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The experimental study presented in this Paper is aimed at evaluating (1) the 

hydraulic performance of a needle-punched GCL using both standard liquids (i.e. 

de-ionized water) and organic compounds (i.e. diesel oil) in order to estimate the 

change in hydraulic conductivity and swelling ability upon contact or permeation 

with hydrocarbons; (2) the hydraulic conductivity of GCL samples saturated at 

different initial gravimetric water contents with the aim to investigate the effect of 

initial water saturation on hydrocarbon containment performances; (3) the swelling 

and hydraulic performances of an innovative material obtained by mixing sodium 

bentonite with a polymer. 
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Geosynthetic Clay Liners (GCLs) are the most popular manufactured clay barriers 

used in pollution containment applications. GCLs generally contain a thin layer of 

sodium bentonite (dry thickness between 4 and 10 mm), sandwiched between two 

geotextiles or glued to a geomembrane, that ensures excellent containment 

performances regarding both advective and, if coupled with an attenuation layer, 

diffusive contaminant transport, when permeated with standard liquids (i.e. de-

ionized water, DW).  

Especially in the specific applications of landfill covers and bottom barriers, the use 

of GCLs is now well established. However, in the last decade, new GCL 

applications, requiring their use for hydrocarbon containment, have found growing 

interest. In this particular area, the main GCL application is the secondary 

containment aimed at preventing subsoil dispersion of accidental oil spills through 

primary lining system (HDPE) from hydrocarbon storage tanks (underground or on 

surface). 

As hydrocarbon containment is concerned, a reduction of the barrier efficiency (with 

respect to the hydraulic conductivity values commonly measured with DW) can be 

expected due to the reactive nature of sodium bentonite. In fact petroleum products, 
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which are characterized by dielectric constant values significantly lower than the 

dielectric constant of water, produce a compression of the diffusive double layer 

(DDL) of bentonite particles and consequently a decrease of the hydraulic 

containment performances of the barrier.  

Although today there are few practical examples of use of these technologies for the 

hydrocarbon containment, a field trial aimed at containing hydrocarbons using a 

composite liner (geomembrane + GCL) was illustrated by Li et al. (2002). 

Moreover, not only recently, but also in the past, some laboratory studies were 

carried out to investigate the hydraulic performance of clayey soil permeated with 

organic solutions (Brown et al., 1984; Fernandez and Quigley, 1985; Foreman and 

Daniel, 1986; Daniel et al., 1993; Boldt-Lepping et al., 1996; Shan and Lai, 2002; 

Yang and Lo, 2004; Rowe et al., 2004; Rowe et al., 2005).  

The experimental study presented in this Paper is aimed at evaluating (1) the 

hydraulic performance of a needle-punched GCL using both standard liquids (i.e. 

de-ionized water) and organic compounds (i.e. diesel oil) in order to estimate the 

change in hydraulic conductivity and swelling ability upon contact or permeation 

with hydrocarbons; (2) the hydraulic conductivity of GCL samples saturated at 

different initial gravimetric water contents with the aim to investigate the effect of 

initial water saturation on hydrocarbon containment performances; (3) the swelling 

and hydraulic performances of an innovative material obtained by mixing sodium 

bentonite with a polymer in contact with water and hydrocarbons fluids. 

In particular, the polymer selection has been individualised in accordance with the 

following selection criteria: (1) maintenance of dispersed bentonite structure, 

preventing DDL contraction and cracking (2) resistance to permeant solution 

washout, (3) resistance to biological degradation, (4) affinity to organic compounds 

and (5) production efficiency and sustainability. 
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The GCL used in this study is reinforced (needle-punched) and contains powdered 

natural sodium bentonite, encapsulated between a non-woven polypropylene 

geotextile and a woven polypropylene geotextile. The GCL is characterized by a dry 

thickness of 6 mm and a bentonite mass per unit area equal to 5000 kg/m2 (at 12% 

average moisture content).  

Powder bentonite, which is contained inside the GCL, is characterized by a cation 

exchange capacity (CEC, measured using methylene blue adsorption method) equal 

to 105 meq/100g.  

In Figure 4.9 the natural sodium bentonite particle size distribution related to the 

GCL is reported.  
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The mineralogical composition, evaluated through the x-ray diffraction analysis 

shown in Figure 4.10, gives a bentonite mainly composed by smectite determinated 

by calcite, quartz, mica and gypsum quantification.
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The polymer modified bentonites used in this study mainly consist of natural sodium 

bentonite manufactured by adding different percentage of the VISCOGEL®-B4 

(montmorillonite reacted with quaternary ammonium organic compounds)  produced 

by Laviosa. In order to obtain modified bentonites, materials were separately dried 

at 60°C and then mixed at the dry state. 
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The tests were performed using de-ionized water as �standard permeant liquid� and 

diesel oil as hydrocarbon reference because of its massive commercial deployment. 

Diesel oil is a product of the primary distillation of petroleum and it presents a 

distillation range between 160° C and 380° C. At room temperature diesel oil is 

liquid and it has a boiling point between 180° and 360° C. Moreover it presents the 

following properties: viscosity equal to 0.002 Pa�s and density equal to 850 kg/m3. 
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The tests performed in the laboratory activity using natural and modified bentonites 

in contact with DW and diesel oil were performed with reference to ASTM 5890 test 

method. According to this standard, 2.00 ± 0.01 g of dried clay are dusted in each 

cylinder containing the liquid. After 16 h of undisturbed standing, the volume level 

of the top of settled bentonite was recorded as the swell index (SI [mL/2g]). 

Free swell test can estimate the volume change of bentonite after hydration (Katsumi 

et al., 2008) and can give qualitative measurement of osmotic swelling and hydraulic 

performance of bentonites subjected to different standard (i.e. DW) or non-standard 

(i.e. diesel oil) solutions. 
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Departing from the qualitative nature of the test above, hydraulic conductivity test 

allows for the quantitative evaluation of barrier performances. The GCL and 

modified bentonite were tested accordingly to ASTM D 5887-99 and ASTM D 

5084, using flexible wall permeameters and the �falling head method�. 

GCL specimens were prepared following the procedure described by ASTM D 

5887-99 and successively they were saturated with DW at different initial water 

content. The initial water content was controlled before starting the test, measuring 

the total amount of DW adsorbed by the specimen inside the permeameter. 

Powder specimens were prepared using the following procedure: powder mixture 

was loosely deposited at dry state in a steel mold inside the permeameter. The bulk 

dry density was approximately equal to the gravimetric one (0.79 g/cm3 for 

VISCOGEL® B4- bentonite mixture at 30% content by weight of VISCOGEL® B4) 

in order to simulate the initial conditions of the bentonite in a GCL. Inside the mold 

the flexible membrane was adhered to the specimen, so that, after removing the 

mold, the permeameter could be completely assembled. The specimen was saturated 

with diesel oil for approximately 12 h and then permeated. 

All specimens had 101.6 mm diameter and initial height equal to 6 mm and 10 mm 

for GCL and the powdered specimen respectively. Tests were performed using a 
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maximum hydraulic gradient of 500 (the hydraulic gradient is calculated as the 

hydraulic head difference across the specimen divided by the specimen length). 
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Figure 4.11 shows the results of the tests performed with diesel oil on the natural 

bentonite-VISCOGEL®B4 mixtures characterized by different polymer content, 

ranging from 10% to 90% content by weight of VISCOGEL®B4. Moreover the SI of 

pure natural bentonite (i.e. 0%) and pure VISCOGEL®B4  (i.e. 100%) are plotted. 
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For an easier identification of the effect of the degradation caused by hydrocarbons 

on swelling performance of the natural and modified material, it should be noted that 

the result of the same test, conducted on the natural bentonite in contact with DW, 

identified a turbid sample. This kind of samples does not show  a precise interface 

between the settled bentonite and the upper clear liquid. In these cases, bentonite 

forms a stable suspension and it is not possible to determinate an accurate SI,  

therefore a conventional value equal to 100 mL/2g has been assigned.  
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The swelling ability of the mixtures increases by increasing VISCOGEL®B4 content 

by weight. In particular, the percentage by weight equal to 30% has been considered 

for further evaluation due its double SI if compared to the pure bentonite value. 
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The hydraulic conductivity tests were carried out on GCL specimens saturated with 

DW at different initial gravimetric water contents and subsequently permeated with 

diesel oil.  

A test with standard liquid was also performed by both hydrating and permeating the 

GCL with DW aimed to compare the results obtained with hydrocarbons 

permeability.  

In order to compare the results of these tests, a parameter that quantifies the 

permeability of the material regardless to the permeating fluid has to be used. This 

parameter is the coefficient of permeability, k, related to the hydraulic conductivity, 

K, through the following equation: 

f f

f

K
k

g

⋅µ
=

ρ ⋅                   [4.13] 

Where: k is the permeability coefficient, which is a function of material intrinsic 

characteristics, Kf is the hydraulic conductivity coefficient referred to the permeant 

fluid, �f is the viscosity coefficient of the permeant fluid, �f is the density of the 

permeant fluid and g is the gravitational acceleration. 

The tests were performed in a flexible-wall permeameter under an initial effective 

confining stress of 27.5 kPa (calculated as the difference between the water pressure 

applied in the cell and the specimen backpressure) and with a maximum hydraulic 

gradient equal to 500. 

Results are plotted in Figure 4.12 in terms of GCL permeability coefficient as 

functions of pore volumes of flow, which is a dimensionless parameter that 

represents the elapsed time of permeation, calculated as accumulated outflow 

divided by the pore volume of the specimen. Results in terms of hydraulic 

conductivity referred to the permeant fluid are also reported in the graph. 
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The results plotted in Figure 4.4 show that GCL permeability coefficient with 

respect to diesel oil decreases as initial water content increases. In particular, during 

the permeation of the dry GCL with diesel oil a very high value of permeability 

coefficient, equal to k = 2.6�10-15 m2 (more than 3 order of magnitude higher than 

the value obtained with DW), was measured. Such a decrease of bentonite hydraulic 

performance must necessarily be explained by a change in both the soil microscopic 

structure, due to a contraction of DDL of bentonite particles, and the soil 

macroscopic structure, due to clay shrinkage and the formation of cracks and 

macropores, that behave as preferential pathways for hydraulic flow and determine a 

strong increase in hydraulic conductivity. 

In Figure 4.13 the permeability results with diesel oil are compared with those 

obtained by Rowe et al. (2005) for a partially hydrated GCL permeated with jet fuel 

at 20°C. The data are plotted as a function of the initial gravimetric water content of 

GCL specimens.  

When the results obtained on specimens pre-hydrated with DW before permeation 

with diesel oil, reported both in Figure 4.5 (as a function of the initial gravimetric 

water content) and in Figure 4.4 (as a function of the pore volume of flow) are 

analyzed, it is clear that, for initial gravimetric water contents equal or lower than 
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61%, the bentonite contained in the GCL cracks and is characterized by a very low 

hydraulic performance, similar to that obtained with the dry GCL specimen, on the 

other hand, for water contents equal or higher than 100%, the bentonite undergoes 

only the effect of DDL contraction at the microscopic scale that has less influence 

on hydraulic performance. Therefore the permeability value measured during 

permeation of the GCL specimen pre-hydrated at 100% initial water content, equal 

to k = 2�10-17 m2, results only little more than 1 order of magnitude higher than the 

value obtained with DW. 
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Figure 4.13 shows that the trend obtained in this study is perfectly comparable with 

the results obtained by Rowe et al. (2005). 

