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ABSTRACT: In this study, triaxial permeability and free swell tests were performed on anionic polymer-added GCLs treated with 
MgCl2 and KCl solutions that represented leachates collected in waste containment areas. The GCL was composed of a granular 
sodium bentonite placed between a woven and a nonwoven geotextile without reinforcement. The bentonite contained 0.5%, 1% and 
2% anionic polymer by mass respectively. The permeant fluid that was in contact with the GCLs was chosen as distilled water, 0.5 M 
MgCl2 and 0.5 M KCl solutions. Test results indicated that adding anionic polymer to GCLs generally improved hydraulic properties 
of the GCLs in terms of permittivity and swell index. Although adding anionic polymer up to 1% amount by mass caused a significant 
decrease in permittivity of the GCLs permeated with all of the permeant fluids, permittivity of 2% anionic polymer-added GCL was 
measured as almost the same as that of 1% anionic polymer-added GCL when the GCLs were treated with either 0.5 M MgCl2 or 0.5 
M KCl solutions.  

RÉSUMÉ : Dans cette étude, des tests de perméabilité triaxiale et de gonflement libre ont été effectués sur des GCL à ajout de polymère 
anionique traités avec des solutions de MgCl2 et de KCl qui représentaient des lixiviats collectés dans des zones de confinement de 
déchets. Le GCL était composé d'une granulométrie de bentonite de sodium placée entre un tissé et un géotextile non tissé sans 
renforcement. La bentonite contenait respectivement 0.5%, 1% et 2% de polymère en masse. Le fluide perméant qui était en contact avec 
les GCLs a été choisi comme eau distillée, et solutions de 0.5 M MgCl2 et 0.5 M KCl. Les résultats des essais indiquaient que l'ajout de 
polymère anionique aux GCL améliorait généralement les propriétés hydrauliques des GCL en termes de permittivité et d'indice de 
gonflement. Bien que l'ajout de polymère anionique jusqu'à 1% en masse ait provoqué une diminution significative de la permittivité des 
GCL imprégnées de tous les fluides perméants, la permittivité de 2% de GCL ajouté par un polymère anionique a été mesurée presque 
identique à celle du polymère anionique à 1% Lorsque les GCL ont été traités avec des solutions de 0.5 M de MgCl2 ou 0.5 M de KCl. 
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1  INTRODUCTION 

Geosynthetic clay liner (GCL) is a barrier material with a very 
low permeability (10-12-10-10 m/s). A GCL is manufactured by 
placing bentonite clay between two geotextile layers (Koerner 
2005, Bouazza 2002). GCL might be used as a liner either in 
freshwater reservoirs (Ozhan and Guler 2013) or in heap leach 
pads, tailing impoundments, landfill liners, canals and storage 
tanks that could be filled with aggressive leachates (Rossin-
Poumier et al. 2011, Gates and Bouazza 2010, Mendes et al. 
2010). 

According to the results of the studies in which saline 
solutions were used as the permeant fluids, permeability of the 
tested GCLs increased drastically when compared to the 
permeability of the GCLs permeated with water (Shackelford et 
al. 2010, Jozefaciuk and Matyka-Sarzynska 2006). Cation 
exchange between the positive ions of the saline or acidic 
solution and the bentonite ions was the main reason that caused 
an increase in the void ratio of the bentonite in GCLs 
(Kelessidis et al. 2007). Liu et al. (2013) performed free swell 
tests on GCLs permeated with 0.015 M and 1 M H2SO4 
solutions. According to the test results, increasing the molarity 
of the acidic solution caused both a significant decrease in swell 
index of the bentonite, from 31 ml/2g to 11 ml/2g and more 
than two orders of magnitude increase in permeability of the 
GCL. Petrov et al. (1997) conducted permeability tests on a 
needle-punched GCL permeated with 0.01 M and 2 M NaCl 
solutions. According to their test results, increasing the molarity 
of NaCl solution caused a significant increase in the 
permeability of the GCL. Jo et al. (2001) performed 
permeability tests on GCLs that were in contact with various 
salt solutions. The results indicated that the GCLs permeated 
with divalent or trivalent salt solutions had higher permeability 
and lower swell index than GCLs permeated with monovalent 
salt solutions or deionized water. 

