the permittivity. Permittivity is the base 
value for calculating flux with different (other than 1.5 m) 
water heads. 

3 BENTONITE MASS PER UNIT AREA, 
K-VALUE, PERMITTIVITY AND FLUX 

Although ASTM D5887 and EN 16416 already specify 
the meaningful properties in the main part of the standard, 
flux, the wide-ranging k-value is still required in 
specifications. Often the k-value is specified, however as 
described earlier the much more important and clearer 
value is flux and should be specified. 
As already shown in Figure 1 based on the evaluation of 
more than 1000 single tests, the mass per unit area of the 
bentonite has a significant influence on the flux or 
permittivity, while the k-value remains more or less the 
same even with increasing bentonite mass per unit area. 
In [3] and [4] first results and background about the impact 
of mass per unit area of bentonite onto the lab results as 
well as on the behaviour on site are presented. The 
following figure 2 gives a bit more details of such this 
evaluation. The increase in mass per unit area from 3,000 
g/m² bentonite to 6,000 g/m² results in roughly a 50% 
reduction of the flux value from roughly 3.3 x 10-9 m³/m² s 
to roughly 1.7 x 10-9 m³/m² s. The k-value, on the other 
hand, remains the same over the same range of evaluated 
mass per unit areas. 
 

 

Figure 3: Principle curve of k-value, permittivity and flux as a 
function of bentonite mass, highlighted for roughly 3,000 g/m² 
and roughly 6,000 g/m² bentonite 

 
This example makes it clear why the k-value should not be 
part of a specification, or rather should not be and 
definitively not without permittivity or flux. K-value alone 
leads the user of GCL in a completely wrong direction and 
promotes that the mass does not actually play a role, as the 
k-value is always the same. 
The permittivity can be used as an alternative; this is also 
independent of the thickness and can also be determined 
from the flux. The flux gives a true volume under the water 
head of 1.5 m. The permittivity can be used to determine a 
volume in relation to other water heads. 
Flux (or permittivity), one of these, are the main values to 
use in a specification. They show the values that shall be 
really of interest for the designer and they also qualify 
indirectly the amount of bentonite to be used. These results 
show that a higher bentonite mass per unit area has a 
significant positive influence on the hydraulic properties. 
It should also be noted that the above-mentioned values are 
short-term permeability values.  

 
The below presented figure 4, summarized from a paper 
presented at the 10th IGS in Berlin [5] show the decrease of 
long-term permittivity from roughly 1.5 x 10-8 1/s to 
roughly 1.0 x 10-8 1/s to roughly 0.6 x 10-8 1/s with the 
increasing of bentonite amount from roughly 4000 g/m² 
bentonite to 7000 g/m² bentonite. These evaluations were 
done for the certification process for GCLs in German 
landfill caps for a durability of > 100 years. 
These results show that a higher bentonite mass has a 
significant positive influence on the short-term hydraulic 
properties, but also on the long-term hydraulic properties. 
 
 
 



 

 

 

 

Figure 4: Principle curve permittivity as a function of bentonite 
mass per unit area, highlighted for approx. 4,000 g/m² to 7,000 
g/m² bentonite 

4 BENTONITE MASS PER UNIT AREA, 
K-VALUE, PERMITTIVITY AND FLUX IN 
PRACTICE 

    In the following a practical example is being used for 
the demonstration of a basic performance calculation. The 
example is a water pond with a constant water head over 
the GCL of 1.5 m and compares the water loss per day for a 
sealed area of one hectare (10,000 m²) on the basis of the 
results from Figure 3. 
 