In order to evaluate the improvement in hydraulic performances induced by 

polymers, an hydraulic conductivity test was performed on the VISCOGEL®B4 - 

bentonite mixture containing a percentage by weigh of VISCOGEL®B4 equal to 
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30%. A dry modified specimen was permeated and obtained results are plotted in 

Figure 4.14. 
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The results obtained in terms of permeability of the dry modified bentonite are 

compared in Figure 4.14 with those obtained with the dry natural bentonite GCL. 

The permeability of the modified specimen results equal to k = 2.5�10-16 m2 which is 

approximately one order of magnitude lower than the value obtained for the dry 

GCL. 
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The results of this study show that the permeability of the partially pre-hydrated 

GCL tested with diesel oil decreases as the initial gravimetric water content 

increases, in accordance with the previous studies (Rowe et al., 2005). 

In particular, when the confining stress is 27.5 kPa, GCL specimen pre-hydrated at 

initial water content equal or higher than 100% performs considerably better than 

those characterized by lower initial water content values. This result can be 

explained assuming that the strong decrease of bentonite hydraulic performance 

measured by permeating samples characterized by an initial water content lower 

than 100% is due to the formation of cracks and macropores, that behave as 

preferential pathways for hydraulic flow and determine the remarkable increase in 

1E-17

1E-16

1E-15

1E-14

0 1 2 3 4 5 6 7 8

P
er

m
ea

bi
li

ty
 [

m
2 ]

 

Pore volume of flow [-]

Natural bentonite GCL (dry)

30% VISCOGEL-bentonite mixture (dry)

k = 2.6�10-15 m2

KD.O. = 1�10-8 m/s

k = 2.5�10-16 m2

KD.O. = 9.5�10-10 m/s



�

 <=


�"+'�%*3"*,&'


�"�/-"
��'*
��  


hydraulic conductivity. On the contrary, the specimens characterized by higher 

initial water content, only the soil microstructure changes, due to the contraction of 

DDL of bentonite particles. This last phenomenon determines an increase in the 

effective porosity (i.e. available for the permeation), causing a lower increase in 

hydraulic conductivity. 

The swelling tests performed on the bentonite specimens modified by the addition of 

increasing percentages of VISCOGEL®B4 show an increment of the mixture 

swelling ability increasing the polymer percentage.

The permeation of the modified bentonite (30% VISCOGEL®B4 content by weight) 

with diesel oil confirmed the qualitative results obtained by the swelling tests. The 

permeability coefficient of the modified bentonite at 27.5 kPa confining stress 

results about one order of magnitude lower than the value measured testing the dry 

GCL. 

On the basis of the obtained experimental results, it is possible to state that the initial 

water content strongly affects the permeability of GCL. Although the pre-hydrated 

GCL seems to have a better behaviour in laboratory tests, it should be remarked that 

in situ conditions the GCL pre-hydration after installation could not easy reach a 

water content higher or equal to 100%. Moreover also the evaluation of the initial 

water content in situ could be very difficult or impossible.  

However it can be inferred from the experimental results that an initial water content 

lower than 60% is sufficient to make the pre-hydration phase useless. As a result, the 

advantage of using bentonite - VISCOGEL®B4 mixture consists of the permeability 

independence from the initial water content. 
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The research described in this study had the aim of evaluating the reuse of 

incinerator slag, mixed with sodium bentonite, for landfill capping system 

components. A characterization was performed on pure bottom ash (BA) samples 

from an incinerator in the North of Italy. The results show that the BA samples have 

appropriate properties as covers. The compacted dry unit weight of studied BA (16.2 

kN/m3) is lower than the average value that characterizes most conventional fill 

materials and this can be considered advantageous for landfill cover systems, since 

the fill has to be placed on low bearing capacity ground or where long-term 

settlement is possible. Moreover, direct shear tests show a friction angle of 43°, 

corresponding to excellent mechanical characteristics that can be considered an 

advantage against failure. 

The hydraulic conductivity tests indicated a steady-state value of 8�10-10 m/s for a 

mixture characterized by a bentonite content by weight of 10% which was a factor 

10 better than required by Italian legislation on landfill covers. The results from a 

swell index test indicated that fine bentonite swells, even when divalent cations are 

released by the BA. The leaching behaviour of the mixture did not show any 

contamination issues and was far better than obtained for the pure BA. Thus, the 

BA-bentonite mixture qualifies as a suitable material for landfill cover in Italy. 

Moreover, owing to the low release of toxic compounds, the proposed cover system 

does not affect the leachate quality in the landfill. 
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Municipal solid waste (MSW) management is one of the most relevant 

environmental problems of industrialized countries.  

In 2010, for example, the production of MSW in Italy was estimated to be about 531 

kg pro capita per year. The most common ways of treating non-recyclable solid 

waste, which constitutes about 426 kg pro capita per year, are landfilling (60%) and 

incineration (18%) (Eurostat, 2012). In spite of the reduction in waste volume that 

can be obtained from incineration, this process produces a non-negligible amount of 

slag, including �bottom ash� (BA), or the material remaining on the combustor grid, 

and �fly ash� (FA), or the component of ash carried by the air. Since the landfilling 

of these products represents a considerable contribution to the overall cost of 

incineration, interest in the reuse and recycling of incineration slag has increased 

significantly over the last decade. Several studies on BA have indicated the 

feasibility of its reuse as pre-treated or non pre-treated material in civil works 

(Mangialardi, 2001; Izquierdo et al., 2002; Appendino et al., 2004; Forteza et al., 

2004; Birgisdottir et al., 2006; Plescia et al., 2006, Xue et al. 2008) or in glass 

production processes (Boccaccini et al., 1997; Wang et al., 1998; Sakai and Hiraoka, 

2000; Romero et al., 2001; Wang et al., 2002; Monteiro et al., 2008). 

The research described in this study was aimed at evaluating the reuse of incinerator 

slag, instead of the soil commonly used in soil-bentonite mixtures, for landfill 

capping purposes.  

In Italy, the soils commonly used in capping systems (i.e. clays) are often not 

available close to the landfill site and this leads to supply costs. On the other hands, 

large quantities of BA from municipal solid waste incineration (MSWI BA), with 

mechanical properties that are appropriate for the construction of covers, are 

increasingly becoming available, due to the spread of incineration plants. 

A BA from an incinerator in the North of Italy was selected for evaluation as a 

mixture with sodium bentonite. The chemical, physical, hydraulic and mechanical 

characterisation of the raw BA showed that the selected MSWI BA had appropriate 

chemical, physical and mechanical properties for covers, but did not have a suitable 
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hydraulic conductivity for Italian law requirements concerning the minimisation of 

rain water infiltration, i.e. hydraulic conductivity, K, � 10-8 m/s guaranteed for a 

layer at least 0.5-m thick. For this reason, there was a need to create a mixture with 

less permeable material to satisfy the regulation. Many applications involving the 

use of sand-bentonite mixtures for hydraulic containment applications, where natural 

clayey soils are not readily or economically available, have been reported in 

literature (e.g. Abichou at al., 2002a; Abichou at al., 2002b; Alston et al., 1997; 

Castelbaum and Shackelford, 2009; Chapuis et al., 1992; Ebina et al., 2004; 

Garlanger et al., 1987; Gipson, 1985; Gleason et al., 1997; Haug and Wong, 1992; 

Haug and Bolt-Leppin, 1994; Howell and Shackelford, 1997; Kaoser et al., 2006, 

Kenney et al., 1992; Lundgren, 1981; O�Sadnick at al., 1995; Mollins et al., 1996; 

Sällfors and Öberg-Högsta, 2002; Stern and Shackelford, 1998; Teachavorasinskun 

and Visethrattana, 2006).  

Since MSWI BA generally has a similar particle size distribution to that of a sand, or 

at least to that of a sand-fine gravel mixture (Monteiro et al. 2008; Dominijanni et 

al., 2009; Xue et al. 2009), the possibility of mixing BA with a natural material that 

would be able to achieve a relatively low hydraulic conductivity, such as natural 

sodium bentonite, was considered. The aim of the research was to verify whether the 

high swelling potential of sodium bentonite, in the presence of water, could produce 

a relatively tight, low hydraulic conductivity soil matrix for compacted BA-

bentonite mixtures, as typically is the case of compacted sand-bentonite layers 

(Stern and Shackelford, 1998). 

Like to the results obtained in other studies on fly ash (Creek and Shackelford, 1992; 

Shackelford and Glade, 1994; Kamon et al., 2000), the addition of bentonite and 

cement should decrease contaminant release from the BA, due to the adsorption of 

metals on the bentonite particles and the high level of cement alkalinity. 

Nevertheless, BAs generally have higher pHs than FAs and this higher alkalinity 

should limit the release of heavy metals, even without the addition of cement. 

Chemical characterization, as well as batch and column leaching tests on the 

compacted BA and BA-bentonite mixture were performed to assess the pollutant 

release and, consequently, the environmental impact of the proposed cover system.  
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As far as the latter issue is concerned, the use of incinerator slag in capping systems 

does not, in principle, result in any additional risk of release of contaminants. In fact, 

if the material is reused in or below the hydraulic barrier of the capping system, the 

pollutants will be released inside the landfill and will produce the same 

environmental impact they would produce if landfilled. In this way, the slag, which 

is a secondary construction material, is reused with the result that landfilling costs 

are eliminated and supply costs are reduced, without any increase in environmental 

impact. 
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The material constituents used in the laboratory evaluation were MSWI BA and a 

natural sodium bentonite. The physical and mechanical behaviour of the MSWI BA 

was characterized, and the results are briefly summarized in this section. The 

material was conserved in sealed containers until testing in order to prevent the loss 

of moisture due to evaporation. The plant that supplied the BA consists of a mobile 

grate and air cooled incineration line, which includes the lay-out, furnace capacity 

and process conditions reported in Table 5.1. 
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According to the particle-size distribution shown in Fig. 5.1, the sample had a 

median grain size, d50, of 2.8 mm and a fines content of 0.11%, and was classified as 

a well-graded sand-fine gravel mixture (GW-SW) according to the Unified Soil 

Classification System (ASTM D 2487-00). 
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Considering the possibility of reusing the BA as secondary construction material for 

landfill capping systems, the particle-size distribution suggested the possibility of 

dividing the raw material into two fractions: material finer than approximately 10 

mm, corresponding to 70-80% by weight of the total amount of material, which 

would be suitable for a hydraulic barrier upon mixing with sodium bentonite, and 

coarser material which could be selected for a biogas collection layer or, in the 

absence of other possibilities, landfilled. 

The results of tests for Atterberg limits, determined on the BA (particle diameter < 

425 �m; ASTM D4318 � 00), showed a liquid limit of 42%, but no plastic limit. 
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Goh and Tay (1993) and Forteza et al. (2004) found the same non-plastic behaviour 

for MSWI fly ash and common ash. 