Polymers are molecules that are composed of millions of 
atoms bonded together repeatedly. Cationic polymer contains 
more soluble positive ions than negative ions whereas anionic 
polymer contains more soluble negative ions than positive ions. 
According to the results of the study conducted by Liu et al. 
(2012a), increasing the amount of anionic polymer from 1% to 
2% did not cause a decrease in flux of the sodium bentonite 
whereas increasing the same amount for the cationic polymer 
caused an increase in flux. Razakamanantsoa et al. (2012) 
performed oedometer tests on Ca-activated GCLs treated with 
both anionic and cationic polymers that were in contact with 
chemical solutions having Ca2+ and Mg2+ ions. Test results 
indicated that adding either anionic or cationic polymer caused 
a decrease in permeability of the GCL. Liu et al. (2012b) 
performed free swell tests on sodium bentonite treated with 
both anionic and cationic polymer. According to their results,   
adding 1% cationic polymer to the bentonite resulted in a 
decrease by 2 ml/2g in swell index when compared to adding 
0.5% polymer. However, adding 2% cationic polymer caused 
an increase by 7 ml/2g in swell index when compared to adding 
1% polymer. Moreover, the results obtained from adding 
anionic polymer was found to be different than that of adding 
cationic polymer. Adding 2% anionic polymer to the bentonite 
caused an increase by 16.5 ml/2g in swell index when compared 
to adding 0.5% or 1% polymer. 

The objective of this study was to investigate the effects of 
adding different amounts of an anionic polymer to a GCL on 
the hydraulic capability of the GCL by performing triaxial 
permeability and free swell tests. The effect of the fluid that 
was in contact with the GCL on the hydraulic performance of 
the polymer-added GCL was also investigated. High 
concentrations of MgCl2 and KCl solutions and distilled water 
were used as the permeant fluid. 

 
 

- 955 -



  Proceedings of the 19th International Conference on Soil Mechanics and Geotechnical Engineering, Seoul 2017 

 2  MATERIALS 
 
The GCL was manufactured by placing granular sodium 
bentonite between a woven geotextile and a nonwoven 
geotextile without any reinforcement as can be seen in Figure 1. 
Mass/unit area and moisture content of the bentonite were 4800 
gr/m2 and 14% respectively. The bentonite had a specific 
gravity of 2.69, liquid limit of 640% and a plastic limit of 28%. 

The woven geotextile component of the GCL was a 
polypropylene, slit-film geotextile with an apparent opening 
size of 0.4 mm and a mass/unit area of 100 gr/m2 whereas the 
nonwoven geotextile component of the GCL was a 
polypropylene, staple fiber, needle-punched geotextile with an 
apparent opening size of 0.2 mm and a mass/unit area of 250 
gr/m2.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. GCL specimen used in triaxial permeability tests. 

The anionic polymer added to the bentonite was a powdered 
polymer that was composed of more soluble anions than cations 
in terms of molar mass. The anionic polymer used in this study 
was a sodium polyacrylate with the chemical formula [-CH2-
CH(CO2Na)-]n, which was known as a sodium salt of 
polyacrylic acid (Joe, 2015).  

The chemical solutions represented aggressive leachates that 
could be collected in waste containment areas. Two of the 
permeant fluids used in this study were chosen as chemical 
solutions having high molarities. 0.5 M MgCl2 solution was 
composed of divalent cations whereas 0.5 M KCl solution was 
composed of monovalent cations. 

 
3  EXPERIMENTAL PROGRAM 

3 .1  Triaxial permeability tests 

First, woven and nonwoven geotextiles having a diameter of 
100 mm were cut and 37.7 gr oven-dried granular sodium 
bentonite was placed on the nonwoven geotextile (Ozhan 2011). 
The mass of the bentonite was chosen as 37.7 gr in order to 
satisfy the mass/unit area of the bentonite as 4800 gr/m2. Then, 
the granular sodium bentonite was wetted homogenously with 
distilled water in order to gain a high bonding capacity to the 
geotextiles. Afterwards, the woven geotextile was attached to 
the wetted bentonite without any reinforcement (Ozhan 2011). 