The calculation can be done based on flux: 
 

Q = q10 x A x t   (7) 
 

Q = quantity of flow in volume/area/time, 
q10 = flux, (m³/(m² s)) at 10°C und a given water head of 1.5 m, 
A = area, in m², 
t = interval of time over which the flow occurs, in s, 
 
 
 
 

Bentonite mass roughly 3000 g/m²: 
Q  =  3,3 x 10-9 m³/m² s  x  10.000m²  x  86400 s  =  
2.26 m³/ha/day  
 
Bentonite mass roughly 6000 g/m²: 
Q  =  1,7 x 10-9 m³/m² s  x  10.000m²  x  86400 s  =  
1.16 m³/ha/day 
 
 
 
The calculation can also be done based on permittivity: 
 

Q = Ψ10 x ΔH x A x t   (8) 
 

Q = quantity of flow in volume/are/time, 
q10 = flux, (m³/(m² s)) at 10°C und a given water head of 1.5 m, 
ΔH = water head above the sealing, in m 
A = area, in m², 
t = interval of time over which the flow occurs, in s, 

 
 

Bentonite mass roughly 3000 g/m²: 
Q  =  2,2 x 10-9 s-1  x  1.5 m  x  10.000m²  x  86400 s 
=  2.26 m³/ha/day 
 
Bentonite mass roughly 6000 g/m²: 
Q  =  1,13 x 10-9 s-1  x  1.5 m  x  10.000m²  x  86400 
s =  1.16 m³/ha/day 
 
 
 
Permittivity and equation 8 can be used also to calculate for 
e.g. the water flow through a sealing element in a capping 
of a landfill, assume again 10,000m² = 1 ha, but with a 
drainage gravel in 30 cm thickness and depending to that 
drainage element a water head of 30 cm above the sealing 
element: 
 
Bentonite mass roughly 3000 g/m²: 
Q  =  2,2 x 10-9 s-1  x  0.3 m  x  10.000m²  x  86400 s 
=  0.45 m³/ha/day 
 
Bentonite mass roughly 6000 g/m²: 
Q  =  1,13 x 10-9 s-1  x  0.3 m  x  10.000m²  x  86400 
s =  0.23 m³/ha/day 
 
 
 
Finally the permittivity and equation 8 can be used also to 
calculate for e.g. the water flow through a sealing element 
in a capping of a landfill, assume again 10,000m² = 1 ha, 
but with a geosynthetic drain (GCO) with 1 cm thickness 
and depending to that drainage element a water head of 1 
cm above the sealing element: 
 
Bentonite mass roughly 3000 g/m²: 
Q  =  2,2 x 10-9 s-1  x  0.01 m  x  10.000m²  x  86400 
s =  0.015 m³/ha/day 
 
Bentonite mass roughly 6000 g/m²: 
Q  =  1,13 x 10-9 s-1  x  0.01 m  x  10.000m²  x  86400 
s =  0.007 m³/ha/day  



 

 
These examples show the influence of the mass of the 
bentonite on the real flow through a seal when considering 
practical surfaces. The influence does not become clear in 
the singular consideration of the k-value, it becomes clear 
in the consideration of permittivity and/or flux and even 
more so in the calculation of the water losses / seepage of 
sealed surfaces. 
These examples also show the influence of the water head 
and in case of the two examples for a landfill cap it show 
clearly the influence of the system that was build – a GCL 
with drainage gravel or a GCL with a geosynthetic drainage 
composite – which show also clearly the influence of the 
whole system build. 
Further examples of these calculations are given in [4], here 
using k-value as a basis for comparing GCL and CCL. It 
should be noted that if GCL is calculated based on k-value, 
the same thickness must be used in the calculation of Q 
(with whatever error this was determined, see section 2.3) 
as was used in the determination of the k-value. 
 
5 SUMMARY 

The examples shown above clearly demonstrate the 
influence of increasing mass on the performance as a 
sealing element of GCLs. Furthermore, it is shown that 
hydraulic conductivity (k-value) as the sole value of 
hydraulic performance in a specification is in no way 
sufficient. At least the flux or the permittivity must be 

required. 
The performance of the sealing element can be 
significantly increased by the choice of the surrounding 
layers, which was demonstrated with the GCL/GCO 
system. 
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