The compaction characteristics of BA (particle diameter < 9.5 mm), determined 

using the standard Proctor procedure (ASTM D 698 � 00a), are presented in Fig. 5.2 

in terms of dry unit weight versus water content; the zero air void curve was 

calculated using a specific gravity, GS, of  2.53 (Poran and Ahtchi-Ali,1989; 

Monteiro et al., 2008). 
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According to the results of Proctor test, the BA does not behave like a fine grained 

soil, because its dry unit weight does not show an appreciable dependence on the 

water content. An average dry unit weight of 15.6 kN/m3 was obtained,  a value that 

is consistent with other reported results (Rogbeck and Hartlen, 1996; Wiles, 1996; 

Chandler et al., 1997; Izquierdo et al., 2001; Muhammad and Ashmawy, 2003; 

Forteza et al., 2004; Amaya and Amaya, 2007). This average dry unit weight for the 

BA is within the 13 to 18 kN/m3 range for sand and the 14 to 21 kN/m3 range for 

gravel reported by Lancellotta (2009), but is close to the lower limit. The fact that 

the compacted dry unit weight of the BA is generally lower than the average value 
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that characterizes most conventional fill materials can be considered advantageous, 

if the fill has to be placed on low bearing capacity ground or where long-term 

settlement is possible, such as in landfill cover systems (Okoli and Balafoutas, 

1999).  

The hydraulic conductivity, K, of the BA sample (particle diameter < 9.5 mm), 

measured in a fixed-wall permeameter (ASTM D 5856 � 95), was K = 3·10-7 m/s. 

This result is within the range of K values of 10-6 � 10-8 m/s reported for BA by 

others (Chandler et al., 1997; Wiles, 1996; Okoli and Balafoutas, 1999; Muhammad 

and Ashmawy, 2003).��
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The results of direct shear tests, performed on a dry material sample (particle 

diameter < 2.8 mm), are presented in Fig. 5.3 in terms of relative shear stress versus 

horizontal displacement, and in Fig. 5.4 in terms of the shear strain versus vertical 

strain, with specific reference to the peak, critical state and residual conditions. 
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The results in Fig. 5.3 indicate that the sample showed compressive behaviour, like a 

loose sand, for the tests performed at 50 kPa and 100 kPa confining vertical stress 

and dilatants behaviour, like a dense sand, for the test at 200 kPa confining vertical 

stress. Moreover, the sample showed a significant reduction in the critical state void 

ratio value with increasing vertical stresses, as a consequence of grain 

compressibility (or brittleness).  

Finally, Fig. 5.4 reports the strength parameters of the BA based on the Mohr-

Coulomb failure criterion. The friction angle values, at the peak, critical state and 

residual conditions of 45°, 43° and 43°, respectively, were rather high, but in 

agreement with other literature results (e.g. Okoli and Balafoutas, 1999; Muhunthan 

et al., 2004; Amaya and Amaya., 2007), while cohesion was nil. 

The excellent mechanical characteristics identified for the BA could be 

advantageous, if the BA is used in capping systems designed with a slope to 

facilitate rainwater runoff. In this case, a greater safety margin against instability or 

failure can be expected compared to a common compacted clay liner. 
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The chemical composition of the BA is reported in Table 5.2. The composition is 

consistent with those reported in the literature (Sabbas et al., 2003; Meima and 

Comans, 1997; Hjelmar, 1996), with the exception of the calcium value, which is 

higher than that of most other BAs. 
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The bentonite used in this study is a natural sodium bentonite with excellent purity, 

consisting of 99% by weight of montmorillonite, with a cation exchange capacity, 

CEC of 110 meq/100g. The measured K of the bentonite permeated with de-ionized 

water was 1.5·10-11 m/s and the measured liquid limit and swell index were 525% 

and 48 mL/2g, respectively. A more detailed description of the bentonite properties 

can be found in Puma et al. (2011) and Puma (2012).

The BA-bentonite mixture tested in this study consisted of 10% bentonite content by 

dry weight basis. The mixture was prepared with a mechanical procedure starting 

from the dry components, i.e. the dry BA passing the 9.5 � mm sieve and the dry 

bentonite. 

The characterization of the BA-bentonite mixture included determination of swell 

index according to ASTM D 5890-01, but adapting the standard procedure to 

analyse the extremely heterogeneous material of this mixture and of the hydraulic 

conductivity, using a flexible-wall permeameter according to ASTM D 5084-00. 
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In terms of the contaminant release of the BA-bentonite mixture, the heavy metal 

concentrations were determined by means of acid digestion with HNO3 + HCl and 

analysis of the solutions by AAS (Perkin Elmer 1100B, Uberlingen, Germany). The 

chlorides and other anions were determined for leachate characterization  by means 

of ion chromatography (IC Metrohm 820 SP, Herisau, Switzerland) and the metals 

were determined by means of AAS or GF-AAS after acidification with concentrated 

HNO3. Leaching tests were performed on the pure BA, according to EN12457-

2:2002 (one-stage batch test at a liquid-to-solid ratio of 10 L/kg, using deionised 

water) for comparison purposes. 
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Since, in general, a good hydraulic performance of soil-bentonite mixtures is based 

on a high swelling behaviour of the sodium bentonite in the presence of water, the 

first step of the research activity was to check whether mixing the bentonite with the 

BA affected the bentonite swelling capacity. As a consequence, swelling tests were 

performed to determinate whether the contaminants (in particular the multivalent 

metals) inherent in the BA were sufficient to inhibit bentonite swelling behaviour. 

Therefore, the standard swell index determination procedure (i.e. ASTM 5890) was 

adapted as follows: (1) three different mixtures were investigated, using mixing 

ratios,  (i.e. bentonite mass over total mass of the sample, expressed as a percentage 

by weight), of 5, 10 and 15%; (2) the corresponding three different masses of BA 

(11.3, 18 and 38 g for  = 5, 10 and 15%, respectively) were left in 90 mL of de-

ionized water for 24 h in order to allow metal release; (3) 2 g of sodium bentonite 

was added to each cylinder, the water level rose to the 100 mL mark and the samples 

were left to sediment for 16 h; and (4) the swell index values (concerning only the 

portion of the cylinder filled with the deposited bentonite) were recorded for each 

mixture. 
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The results showed that the bentonite swelled in all the cylinders, even when metals 

were released by the BA and, in particular, no substantial difference was observed 

between the three mixtures. The swell index values were equal to 23, 25 and 24 

mL/2g for  = 5, 10 and 15%, respectively. 

The BA and sodium bentonite mixture is a dual porosity material that is basically 

constituted by a BA matrix in which bentonite fills the voids between the BA 

particles. After the voids in the BA matrix are completely filled by bentonite, the 

bentonite voids control hydraulic conductivity. Therefore, the BA-bentonite mixing 

ratio that corresponds to complete BA void filling, represents the minimum value 

necessary to reach a bentonite controlled hydraulic conductivity. 

The dual-porosity model proposed by Revil and Cathles (1999) for a sand-shale 

mixture was modified to be representative of a mixture that included a swelling 

material, such as sodium bentonite. 

According to Revil and Cathles (1999), the total porosity, n, of a mixture can be 

considered as the sum of two contributions: macro-porosity, consisting of the voids 

between the BA grains, and micro-porosity, consisting of the voids between the 

bentonite particles. The magnitude of the two contributions was given by Marion et 

al. (1992) as a function of the bentonite volume fraction, �v (i.e. bentonite volume 

over total volume of the sample), as follows: 

( )

�
�
�

≥ϕ⇔⋅ϕ=

≤ϕ⇔−⋅ϕ−=

BAvbv

BAvbvBA

nnn

nn1nn
               (5.1) 

where nBA and nb are the porosity of the pure compacted BA and dry bentonite, 

respectively.  

If BAv n<ϕ ��the mixed bentonite partially fills the voids between the BA particles. 

The optimal mixing ratio, at which the macro-porosity is completely filled by 

bentonite and the total porosity is only a function of the micro-porosity, is found at

BAv n=ϕ . If the optimal value is passed, the BA grains loose their connections and 

become a dispersed phase inside a continuous bentonite matrix. 
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The bentonite volume fraction, �v, can be expressed as a function of the physical 

parameters of the two components of the mixture, which can be determined from the 

pure materials. The following relations are obtained: 
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where  is the mixing ratio, �BA and �b are the particle densities of the BA and 

bentonite, respectively, and 	v is the volumetric strain of bentonite during saturation 

(which physically represents its swelling behaviour). 

As already mentioned, the swelling behaviour of bentonite can be inhibited to a 

great extent by the presence of cations in the pore solution. If the cation 

concentration increases in the pore water (e.g, because of metal release by the BA), 

the bentonite tends to aggregate and its volumetric strain, which is achieved during 

saturation with pure water, gradually decreases. 

The total porosity of the compacted mixture is reported as a function of the mixing 

ratio and for different swelling strains of the material in Fig. 5.5. 

Fig. 5.5 shows that, as the bentonite swelling ability decreases, the optimal mixing 

ratio value tends to increase. Since a volumetric strain of 100% can be considered a 

maximum value for the sodium bentonite used in this study, mixing ratios of 

between 10% and 19% can be considered optimal. A volumetric strain value of 

100% was determined by saturating bentonite at a 10 kPa effective confining stress 

in a flexible-wall permeameter with de-ionized water (Puma, 2012). On the basis of 

this result, the minimum optimal mixing ratio was evaluated to be equal to 10% and, 

because of the necessity of limiting the cost of bentonite for landfill capping 

systems, this mixing ratio value was selected for the hydraulic conductivity test. 
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A flexible-wall hydraulic conductivity test was conducted to determine the hydraulic 

conductivity of a compacted mixture specimen according to the falling head-

water/rising tail-water procedures described in ASTM D 5084-00. The specimen 

was compacted using a Proctor cylinder and standard compaction energy at a water 

content of 30% (higher than the optimal water content individuated for pure BA 

using the Proctor Standard method). The diameter of the specimen was 101.6 mm 

and the height was 60.0 mm. After specimen extrusion from the standard Proctor 

compaction mold, the specimen height was reduced from 116.4 mm to 60.0 mm 

with aim of obtaining higher hydraulic gradient and, as a consequence, a lower test 

duration, during the hydraulic conductivity test. The sample was back-pressured to 

achieve an average effective stress of 40 kPa during the saturation and the 

permeation phases. The test was performed using an average hydraulic gradient of 

70 and terminated based on the criteria listed in ASTM D 5084-00. 
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The test results, reported in Fig. 5.6 as a function of time, t, and pore volume of 

flow, PV, indicated a steady-state hydraulic conductivity of 8�10-10 m/s.  
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The laboratory measured hydraulic conductivity may underestimate that of field 

mixture because the laboratory test does not allow the field-scale macro-

heterogeneity of a hydraulic barrier to be taken into account. In spite of this, the 

hydraulic conductivity value obtained was more than one order of magnitude lower 

than that required by the Italian legislation pertaining to landfill covers (i.e. K � 10-8

m/s). Therefore, the studied BA-bentonite mixture appears to be a suitable cover 

material based on hydraulic conductivity although field testing would be required for 

verification. 
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The results concerning the leachate quality of the BA-bentonite mixture are 

compared with the results obtained from the pure BA (particle diameter < 9.5 mm) 

and with the Italian legislation limits for waste leachate in non-hazardous solid 

waste landfills in Table 5.3. The metal concentrations of the leachate collected 

during the hydraulic conductivity test are based on a liquid volume corresponding to 

1 PV (1 PV ≈ 0.3 L  for the specimen used in the test). Since the dry mass of the 

specimen is  0.49 kg, the solid/liquid ratio for the BA-bentonite mixture 

characterization is very low, i.e. 0.6 L/kg. The BA leachate characterization and the 

Italian legislation limits reported in Table 5.3 refer to EN12457-2:2002, which 

requires a solid/liquid ratio of 10 L/kg in the leaching tests. As a consequence, the 

leachate characterization performed during the hydraulic conductivity test 

corresponds to the most unfavourable condition. 
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The leachate collected from the permeameter presented similar electrical 

conductivity, pH and chloride concentration values to those of the BA leachate. The 

heavy metal concentration was very low, and was always less than the landfilling 

limit values established in Italian legislation. Consequently, the use of BA-bentonite 

mixture in landfill capping systems does not result in any additional risk since the 

toxic compounds are released inside the landfill. 
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MSWI BA is made up of heterogeneous sand-like material that presents several 

physical and mechanical advantages, compared to natural filling materials, but does 

not show the hydraulic conductivity necessary to satisfy Italian standard 

requirements for landfill cover hydraulic barriers. For this reason, the possibility of 

mixing BA with a natural material that would be able to achieve a relatively low 

hydraulic conductivity, such as natural sodium bentonite, was considered in this 

study, in order to minimize infiltration of precipitation in landfill cover systems. 