For preparation of the anionic polymer-added GCLs, 0.19 gr 
polymer was added to the oven-dried bentonite with a mass of 
37.7 gr in order to provide 0.5% polymer by mass in the 
mixture. 0.38 gr and 0.75 gr polymer were also added 
respectively to 37.7 gr oven-dried bentonite in order to obtain 
1% and 2% polymer by mass. The mixture was taken in a 
closed, polyethylene bottle and was shaken by hand for 5 
minutes and waited 24 hours to obtain a homogenous mixture 
(Razakamanantsoa et al. 2012). Then, the anionic polymer-
added GCLs were manufactured similarly to the GCLs without 
polymer-treatment by attaching the bentonite to the nonwoven 
and woven geotextiles (Ozhan 2011). 

After sample preparation, constant head triaxial permeability 
tests were performed on the GCLs that were placed in flexible-
wall permeameters as outlined in ASTM D6766 (2012). In the 
permeability tests, permittivity (Ψ) of the GCLs was measured. 
Permittivity (Ψ) was defined as follows: 

 

               Q

A h t


 

 
                (1) 

 
Where Ψ was permittivity (1/s), ΔQ (cm3) was the average 

of inflow and outflow for a specific time interval, A (cm2) was 
the cross-sectional area of the GCL, Δh (cm) was the hydraulic 
head difference acting on the GCL and Δt (s) was the time 
interval over which the flow ΔQ occurred. 

From bottom to top, triaxial permeability test configuration 
consisted of a rigid bottom cap, porous stone, filter paper, GCL 
specimen, filter paper, porous stone and a rigid top cap placed 
in a flexible-wall permeameter. A latex membrane was wrapped 
around the specimen and then, o-rings were attached to the latex 
membrane in order to prevent side leakage as shown in Figure 2. 
Afterwards, the permeameter cell was filled with distilled water 
or 0.5 M MgCl2 solution or 0.5 M KCl solution (ASTM D6766 
2012). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. GCL specimen in flexible-wall permeameter. 

The hydraulic head acting on the GCL was taken as 30 cm. 
After saturation and consolidation were completed, permeation 
through the GCL from bottom to top was initiated by taking the 
cell pressure, influent pressure and effluent pressure as 550 kPa, 
530 kPa and 527 kPa respectively as outlined in ASTM D6766 
(2012). Although almost constant permittivity values were 
measured just 3-4 days after the beginning of permeation with 
distilled water, measuring permittivity continued 15-16 days. 
However, it took much longer to measure almost constant 
permittivity values for the GCLs permeated with the chemical 
solutions due to the cation exchange process between the ions 
of the bentonite and Mg2+ or K+ cations. Constant permittivity 
was measured after 14-16 days for the GCLs permeated with 
0.5 M MgCl2 solution whereas 28-36 days for the GCLs 
permeated with 0.5 M KCl solution.  

 
3 .2  Free swell tests 
 
Free swell tests were performed on the bentonites used in the 
GCLs as outlined in ASTM D5890 (2011). Anionic polymer-
added bentonite specimens were prepared by taking the mass of 
the polymer as 0.5%, 1%, 2% in the mixture of bentonite and 
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  polymer (Razakamanantsoa et al. 2012). The swell index 
readings were taken after 24 hours for the bentonite specimens 
without polymer treatment and after 72 hours for the bentonite 
specimens with polymer treatment due to the expected longer 
period for the swelling of polymer-added bentonite specimens 
(ASTM D5890 2011).  
 
4  RESULTS AND DISCUSSION 
 
Permittivity versus elapsed time graphs for the GCLs tested 
with distilled water, 0.5 M MgCl2 and 0.5 M KCl solutions are 
given in Figure 3, 4, 5 respectively. As shown in Figure 3, 
permittivity of the tested GCLs permeated with distilled water 
followed almost a constant pattern. During the first 3-4 days of 
permeation, permittivity decreased approximately only 0.1 
order of magnitude and then, became almost constant. At the 
end of 15-16 days, permittivity was measured as 8.4x10-9 1/s 
for the GCL without polymer treatment, 5.9x10-9 1/s for 0.5% 
anionic polymer-added GCL, 9.2x10-10 1/s for 1% anionic 
polymer-added GCL and 4.7x10-10 1/s for 2% anionic polymer-
added GCL as can be seen in Figure 3. 
 