The preliminary BA characterisation has highlighted that the compacted dry unit 

weight of the BA is generally lower than the average value that characterizes most 

conventional fill materials and this could be considered advantageous for a landfill 

cover system because of the low bearing capacity and high tendency to long term 

settlement of the waste. Moreover, direct shear tests have shown the excellent 

mechanical characteristics of the BA samples, and this is an advantage for their use 

in capping systems designed with a certain slope to facilitate rainwater runoff, 

because, in this case, greater safety is guaranteed against instability or failure.  

As far as the mixing with bentonite, which is necessary to reduce the hydraulic 

conductivity of the pure BA, is concerned, a detrimental effect on the swelling 

ability of Na-bentonite may occur because of the release of calcium from BA. 

However, the results obtained in the swell index tests have shown that the bentonite 

used in this study swelled even when contaminants were released by BA, and that 

there were no substantial differences between the three BA-bentonite mixtures: α=5; 

10; 15%. 
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A mixture with a mixing ratio, α, of 10% was selected for the hydraulic conductivity 

test on the basis of the results obtained with the dual-porosity model modified to be 

representative of a mixture including a swelling material. The obtained results show 

a steady-state hydraulic conductivity of 8�10-10 m/s for the mixture, which is more 

than one order of magnitude lower than that required by Italian legislation 

concerning landfill covers.  

The chemical behaviour of the BA and BA-bentonite mixture is similar. As far as 

heavy metal release (lead and copper) is concerned, the BA-bentonite mixture has 

shown very low concentrations in the leachate and the values are lower than those 

obtained for the fine fraction of the BA. This evidence suggests a positive effect, due 

to the heavy metal absorption on bentonite, which decreases the potential release of 

contaminants from BAs, but does not inhibit the bentonite swelling behaviour, as 

shown in the swell index tests. Moreover, the use of BA-bentonite mixture in 

capping systems does not increase the release of contaminants from the landfill. 

Indeed, if the mixture is placed in the cover liner, the heavy metals are released from 

BA inside the landfill without exceeding the concentration limits of Italian 

legislation. 
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The evidence of the strong degradation induced in the hydraulic performances of 

sodium bentonite barriers by the cation exchange phenomenon has been highlighted 

in the previous chapters. This experimental result underlines the need to study the 

temporal development of the cation exchange phenomenon with the aim to compare 

that to the period in which landfill barrier performances have to be guaranteed in in-

situ conditions.  

The mathematical study developed in this chapter is focused on the evaluation of the 

role of the diffusive component of Calcium flux in the cation exchange phenomenon 

which can develop in a sodium bentonite barrier, placed in an environment 

inexorably rich in chemical compounds containing soluble Calcium (i.e. the natural 

soil, the aquifer, the drainage layer saturated with waste leachate or raining water). 

26���������8	����	�8��������6�

�
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The dry GCL, containing sodium bentonite (NaB), is unrolled in situ during the 

construction of the landfill bottom liner and it can be, eventually, saturated with tap 

water before being covered with a thin layer of soil, aimed at protecting the 

geosynthetic, or, if a composite liner has to be built, with a geomembrane (GM). 
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In Figure 6.1 some photographs are reported, aimed 

installation phases of a GCL in a landfill cover or

In landfill conditions, the bentonite, contained in

environment inexorably rich in chemical compounds c

such as the foundation natural soil (that, if satur
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between two reservoirs containing the pore solution

the raining water drainage layer or the 

The whole system is considered perfectly saturated.
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In Figure 6.1 some photographs are reported, aimed at describing the main 

installation phases of a GCL in a landfill cover or bottom liner. 

In landfill conditions, the bentonite, contained inside the GCL, stands in an 

environment inexorably rich in chemical compounds containing soluble Calcium, 

such as the foundation natural soil (that, if saturated, corresponds to the aquifer) or 

e drainage layer, saturated by the leachate of the wastes or by the raining water.
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The problem of the NaB GCL placed inside a landfill barrier can be simplified 

through considering a thin bentonite layer, approximately 10 mm thick, posed 

between two reservoirs containing the pore solutions of the leachate drainage layer, 

foundation soil.  

The whole system is considered perfectly saturated.

In Figure 6.1 some photographs are reported, aimed at describing the main 

m liner. 

In landfill conditions, the bentonite, contained inside the GCL, stands in an 

environment inexorably rich in chemical compounds containing soluble Calcium, 

such as the foundation natural soil (that, if saturated, corresponds to the aquifer) or 

e drainage layer, saturated by the leachate of the wastes or by the raining water.
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In the most general case, reported in Figure 

concentration gradient do exist. Consequently, Calciu

in the sum of two components

(1) the advective

volumetric water flux from the upper to the lower r

(2) the diffusive

layer (induced by the concentration gradient).

�,2.$"
6�!


5+*3
*3"
3�/$�.-,&
�%/
*3"
&+%&"%*$�*,+%
2$�/,"%*;�

6� ��� 
�/A"&*,A"
#-.8
�44$+�&3
:3�&C"-#+$/�
���=;�

Considering only the 

cation exchange phenomenon in a GCL and its conseque

              (A) LANDFILL COVER SYSTEM

��
)
&3"0�*,&
A"$*,&�-
&$+''

In the most general case, reported in Figure 

concentration gradient do exist. Consequently, Calciu

in the sum of two components

advective component to

volumetric water flux from the upper to the lower r

diffusive component to

layer (induced by the concentration gradient).

�!
)
&3"0�*,&
4$"'"%*�*,+%
+#
*3"
4$+5-"0
,%
*3"
0+'*
2

5+*3
*3"
3�/$�.-,&
�%/
*3"
&+%&"%*$�*,+%
2$�/,"%*;�

�/A"&*,A"
#-.8
�44$+�&3
:3�&C"-#+$/�
���=;�

Considering only the advective flux

cation exchange phenomenon in a GCL and its conseque

ANDFILL COVER SYSTEM          

&3"0�*,&
A"$*,&�-
&$+''�'"&*,+%'�


In the most general case, reported in Figure 

concentration gradient do exist. Consequently, Calciu

in the sum of two components:  

component to Calcium flux

volumetric water flux from the upper to the lower r

component to Calcium flux

layer (induced by the concentration gradient).

&3"0�*,&
4$"'"%*�*,+%
+#
*3"
4$+5-"0
,%
*3"
0+'*
2

5+*3
*3"
3�/$�.-,&
�%/
*3"
&+%&"%*$�*,+%
2$�/,"%*;�

�/A"&*,A"
#-.8
�44$+�&3
:3�&C"-#+$/�
���=;�

advective flux, Shackelford (2005) studied the 

cation exchange phenomenon in a GCL and its conseque

���

                                       

'"&*,+%'�



In the most general case, reported in Figure 6.3, both the hydraulic 

concentration gradient do exist. Consequently, Calciu
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volumetric water flux from the upper to the lower reservoir; 
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layer (induced by the concentration gradient).
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conductivity. The problem approach adopted by Shackelford (2005) rests on the 

results of several hydraulic conductivity tests carried out using different CaCl2

concentrations in the permeation solution. Jo et al. (2005) attribute the longer test 

duration of the tests performed using solution with the lower CaCl2 concentrations to 

the lower rate of Ca2+ mass loading such that the time required for equilibrium 

exchange with the Sodium initially in NaB increases.  

Since in the laboratory, when permeability tests were performed, higher hydraulic 

gradients (i.e. i ≈ 200) are used, Shackelford (2005) states that the time required to 

achieve chemical equilibrium (i.e. the completion of cation exchange phenomenon) 

in field conditions, where much lower hydraulic gradients are expected, is likely to 

be significantly greater.  

Since the time required to achieve chemical equilibrium is a function of Calcium 

mass loading rate, it is mainly influenced by two parameters:  

(1) CaCl2 concentration in the permeant solution;  

(2) the Darcian velocity, q, that, for the same material (that means, for the same 

hydraulic conductivity coefficient, k)  is just a function of the hydraulic gradient, i. 

Assuming that temporal trend of the hydraulic conductivity in the field is the same 

as that in the laboratory (i.e. for the same initial and boundary conditions) but it is 

extended over a longer duration, Shackelford (2005) found a correlation that scales, 

for any value of CaCl2 concentration in the permeant solution, the time required to 

achieve chemical equilibrium measured in laboratory to the field conditions. The 

results obtained for CaCl2 concentration equal to 20 mM are reported in Figure 6.4. 
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Figure 6.4 is modified from Shackelford (2005) to highlight that for the typical field 

hydraulic gradients, ranging from 30 (i.e. a leachate hydraulic level equal to 30 cm 

contained inside the drainage layer) to 1 (i.e. infiltration flux), the corresponding 

times to achieve chemical equilibrium range between 3.5 and 180 years. Moreover, 

it is important to underline that a 20 mM solution can correctly represent a typical 

Calcium concentration in the leachate while it represent an upper limit for common 

Calcium concentrations in soil. 

The study developed by Shackelford (2005) highlights a strong dependence of the 

value of time necessary to reach chemical equilibrium on the applied hydraulic 

gradient. Moreover, for a hydraulic gradient lower than 10, which may correspond to 

a correct working configuration of the landfill leachate drainage system, the time to 

achieve chemical equilibrium can be quantified in some tens of years. This last 

result, even if it does not fully satisfy the typical long term landfill requirements (i.e. 

50-70 years), can be considered a good result in term of performance maintaining.  
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A great simplification is assumed in the work of Shackelford (2005): the 

contribution of the diffusive Calcium flux from the surrounding soil to the NaB is 

neglected. 

Especially when low permeability material, such as Sodium bentonite (k ≈ 10-11

m/s), and field conditions (low value of i) are considered, the volumetric water flux 

across the bentonite layer may decrease so much to result unimportant if compared 

with  the contribution of the diffusive flux induced by the Calcium concentration 

gradient existing from outside to inside the GCL.  

For this reason, the role of the diffusive contribution to the Calcium supply inside 

the NaB layer is analyzed in this chapter. 

The following cases are analyzed: 

(A) A 10 mm Sodium bentonite layer standing between two reservoirs 

containing the same concentration of Calcium Chloride (see Figure 6.5). 

(B) A composite barrier given by a 10 mm Sodium bentonite layer and a 

Geomembrane (GM) posed above. The barrier stands between two 

reservoirs containing the same concentration of CaCl2 but the GM 

completely inhibits the diffusive Calcium flux from the upper reservoir to 

the bentonite layer (see Figure 6.6). 
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Bentonite soils behaving as semipermeable porous media may be modelled as 

continuum mixtures consisting of a solid phase, an interstitial solvent (generally, 

water) and N different species of ions. The total number of constituents of the soil is 

N+2. 

The volume fractions of the components of the mixture are defined as: 

N w,1,2,...,s,a          
V

V
n a

a ==                   (6.1) 

where a (= s,w, 1,2,�, N) denotes the components (solid, water, ion-species 1, ion-

species 2,�, etc.) within the bentonite, Va is the volume occupied by the a-th 

component and V is the Representative Elementary Volume (REV). We assume that 

the bentonite is saturated: thus, the summation of the volume fractions of each 

component is equal to unity, that is: 

� =
a

a 1n                     (6.2) 
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Assuming the pore solution sufficiently diluted, the volume fraction of the ions may 

be neglected and the condition (6.2) reduces to: 

1nn sw =+                    (6.3) 

We will indicate the volume fraction of the water simply as the porosity, n, and the 

volume fraction of the solid phase, as (1-n). 

The solid phase of bentonite is charged. The charge is supposed arising from the 

isomorphous substitution of lower-valence cations for higher-valence cations within 

the structure and is negative (see paragraph 1.1). 

The charge characterizing the solid phase is taken into account as a molar 

concentration of the solid skeleton electric charge (per unit volume of pore), skc

uniformly distributed within the porous medium, assumed proportional to the cation 

exchange capacity, CEC, and inversely proportional to the void ratio, e, 

(Dominijanni, 2005), as already described in paragraph 2.6.3: 

sk,0
sk X s

c1
c CEC

e e
= φ ρ =

                  
(6.4)
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The momentum balance equations were obtained by Dominijanni (2005) for the 

solute and solvent component inside a porous medium. The derivation of the 

fundamental equation is reported in the following. 

The balance of momentum for the generic component of the mixture is given by: 

Nw,1,2,...,s,a           mFT�a aaaaa =−+⋅∇=ρ
�

�

�

           
(6.5) 

Where: 

aa
�

 is the acceleration of the a-th component,  

aT�  is the stress tensor,  

aF
�

 is the external force per unit volume acting on the a-th component, 
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am
�

is the interaction force between the a-th component and the other components of 

the mixture, given by: 

�
+

≠
=

=
1N

ab
1b

aba mm
��

   (6.6) 

For the Fluid Phase:

The following hypothesis may be assumed: 

II.. the inertia of each component is neglected; 

IIII.. the viscosity of each component of the fluid phase does not explicitly enter 

into the expression for the stress of the component, so that the stress of each 

component is that of a perfect fluid: 

b b b b
�T (nu ) n u u n∇ ⋅ = −∇ = − ∇ − ∇                b = w,1,2,�,N                       (6.7) 

IIIIII.. the interaction force of each component  with the others may be 

decomposed in two terms: 

b b bm u n m'= − ∇ +
� �

                    b = w,1,2,�,N                                            (6.8) 

IIVV.. the transport is uni-dimensional in the direction x. 

The resulting momentum balance equation (6.5) for the fluid phase may be written 

as follows: 

N 1
b b b

b b b b b b
a 1
a b

du du du
a 0 n u F u m '

dx dx dx

+

=
≠

� �
� �� �

ρ = = − − + − − +� �� �
� � � �

� �

�
�

� �

N
w

w wi ws
i 1

du
n F m' m '

dx =

− + = +�               for the solvent                                  (6.9a)

N 1
i

i iw ij is
j 1
j 1

dP
n F m' m' m'      i 1,2,...,N

dx

−

=
≠

− + = + + =�         for the solute          (6.9b) 

Hp. I 

Hp. II 

Hp. III 
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VV.. Neglecting the gravitational force, the only external force acting on the 

components of the fluid phase is the electric one: 

0Fw =                                                                                                    (6.10a) 

i i i
d

F nz Fc
dx

ϕ
= −    i = 1,2,�, N                                                              (6.10b) 

Where: 

zi is the electro-chemical valence of the i-th ion,  

F is the Faraday constant,  

ic  is the concentration of the i-th ion within the semipermeable porous medium,  

ϕ  is the electric potential within bentonite. 

VVII.. The binary interaction forces may be assumed to be viscous forces, 

proportional to the relative velocity and to the concentrations of the 

components of the mixture: 

)vv(n'm swws −α=                                                                                    (6.11a) 

is is i i sm' n c (v v )= β −      i = 1,2,�, N                                                       (6.11b) 

wi wi w i w i wi i w im' n c c (v v ) nf c (v v )= ζ − = −
         

i = 1,2,�,N               (6.11c)

iw iw i w i w iw i i wm' n c c (v v ) nf c (v v )= ζ − = −          i = 1,2,�,N               (6.11d) 

ij ij i j i jm ' n c c (v v )= ζ −       i,j = 1,2,�,N                                                  (6.11e)

where ijiwwiis  ,f,f , , ζβα  are friction coefficients. 

VVIIII.. Supposing that the interactions between the components of the fluid phase 

are binary: 

iwwi ff =      i = 1,2,�, N                                                                            (6.12a) 

jiij ζ=ζ     i,j = 1,2,�, N                                                                           (6.12b) 

Inserting hypothesis (6.10), (6.11) and (6.12) in equations (6.9) we obtain: 

N
w

wi i w i w s
i 1

du
f c (v v ) (v v )

dx =

− = − + α −�                                                  (6.13a) 
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N 1
i

i i wi i i w ij i j i j is i i s
j 1
j 1

dP d
z c F f c (v v ) c c (v v ) c (v - v )

dx dx

                                                                      i 1,2,...,N

−

=
≠

ϕ
� 	− − = − + ζ − + β� 

=

�

   

  

(6.13b) 

VVIIIIII.. If the pore solution is dilute, or rather, if the ion species are sufficiently 

rarefied, the prevalent interaction force that they exchange with the other 

components of the mixture is that with the water: the interaction forces 

between two different ions and between ions and solid may be neglected in 

comparison with the interaction force between ions and water.  

ijwif ζ>>

iswif β>>

The resulting momentum balance equations are: 

N
w

wi i w i w s
i 1

du
f c (v v ) (v v )

dx =

− = − + α −�                                                      (6.14a) 

i
i i iw i i w

dP d
z c F f c (v v )

dx dx

ϕ
− − = −    i = 1,2,�,N                                           (6.14b) 
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The solute transport equation was obtained by Dominijanni (2005) for a semi-

permeable porous medium in the case of zero electric current. The derivation of the 

fundamental equation is reported in the following. 

The volumetric flux of solvent is given by: 

)vv(nq sw −=                                                                                            (6.15) 

The momentum balance equation for the whole system is derived summing 

equations (6.14a) and (6.14b): 

N N
w i

i i w s
i 1 i 1

du dP d
z c F (v v )

dx dx dx= =

� � ϕ
− − − = α −� �� �

� �
� �                                            (6.16) 

Substituting (6.16) in (6.15) we obtain: 

N N
w i

i i
i 1 i 1

du dPn d
q z c F

dx dx dx= =

� 	� � ϕ
= − ⋅ + −
 �� �� �α 
 �� �� 

� �                                                  (6.17) 

We need to observe that for a semi-permeable porous medium the total pressure is 

the sum of the partial pressures of the components of the fluid phase: 

N

w i
i 1

u u P
=

= +�                                                                                             (6.18) 

and that the electro-neutrality condition is given by: 

N

i i sk
i 1

z c c 0
=

+ ϖ =�                                                                                      (6.19) 

where ϖ is the sign of the fixed charge (for clays with a negative fixed charge, 

1−=ϖ ). 
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Finally, substituting equations (6.18) and (6.19) in equation (6.17) we obtain the 

volumetric flux or Darcy velocity in a semi-permeable porous medium: 

sk h sk
n du d du d

q c F nd c F
dx dx dx dx

ϕ ϕ� � � �
= − − ϖ = − − ϖ� � � �

α � � � �
                                     

(6.20) 

Where the inverse of the solid/liquid friction coefficient can be defined as dh = 1/α, 

that is the mechanical permeability at zero electric potential gradient. 

The molar flux of the i-th ion can be expressed as follows: 

i i i s i i w w s i i w iJ nc (v v ) nc (v v v v ) nc (v v ) qc= − = − + − = − +                   (6.21) 

Substituting equation (6.14b) in equation (6.21), we obtain: 

i
i i i i

wi

dPn d
J qc z c F

f dx dx

� �ϕ
= + − −� �

� �
                                                                (6.21) 

Since for dilute solution, the partial pressure of the ion species may be related to the 

ion concentration by means of the state equation of ideal gases: 

i iP RTc=     i = 1,2,�,N                                                                              (6.22) 

where R is the universal gas constant (R = 8.314 J/(°K⋅mol)) and T is the absolute 

temperature. 

Now, it is necessary to introduce the effective diffusion coefficient, which is a 

measure of the diffusion ability of the i-th ion inside a semi-permeable porous 

medium: 

wi

*
i f

RT
D =                                                                                                      (6.23) 

Using equation (6.21), (6.22) and (6.23) the Nernst-Planck Equations for a 

semipermeable porous medium is derived as: 
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* *i
i i i i i i

dc F d
J qc nD nz c D

dx RT dx

ϕ
= − −                                                             (6.24) 

The electric current density, Ie, carried by the mobile ions and by the fixed charge 

species is given by: 

( ) ( ) ( )

N N N

e i i i sk s i i i i i s
i 1 i 1 i 1

N N N

i i i s i i i s i i i s
i 1 i 1 i 1

N

i i
i 1

I nF z c v c v nF z c v z c v ...

... nF z c v v F z nc v v F z nc v v ...