 
 
 
 
 
 
 
 
 

 

 

 

 
Figure 3. Permittivity-elapsed time graph for the GCLs permeated with 

distilled water. 

Adding anionic polymer to the GCL improved hydraulic 
capability of the GCL by causing a decrease in permittivity by 
almost 1.5 orders of magnitude. The highest decrease was 
measured when 1% anionic polymer was added to the GCL. 
The decrease was more than 0.6 order of magnitude when 
compared to the permittivity of 0.5% polymer-added GCL as 
shown in Figure 3. However, a significant amount of decrease 
was also measured when 2% anionic polymer was added to the 
GCL. Permittivity decreased 0.45 order of magnitude when 
compared to 1% anionic polymer-added GCL. As a result, 
increasing the amount of anionic polymer up to 2% by mass in 
the bentonite-polymer mixture caused a progressive decrease in 
permittivity of the GCL when the permeant fluid was distilled 
water. 

Permittivity versus elapsed time graphs for the GCLs 
permeated with 0.5 M MgCl2 solution were shown in Figure 4. 
During the first 30-50 hours of permeation, a very slight 
decrease, in the range of 0.12-0.15 order of magnitude was 
measured for all the GCLs tested with 0.5 M MgCl2 solution. 
The reason for the decrease might be attributed to the 
rearrangement of the bentonite particles which resulted in a less 
permeable structure after the hydraulic head was increased 
slowly in each test. Due to the exchange of the cations in MgCl2 
solution and those in the bentonite, permittivity of the GCLs 
began to increase after the rearrangement of the bentonite 
particles had been completed. The rate of this increase was 
significantly high until a permeation period of 250-300 hours. 
Then, the increase in permittivity slightly decreased and when 
the ion exchange process was completed, permittivity became 
constant. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Permittivity-elapsed time graph for the GCLs permeated with 

0.5 M MgCl2 solution. 

As can be seen in Figure 4, constant permittivity was 
obtained in 14-16 days with almost 2 orders of magnitude 
increase in permittivity for the GCL without polymer treatment. 
However, adding anionic polymer to the GCL improved the 
GCL’s hydraulic capability and this increase was measured in 
the range of only 0.5-1 order of magnitude. At the end of 17-18 
days, permittivity was measured as 5.7x10-6 1/s for the GCL 
without polymer treatment, 4.9x10-7 1/s for 0.5% anionic 
polymer-added GCL, 8.8x10-8 1/s for 1% anionic polymer-
added GCL and 7.4x10-8 1/s for 2% anionic polymer-added 
GCL. This result indicated that adding anionic polymer up to 
1% would be enough to obtain a considerable decrease in 
permittivity. Furthermore, permittivity was even lower for 1% 
anionic polymer-added GCL during a permeation period of 
almost 250 hours when compared to that for 2% anionic 
polymer-added GCL. 

 
 

 
 
 

 
 
 
 

 

 

Figure 5. Permittivity-elapsed time graph for the GCLs permeated with 
0.5 M KCl solution. 

 
As shown in Figure 5, almost the same behavior was 

observed for the GCLs permeated with 0.5 M KCl solution 
when compared to those permeated with 0.5 M MgCl2 solution 
in terms of permittivity. Due to the cation exchange process, an 
increase even higher than two orders of magnitude was 
measured and at the end of a permeation period of 38-40 days, 
permittivity was measured as 2.2x10-7 1/s for the GCL without 
polymer treatment, 5x10-8 1/s for 0.5% anionic polymer-added 
GCL, 9.3x10-9 1/s for 1% anionic polymer-added GCL and 
8x10-9 1/s for 2% anionic polymer-added GCL. For the GCLs 
permeated with 0.5 M KCl solution, constant permittivity was 
obtained in 28-36 days. This period was much longer than that 
was obtained for the GCLs permeated with 0.5 M MgCl2 