... F z J

= = =

= = =

=

� � � �
= + ϖ = − =� � � �� � � �

� � � �

= − = ⋅ − = ⋅ − =

= ⋅

� � �

� � �

�

 (6.25) 

With the ion fluxes, Ji, given by equations (6.24), the electric current density may be 

written as follows: 

2N N N
* 2 *i

e i i i i i i i
i 1 i 1 i 1

dc F d
I qF z c nF z D n z c D

dx RT dx= = =

� � ϕ
= − − � �� �

� �
� � �                               (6.26) 

The following quantities may be conveniently introduced: 

(a) Equivalent electrical conductivity of i-th ion within the semi-permeable 

porous medium: 

2
2 *

i i i i
F

z c D
RT

κ =                                                                                (6.27) 

(b) Equivalent electric conductivity of the solution within the semi-permeable 

porous medium: 

2N N
2 *

i i i i
i 1 i 1

F
z c D

RT= =

κ = κ =� �                                                                 (6.28) 

(c) The transference (6.or transport) number of the i-th ion within the semi-

permeable porous medium: 
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κ

κ
= i

it                                                                                             (6.29) 

Using equations (6.27), (6.28) and (6.29) in equation (6.26) an expression for the 

electric current, Ie, carried by the solution may be obtained as follows: 

N
* i

e sk i i
i 1

dc d
I c Fq nF z D n

dx dx=

ϕ
= −ϖ − − κ�                                                      (6.30) 

which may be rearranged to give the electric potential gradient: 

N
*e i

sk i i
i 1

I dcd F F
c q z D

dx n n dx=

ϕ
= −ϖ − −

κ κ κ
�                                                      (6.31) 

Substituting equation (6.31) in equation (6.24) and, successively, using the 

definitions (6.27) and (6.29), the solute transport equation for a semi-permeable 

porous medium in the case of zero electric current can be obtained as follows: 

2 2 N
j* * * *ski

i i i i i i i i i j j
j 1

N
j* *ski i i

i i j j
i i i j 1

dccdc F F 1
J qc nD z c D q nz c D z D ...

dx RT RT dx

dcct dc t
... qc 1 nD n z D

z c dx z dx

=

=

ϖ
= − + + =

κ κ

� �ϖ
= + − +� �

� �

�

�
   (6.32) 
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The simplified scheme, aimed at describing the problem exposed in the previous 

chapter (see Paragraph 6.2.1), consists of a �three ions + water solvent + charged 

solid� system.  

To simplify matters,  

1. Calcium cations are initially considered absent inside the natural Sodium 

bentonite layer, in which Sodium cations initially saturate the solid fixed 

charge; 

2. The presence of Sodium cations is completely neglected outside the 

bentonite layer; 
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3. Chlorine anions do exist both inside and outside the bentonite layer. 

A schematic representation of the system at time t > 0 is proposed in Figure 6.7. 
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The developed mathematical model consists of two equations describing the 

simplified system in time and in space. Calcium and Chlorine concentrations (i.e. 

Cac  and Clc  respectively) are the adopted state variables and they are expressed as 

solute mass calculated inside an elementary soil volume. Calcium and Chlorine 

concentrations are dependent state variables that are function of  time, t, and uni-

dimensional space, x, which are independent variables. 

The two equation system can be written as follows: 

Ca Ca

Cl Cl

nc J

t x
nc J

t x

∂ ∂�
= −�� ∂ ∂

�
∂ ∂� = −
� ∂ ∂�

                                                                                     (6.33) 

Where: 

- n is the bentonite layer porosity in field conditions; 

- Cac  and Clc  are respectively the Calcium and Chloride concentrations evaluated 

inside the bentonite layer, 
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- CaJ  and ClJ  are respectively the Calcium and Chloride flux, that can be expressed 

through the  solute transport equation (6.32) for a semi-permeable porous medium, 

assuming that for very low hydraulic conductivity the volumetric flux of the solution 

is negligible (q � 0): 

For Calcium:

* * * *Ca Ca Ca Na Cl
Ca Ca Ca Ca Na Na Cl Cl

Ca

* * * *Ca Ca Ca Na Cl
Ca Ca Na Cl

dc t dc dc dc
J nD n z D z D z D ...

dx z dx dx dx

dc t dc dc dc
... nD n 2D D D

dx 2 dx dx dx

� �
= − + + + =� �

� �

� �
= − + + −� �

� �
�

(6.34a) 

For Chlorine:

* * * *Cl Cl Ca Na Cl
Cl Cl Ca Ca Na Na Cl Cl

Cl

* * * *Cl Ca Na Cl
Cl Cl Ca Na Cl

dc t dc dc dc
J nD n z D z D z D ...

dx z dx dx dx

dc dc dc dc
... nD nt 2D D D

dx dx dx dx

� �
= − + + + =� �

� �

� �
= − − + −� �

� �

(6.34b) 

Using the electro-neutrality condition, given by equation (6.19), it is possible to 

express the derivative of Sodium concentration in space as a function of the 

derivative of Calcium and Chlorine concentrations in space: 

Ca Na sk Cl

Ca Na sk Cl

Na Cl Ca

2c c c c

dc dc dc dc
2

dx dx dx dx
dc dc dc

2
dx dx dx

+ = +

+ = +

= −

                                                                       (6.35) 

Using equation (6.35) in equations (6.34a) and (6.34b) and rearranging, we obtain: 
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For Calcium:

( )

* * * *Ca Ca Ca Cl Ca Cl
Ca Ca Ca Na Cl

* *
* * * Ca Na Cl Cl
Ca Ca Ca Ca Na Ca Ca

dc t dc dc dc dc
J nD n 2D D 2 D ...

dx 2 dx dx dx dx

dc D D dc
... n D t D t D t t ...

dx 2 2 dx

� 	� �
= − + + − − =� �
 �

� �� 

� 	� �
= − + − + − =
 �� �� �
 �� �� 

* *
* *Na Ca Ca Na Cl

Ca Ca Ca Ca Cl* *
Ca Cl

D dc t D dc
J n D t t 1 D 1

dx 2 dxD D

� 	� � � �
= − − + −
 �� � � �� � � �
 �� � � ��  �

(6.36a) 

For Chlorine:

( ) ( )

* * * *Ca Ca Cl Ca Cl
Cl Cl Cl Ca Na Cl

* * * * *Ca Cl
Cl Ca Cl Na Cl Cl Na Cl Cl

dc dc dc dc dc
J nD nt 2D D 2 D ...

dx dx dx dx dx

dc dc
... n 2 t D 2 t D D t D t D ...

dx dx

� 	� �
= − − + − − =� �
 �

� �� 

� 	
= − + + − + + =
 �

� 
�

* *
* *Na Ca Na Cl

Cl Cl Ca Cl Cl Cl* *
Ca Cl

D dc D dc
J n 2 t D 1 D t t 1

dx dxD D

� 	� � � �
= − + − −
 �� � � �� � � �
 �� � � �� 

(6.36b) 

Equations (6.36a) and (6.36b) can be written in matrix as follows: 

Ca

Ca 11 12

Cl 21 22 Cl

dc
J D D dx
J D D dc

dx

� 	

 �� 	 � 	

= ⋅ 
 �
 � 
 �

 �� � 

 �� 

                                                                         (6.37)
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Where: 
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−−=
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�
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�
−=
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�
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��
�

�
−=

��
�

�
��
�

�
−−=

1
D

D
ttDD

1
D

D
Dt2D

1
D

D

2

t
DD

1
D

D
ttDD

*
Cl

*
Na

ClCl
*
Cl22

*
Ca

*
Na*

CaCl21

*
Cl

*
NaCa*

Cl12

*
Ca

*
Na

CaCa
*
Ca11

                                                                       (6.38) 

Once known the dependent state variables Cac  and Clc , the Sodium concentration 

can be calculated, for each value of t and x, using equation (6.19):

��
Na sk Cl Cac c c 2c= + −                                                                                    (6.39) 

26-��������������	���������

This paragraph is aimed at developing a numerical solution of the mathematical 

problem. The process consists of the definition of a consistent and well formulated

mathematical problem by the selection of necessary initial and boundary conditions 

aimed to resolve the equation system derived in the previous paragraph, which 

describes the studied phenomenon. 

The mathematical model is a partial differential equation system. It can be defined 

�consistent� because the equation number, which is 2 as reported in equation (6.33), 

is equal to the independent unknown number, which is 2 again:
� Cac  and Clc , 

because the Sodium concentration can be calculated, once known Calcium and 

Chlorine concentrations, using equation (6.39).  

A �well formulated� problem is associated to a certain number of initial and 

boundary conditions that are enough to find its solution. Since in the studied 

mathematical model, both the time derivative and the spatial derivative appear, it is 

necessary to assign both the initial and the boundary conditions. 
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With the aim to formulate the mathematical problem, two reasons make necessary to 

write dimensionless equations: first of all, when a physical phenomenon is described 

the variable behaviour may be more significant if compared with a reference value; 

moreover, when numerical methods need to be applied, dimensionless equations 

bring to important computational advantages (since the variation of several orders of 

magnitude, in time or in space, may give troubles to the calculator). 

The following dimensionless variables are defined: 

Ca
1

r

Cl
2

r

*
Ca

2
0

c
                                 (6.40a)  

c

c
                                 (6.40b)

c

x
 X                                     (6.40c)

L

t Dt
T                       (6.40d)

t L

�
υ =�
�
�

υ =�
�
�
� =
�
�

⋅
= =

�

�
�

Where: 

-  υ1 and υ2 are respectively the dimensionless Calcium and Chlorine concentration 

(by analogy, the dimensionless Sodium concentration can be defined as: Na
3

r

c

c
υ = );�

- rc �is the reference concentration that will be afterwards defined; 

-  X is the dimensionless spatial variable; 

-  L is the bentonite layer thickness; 

-  T is the dimensionless time variable; 

-  t0, defined as in equation (6.40d), is the diffusive time factor. 

Under the hypothesis of uncompressible porous medium (n = constant), the equation 

system (6.33) can be simplified as follows: 
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Ca Ca Cl
11 12

Cl Ca Cl
21 22

dc dc dcd
D D

dt dx dx dx

dc dc dcd
D D

dt dx dx dx

� � �
= − +� ��

� � �
�

� �� = − +� �� � ��

                                                        (6.41) 

Using the dimensionless variables in equations (6.40a), (6.40b), (6.40c) and (6.40d), 

the equation system (6.41) can be expressed in the following dimensionless form: 

*
Ca 1 11 r 1 12 r 2

r 2

*
Ca 2 21 r 1 22 r 2

r 2

D d D c d D c d1 d
c

dT L dX L dX L dXL

D d D c d D c d1 d
c

dT L dX L dX L dXL

� � �υ υ υ
= − +� � �� �� � �

�
� �υ υ υ�

= − +� �� � �
� �� �

That becomes by simplifying: 

1 1 2
11 12*

Ca

2 1 2
21 22*

Ca

d d d1 d
D D

dT dX dX dXD

d d d1 d
D D

dT dX dX dXD

� υ υ υ� �
= − +� ��

� ��
�

υ υ υ� �� = − +� �� � ��

                                                    (6.42) 
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The dimensionless equation system (6.42) is a non-linear parabolic system. Both 

equations are non-linear because the coefficients D11, � D22 depend on Calcium and 

Chloride concentration through the terms Cat and Clt  (see equation (6.29)). It is a 

typical diffusion-type problem that can be discretized using the simple explicit 

method, expressed as follows (Özisik, 1993; Bellomo and Preziosi, 1995): 

( ) ( )2

n
i

n
1i

2
1i2

n
i

n
1i

2
1i

n
i

1n
i

x

TT
k

x

TT
k

t

TT

dx

dT
)T(k

dx

d

dt

dT

∆

−
+

∆

−
=

∆

−
��

�

�
�
�

�
= +

+

−

−

+

                     

              (6.43) 
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The dimensionless equation system described in equation (6.42) can be discretized, 

using finite differences centred in space and the forward Euler method in time, as 

follows: 

( ) ( ) ( ) ( )

( ) ( )

n 1 n n n n n n n n n
1,i 1,i 1,i 1 1,i 1,i 1 1,i 2,i 1 2,i 2,i 1 2,in n n n

1 1 1 111,i 2 11,i 2 12,i 2 12,i 22 2 2 2

n 1 n n n n n
2,i 2,i 1,i 1 1,i 1,i 1 1,in n

1 121,i 2 21,i 2 22,i2 2

D D D D
T X X X X

D D D
T X X

+
− + − +

− + − +

+
− +

− +

� 	υ − υ υ − υ υ − υ υ − υ υ − υ

 �= + + +

∆ 
 �∆ ∆ ∆ ∆� 

υ − υ υ − υ υ − υ
= + +

∆ ∆ ∆ ( ) ( )

n n n n
2,i 1 2,i 2,i 1 2,in n

1 12 22,i 22 2
D

X X

− +

− +

�
�
�
�
�

� 	� υ − υ υ − υ

 �+�

 �∆ ∆� � �

             (6.44) 

Where: 

*
n n n Na

1 1 111,i Ca,i Ca,i *2 2 2 Ca

n
* *1Ca,in Cl Na2

112,i * *2 Ca Cl

*
n n Na

1 121,i Cl,i *2 2 Ca

D
D t t 1                (6.45a)

D

t
D D

D 1                    (6.45b)
2 D D

D
D 2 t 1                          

D

± ± ±

±

±

± ±

= − ⋅ −

� �
= ⋅ −� �� �

� �

� �
= ⋅ −� �� �

� �
* *

n n nCl Na
1 1 122,i * Cl,i Cl,i *2 2 2Ca Cl

 (6.45c)

D D
D t t 1       (6.45d)

D D± ± ±

�
�
�
�
�
�
�
�
�
�
�
�

� �� = − ⋅ −� �� � �
� ��

�
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And:      For Calcium:

* n
Ca 1Ca,in Ca 2

1Ca,i * n * n * n2 Na 1 Ca 1 Cl 1Na,i Ca,i Cl,i2 2 2

* n
Ca 1Ca,i 2

* n n * n * n
Na X 1 1 Ca 1 Cl 1Cl,i Ca,i Ca,i Cl,i2 2 2 2

* n
Ca 1Ca,i 2

* *
Na X Na

4D C
t  ...

D C 4D C D C

4D C
... ...

D C C 2C 4D C D C

4D C
...  

D C D

±

±
± ± ±

±

± ± ± ±

±

⋅
κ

= = =
κ ⋅ + ⋅ + ⋅

⋅
= =

� �
⋅ + − + ⋅ + ⋅� �
� �

⋅
=

⋅ + ( ) ( )

( ) ( )

( )

* n * * n
Cl 1 Ca Na 1Cl,i Ca,i2 2

* n
Ca r 11,i 2

* * * n * * nX
r Na Na Cl 1 Ca Na 12,i 1,i2 2r

* n
Ca 11,in 2

1Ca,i 2 * * * n *X
Na Na Cl 1 Ca Na2,i 2r

...
D C 4D 2D C

4D C
... ...

C
C D D D 4D 2D

C

4D
            t

C
D D D 4D 2D

C

± ±

±

± ±

±

±

±

=
+ ⋅ + − ⋅

⋅ υ
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� 	
⋅ + + ⋅υ + − ⋅υ
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 �� 

⋅υ
� =
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11,i 2±

⋅υ

(6.46) 
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For Chlorine:

( ) ( )

( ) ( )

* n
Cl 1Cl,in Cl 2

1Cl,i * * * n * * n2
Na X Na Cl 1 Ca Na 1Cl,i Ca,i2 2

* n
Cl r 12,i 2

* * * n * * nX
r Na Na Cl 1 Ca Na 12,i 1,i2 2r

*
Cl 12,in 2

1Ca,i 2

D C
t  ...

D C D D C 4D 2D C

D C
... ...

C
C D D D 4D 2D

C

D
            t

±

±

± ±

±

± ±

±

±

⋅
κ

= = =
κ ⋅ + + ⋅ + − ⋅

⋅ υ
= =

� 	
⋅ + + ⋅υ + − ⋅ υ
 �


 �� 

⋅υ
� =

( ) ( )

n

* * * n * * nX
Na Na Cl 1 Ca Na 12,i 1,i2 2r

C
D D D 4D 2D

C

                                                                                                                       (6.47)

± ±
⋅ + + ⋅ υ + − ⋅υ

The finite difference conceptual scheme is reported in Figure 6.8. It is a mono-

dimensional model divided, in space, into nx nodes and, in time, into nt time steps.  
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Since the mathematical model presents both the spatial and the time derivatives, it is 

necessary to assign both the initial conditions and the conditions at the boundaries. 

The initial and boundary conditions are assigned to the upper and lower reservoirs 

that contain the bentonite layer, as already reported in the schematic presentation in 

Figure 6.3. 

For plainness, the thermodynamic variables of the model are over-signed (e.g. ic �

because represent the values that can be virtually measured inside the porous 

medium. These values are influenced by the presence of the solid charge and, 

consequently, by the presence of the fixed charge concentration ( skc �.  

Contrariwise the variables representing the reservoir characteristics outside the 

porous medium are not over-signed. 

Moreover the values of the thermodynamic variables are the same inside the two 

reservoirs.  

In Figure6.9 these simple conventions are reported.
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In a charged porous medium (i.e. the bentonite layer in the studied model) the 

concentration of the i-th ion in the solution contained inside the pore ( ic  ) can be 

related to the concentration of the i-th ion in the �virtual� solution ( ic �, which is 
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contained inside the two �virtual� reservoirs and is in thermodynamic equilibrium 

with the porous medium, by a simple relation, such as: 

i i ic c= Γ ⋅
�����������������������������������������������������������������������������������������������������

����������������(6.48) 

where iΓ  is the partition coefficient of the i-th ion that characterized the relevance of 

partition effect.  

With the aim to assign initial and boundary conditions to the solution contained 

inside the external reservoirs, the ion partition mechanism in the pore solution has to 

be studied. 

The partition coefficient of the i-th ion may be expressed using Donnan�s model 

(Dominijanni, 2005): 

( )i
i

z F
exp

RT

� �ϕ − ϕ
� �Γ = −
� �
� �

�������������������������������������������������������������������������������������������(6.49) 

Where F is the Faraday constant. 

Since the solid phase of bentonite is, generally, negatively charged, the cations result 

attracted by the porous medium, while the anion are repelled. Thereby the cation 

partition coefficient is larger than 1, whereas the anion partition coefficient is 

smaller than 1. 
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The initial conditions are imposed by assigning an initial and instantaneous Sodium 

Chloride concentration inside the external reservoirs (i.e. 0,NaClc ). Such a 

concentration determines the saturation of bentonite exchange complex and the 

presence of soluble Sodium inside the voids.  

Moreover, this condition implies the initial absence of Calcium in the pore solution 

contained inside the porous medium. 

In the case of NaCl, the molecules are dissociated as follows: 

−+ +→ ClNaNaCl
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0,NaCl Na Clc c c+ −= =

As shown in the previous paragraph, the macroscopic electroneutrality in the pore is 

described by the equation (6.19), which, in the case of single salt (NaCl), becomes: 

skNa Clc c c 0+ −− − = ���������������������������������������������������������������������������������������������������(6.50) 

If the only considered partition mechanism is that due to the electric potential of 

solid phase, then from equation (6.49), a relation between the partition coefficient of 

counter-ion (�1) and the one of the co-ion (�2) can be derived: 

2

1

1

2

z

z

221
−

ν

ν
−

Γ=Γ=Γ ������������������������������������������������������������������������������������������������������(6.51) 

In the case of NaCl we obtain: 

1

ClNa

−
−+ Γ=Γ ������������������������������������������������������������������������������������������������������������������(6.52) 

where:     

Na Na
Na

0,NaClNa

Cl Cl
Cl

0,NaClCl

c c

c c

c c

c c

+ +

+

+

− −

−

−

�
Γ = =�
�
�
�Γ = =
�
�

Using equation (6.50) and (6.52), it is possible to derive the Chlorine partition 

coefficient, as a function of the relative fixed charge concentration ( sk

0,NaCl

c

c
), as 

follows: 

sk
Cl

0,NaClCl

c1
0

c
−

−

− Γ − =
Γ

2 x
Cl Cl

0,NaCl

c
1 0

c
− −−Γ − Γ =

2

sk sk
Cl

0,NaCl 0,NaCl

c c
1

2c 2c
−

� �
Γ = − + +� �� �

� �
�������������������������������������������������������������������(6.53) 
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Once solved equation (6.53), the Sodium partition coefficient can be easily 

calculated using equation (6.52). 

Finally, the mathematical model initial conditions are defined as follows: 

0
Ca

0 0
Cl Cl 0,NaCl

0 0
Na Na 0,NaCl

c 0

For t  0, x             c c

c c

� =
��

= ∀ � = Γ ⋅�
�

= Γ ⋅��

������������������������������������������������(6.54) 

And, consequently, the dimensionless initial conditions are: 

0
1

0
Cl 0,NaCl0

2
r

0
Na 0,NaCl0

3
r

0

c
For t  0, x             

c

c

c

�
�

υ =�
� Γ ⋅�

= ∀ � υ =�
�
� Γ ⋅�υ =
��

������������������������������������������������(6.55) 

Where rc  is the reference concentration used to define the dimensionless variables 

in equations (6.40a,b).  
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The boundary conditions are imposed by assigning a constant Calcium Chloride 

concentration inside the external reservoirs (i.e. 0c ). Such a concentration 

determines the migration of Calcium from outside to inside the model boundaries. 

The Calcium concentration in the first (i.e. �1� in Figure 4.1) and last (i.e. �nx� in 

Figure 4.1) nodes of the model results constant in time and it is given by equation 

(6.48). In the particular case of CaCl2, the molecule is dissociated in: 

−+ +→ Cl2CaCaCl2

2
Cl

0 Ca

c
c c

2

−

+= =
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The equations (6.19) and (6.51) become respectively: 

2 skCa Cl2c c c 0+ −− − = ������������������������������������������������������������������������������������������������(6.56) 

2

ClCa 2

−
−+ Γ=Γ �����������������������������������������������������������������������������������������������������������������(6.57) 

where:     
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Ca Ca
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Cl Cl
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c c

c c

c 2c

+ +

+
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�
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Using equation (6.56) and (6.57), the anion partition coefficient as a function of the 

relative fixed charge concentration for a (6.2:1) electrolyte is deduced by the 

following procedure:  

2
0 0 skCl Cl2c 2c c 0− −

−Γ − Γ − =

( )
2 sk

Cl Cl
0

c
0

2c
− −

−
Γ − Γ − =

3 2sk
Cl Cl

0

c
1 0

2c
− −− Γ − − Γ =

2
sk sk sk

Cl
0 0 0sk

0

c c c2 1 1

2c 3 2c 6 2cc
3

2c

−

� � � � � �
Γ = − + τ� � � � � �

� � � � � � � �τ� �
� �

�����������������������������������������������(6.58) 

Where:  ( )
3

1

2

1
33 1281128108)( �
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�
α−+α−=ατ

Once solved equation (6.58), the Calcium partition coefficient can be easily 

calculated using equation (6.57). 