solution because the termination of the cation exchange for the 
monovalent K+ cation occurred in a longer period than that for 
the divalent Mg2+ cation. Similarly with the results obtained 
from 0.5 M MgCl2 solution, permittivities of 1% and 2% 
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 anionic polymer-added GCLs permeated with 0.5 M KCl 
solution were also measured almost the same from the 
beginning until the end of permeation period. At the end, there 
was only 0.13 order of magnitude difference as can be seen in 
Figure 5. A chemical solution with 0.5 molarity was classified 
as an aggressive solution and due to the high amounts of 
chemicals, hydraulic properties of the GCL that was in contact 
with an aggressive leachate, could be deteriorated easily. 
Permittivity of the anionic polymer-added GCLs was 
approximately 2 orders of magnitude and one order of 
magnitude higher for the GCLs permeated with 0.5 M MgCl2 
and 0.5 M KCl solutions respectively when compared to that of 
the GCL permeated with distilled water. The difference was 
even higher for the GCLs without polymer treatment. This 
result was attributed to the interaction of the aggressive 
chemical solutions with the bentonite. The chemical solution 
with Mg2+ cations was much more aggressive than that with K+ 
cations and the permittivity was higher for the chemical 
solution with the divalent Mg2+ cation. 

Swell index of the GCLs permeated with distilled water was 
measured as 24, 25, 26 and 27.5 ml/2g for the GCL without 
polymer treatment, 0.5%, 1% and 2% anionic polymer-added 
GCL respectively. Swell index of the GCLs permeated with 0.5 
M MgCl2 solution was measured as 3, 4, 5 and 6.5 ml/2g for the 
GCL without polymer treatment, 0.5%, 1% and 2% anionic 
polymer-added GCL respectively and swell index of the GCLs 
permeated with 0.5 M KCl solution was measured as 6, 7.5, 9.5 
and 11.5 ml/2g for the GCL without polymer treatment, 0.5%, 
1% and 2% anionic polymer-added GCL respectively. The 
results indicated that adding anionic polymer up to 2% to the 
GCL caused an increase in the swell index of the GCLs tested 
in this study. Swelling capability of the GCLs decreased 
drastically by testing the GCLs with chemical solutions instead 
of distilled water and this decrease was higher for the chemical 
solution with the divalent Mg2+cation. 

 
5  CONCLUSIONS 
 
Permeating the GCLs with high concentrations of MgCl2 and 
KCl solutions that represented aggressive leachates collected in 
waste containment areas, caused significant increase in 
permittivity and decrease in swell index of the GCLs when 
compared to those obtained with distilled water. In order to 
prevent this deterioration of the hydraulic properties of the 
GCLs, an anionic polymer was added to the GCLs.  

According to the results, adding anionic polymer to the GCL 
manufactured by granular sodium bentonite sandwiched 
between a woven and a nonwoven geotextile, improved 
hydraulic properties of the barrier material by decreasing 
permittivity and increasing swell index. 

Adding anionic polymer up to 2% amount by mass caused a 
decrease of approximately 1.4, 1.7 and 1.4 orders of magnitude 
for the GCLs permeated with distilled water, 0.5 M MgCl2 and 
0.5 KCl solutions respectively. The best improvement in terms 
of permittivity was obtained on the GCLs permeated with 0.5 
M MgCl2 solution. 

There was no need to add anionic polymer more than 1% 
amount by mass to the GCLs permeated with either 0.5 M 
MgCl2 solution or 0.5 M KCl solution due to the fact that 
permittivity was measured almost the same for 1% and 2% 
anionic polymer-added GCLs. When the GCLs were in contact 
with these aggressive chemical solutions, adding polymer more 
than 1% could not be able to decrease the void ratio of the 
bentonite additionally. 

However, adding anionic polymer up to 2% amount by mass, 
might have caused enlargement of the diffuse double layer in 
the bentonite which resulted in higher swell index for the GCLs 
tested with either distilled water or the chosen aggressive 
chemical solutions. 

As a conclusion, anionic polymer was proved to be effective 
to be added to the GCLs used in either waste containment areas 
or freshwater reservoirs. 
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