Concluding, the mathematical model boundary conditions are defined as follows: 
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Ca,1 Ca,nx Ca 0

Cl,1 Cl,nx Cl 0

c c c
For x 1 and x  nx,   t              

c c 2 c

� = = Γ ⋅�
= = ∀ � �

= = ⋅Γ ⋅��

�������������6.59) 

And, consequently, the dimensionless boundary conditions are: 

Ca 0
1,1 1,nx

r

Cl 0
2,1 2,nx

r

c
1

c
For x 1 and x  nx,   t              

2 c

c

� Γ ⋅
υ = υ = =�
�

= = ∀ � �
Γ ⋅�

υ = υ =�
�

�������������(6.60) 

Where rc  is the reference concentration used to define the dimensionless variables 

in equations (6.40a,b) that is constant and defined as: r Ca 0c c= Γ ⋅ . 
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The solution method described in the previous paragraph is implemented in 

MATLAB®. The programme script is reported in this paragraph. 

%input data: 

%BENTONITE. 

L=0.01; %[m] - bentonite layer thickness 

n=0.81; %[-] - bentonite layer porosity 

tau=0.31; %[-] - bentonite layer tortuosity coefficient 

Cx0=0.09; %[mol/L] - montmorillonite fixed charge coefficient referred to the 

solid skeleton 

%SOLUTION. 

D0Ca=7.92*10^(-10); %[m^2/s] - calcium free solution diffusion coefficient 

D0Na=13.3*10^(-10); %[m^2/s] - sodium free solution diffusion coefficient 

D0Cl=20.3*10^(-10); %[m^2/s] - chlorine free solution diffusion coefficient 

C0=0.02; %[mol/L] - natural calcium cloride concentration in common soil 
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%OTHER. 

R=8.314; %[N*m/(mol*K)] - universal gas costant 

T=273+20; %[K] - absolute temperature 

%calculated parameters: 

eb=n/(1-n); %[-] - bentonite layer void ratio 

Cx=Cx0/eb; %[mol/L] - montmorillonite fixed charge coefficient referred to 

the pore space 

DCa=D0Ca*tau; %[m^2/s] - calcium effective diffusion coefficient 

DNa=D0Na*tau; %[m^2/s] - sodium effective diffusion coefficient 

DCl=D0Cl*tau; %[m^2/s] - chlorine effective diffusion coefficient 

% differential equations solution: 

%FDM PARAMETERS. 

nx=41; %[-] - node number 

nxx=nx-1;  

dx=1/nxx; %[-] - finite distance between two subsequent nodes 

x=[0:dx:1]; %[-] - spatial coordinate 

tannifin=10/365; %[anni] 

t0=L^2/DCa; % [s] - reference time 

tfin=tannifin*(60*60*24*365)/t0; % [-] - dimensionless final time 

dt=0.0001; % [-] - time discretisation 

nt=tfin/dt; % [-] - number of time step 

%INITIAL CONDITIONS. 

C0NaCl=0.05; %[mol/L] - initial external sodium chloride concentration 

GCl0=-Cx/(2*C0NaCl)+sqrt((Cx/(2*C0NaCl))^2+1); %[-] - chlorine partition 

coefficient 

GNa0=GCl0^(-1); %[-] - sodium partition coefficient

CNa0=GNa0*C0NaCl;  %[mol/L] 

CCl0=GCl0*C0NaCl;  %[mol/L] 

%BOUNDARY CONDITIONS. 

alfa=Cx/(2*C0); 

aux=(108-(8*(alfa^3))+12*sqrt(81-(12*(alfa^3))))^(1/3); 

GCl=real((2/(3*aux))*(alfa^2)-(1/3)*alfa+(1/6)*aux); %[-] - chlorine 

partition coefficient 

GCa=GCl^(-2); %[-] - calcium partition coefficient 
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CCl=GCl*C0*2; %[mol/L] 

CCa=GCa*C0; %[mol/L] 

Cr=CCa; %[mol/L] reference concentration 

u1(1)=1; 

u2(1)=CCl/Cr; 

u1(nx)=1; 

u2(nx)=CCl/Cr; 

t=0; 

for ix=2:nxx 

    u1(ix)=0; 

    u2(ix)=CCl0/Cr; 

end 

for ix=1:nx 

    u3(ix)=(CNa0)/Cr; 

end 

%CALCULATIONS. 

snapt1(1)=u1(nxx/2); 

snapt2(1)=u2(nxx/2); 

snapt3(1)=u3(nxx/2); 

snaptCx(1)=Cx; 

t(1)=0; 

snap3D1(1,:)=u1; 

snap3D2(1,:)=u2; 

snap3D3(1,:)=u3; 

tt3D(1)=0; 

for it=1:nt 

    u1old=u1; 

    u2old=u2; 

    for ixbis=1:nxx 

        u1oldbis(ixbis)=(u1old(ixbis)+u1old(ixbis+1))/2; 

        u2oldbis(ixbis)=(u2old(ixbis)+u2old(ixbis+1))/2; 

        

tCa(ixbis)=4*DCa*u1oldbis(ixbis)/(DNa*Cx/Cr+(DNa+DCl)*u2oldbis(ixbis)+(4*DCa-

2*DNa)*u1oldbis(ixbis)); 

        

tCl(ixbis)=DCl*u2oldbis(ixbis)/(DNa*Cx/Cr+(DNa+DCl)*u2oldbis(ixbis)+(4*DCa-

2*DNa)*u1oldbis(ixbis)); 

        D11(ixbis)=-(tCa(ixbis)-tCa(ixbis)*DNa/DCa-1); 

        D12(ixbis)=-(tCa(ixbis)/2*DCl/DCa*(DNa/DCl-1)); 
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        D21(ixbis)=-(2*tCl(ixbis)*(DNa/DCa-1)); 

        D22(ixbis)=-(DCl/DCa*(tCl(ixbis)-tCl(ixbis)*DNa/DCl-1)); 

    end 

     

    for ix=2:nxx 

        d2bu1(ix)=(u1old(ix-1)-u1old(ix))/(dx^2); 

        d2bu2(ix)=(u2old(ix-1)-u2old(ix))/(dx^2); 

        d2fu1(ix)=(u1old(ix+1)-u1old(ix))/(dx^2); 

        d2fu2(ix)=(u2old(ix+1)-u2old(ix))/(dx^2); 

        u1(ix)=u1old(ix)+(D11(ix-1)*d2bu1(ix)+D11(ix)*d2fu1(ix)+D12(ix-

1)*d2bu2(ix)+D12(ix)*d2fu2(ix))*dt; 

        u2(ix)=u2old(ix)+(D21(ix-1)*d2bu1(ix)+D21(ix)*d2fu1(ix)+D22(ix-

1)*d2bu2(ix)+D22(ix)*d2fu2(ix))*dt; 

    end 

    for ix=1:nx 

        u3(ix)=Cx/Cr+u2(ix)-2*u1(ix); 

    end 

    t=it*dt; 

    snapt1(it+1)=u1(nxx/2); 

    snapt2(it+1)=u2(nxx/2); 

    snapt3(it+1)=u3(nxx/2); 

    snaptCx(it+1)=Cx; 

    snap3D1(it+1,:)=u1; 

    snap3D2(it+1,:)=u2; 

    snap3D3(it+1,:)=u3; 

    tt(it+1)=t; 

    tt3D=[tt3D; t]; 

end 

ttdays=tt*t0/(60*60*24); 

tt3Ddays=tt3D*t0/(60*60*24); 

%FIGURES. 

figure(1); 

plot(x,u1,x,u2,x,u3); 

legend('c_C_a/c_C_a_0','c_C_l/c_C_a_0','c_N_a/c_C_a_0'); 

xlabel('X=x/L');ylabel('c/c_C_a_0'); 

figure(2); 

plot(ttdays,snapt1*Cr,ttdays,snapt2*Cr,ttdays,snapt3*Cr,ttdays,snaptCx); 

legend('c_C_a','c_C_l','c_N_a','c_s_k'); 

xlabel('Time, t [d]');ylabel('Ion concentration, c_i [mol/L]'); 

figure(3); 

clf 
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mesh(x,tt3Ddays,snap3D1*Cr), grid on 

xlabel('Relative distance inside the bentonite layer, x [-]') 

ylabel('Time, t [d]') 

zlabel('Calcium concentration, c_C_a [mol/L]') 

figure(4); 

clf 

mesh(x,tt3Ddays,snap3D2*Cr), grid on 

xlabel('Relative distance inside the bentonite layer, x [-]') 

ylabel('Time, t [d]') 

zlabel('Chlorine concentration, c_C_l [mol/L]') 

figure(5); 

clf 

mesh(x,tt3Ddays,snap3D3*Cr), grid on 

xlabel('Relative distance inside the bentonite layer, x [-]') 

ylabel('Time, t [d]') 

zlabel('Sodium concentration, c_N_a [mol/L]') 
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clear all 

%input data: 

%BENTONITE. 

L=0.02; %[m] - bentonite layer thickness 

n=0.81; %[-] - bentonite layer porosity 

tau=0.31; %[-] - bentonite layer tortuosity coefficient 

Cx0=0.09; %[mol/L] - montmorillonite fixed charge coefficient referred to the 

solid skeleton 

%SOLUTION. 

D0Ca=7.92*10^(-10); %[m^2/s] - calcium free solution diffusion coefficient 

D0Na=13.3*10^(-10); %[m^2/s] - sodium free solution diffusion coefficient 

D0Cl=20.3*10^(-10); %[m^2/s] - chlorine free solution diffusion coefficient 

C0=0.02; %[mol/L] - natural calcium cloride concentration in common soil 

%OTHER. 

R=8.314; %[N*m/(mol*K)] - universal gas costant 

T=273+20; %[K] - absolute temperature 

%calculated parameters: 

eb=n/(1-n); %[-] - bentonite layer void ratio 

Cx=Cx0/eb; %[mol/L] - montmorillonite fixed charge coefficient referred to 

the pore space 

DCa=D0Ca*tau; %[m^2/s] - calcium effective diffusion coefficient 

DNa=D0Na*tau; %[m^2/s] - sodium effective diffusion coefficient 

DCl=D0Cl*tau; %[m^2/s] - chlorine effective diffusion coefficient 

% differential equations solution: 

%FDM PARAMETERS. 

nx=41; %[-] - node number 

nxx=nx-1;  

dx=1/nxx; %[-] - finite distance between two subsequent nodes 

x=[0:dx:1]; %[-] - spatial coordinate 

tannifin=30/365; %[anni] 

t0=L^2/DCa; % [s] - reference time 

tfin=tannifin*(60*60*24*365)/t0; % [-] - dimensionless final time 

dt=0.0001; % [-] - time discretisation 

nt=tfin/dt; % [-] - number of time step 
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%INITIAL CONDITIONS. 

C0NaCl=0.05; %[mol/L] - initial external sodium chloride concentration 

GCl0=-Cx/(2*C0NaCl)+sqrt((Cx/(2*C0NaCl))^2+1); %[-] - chlorine partition 

coefficient 

GNa0=GCl0^(-1); %[-] - sodium partition coefficient

CNa0=GNa0*C0NaCl;  %[mol/L] 

CCl0=GCl0*C0NaCl;  %[mol/L] 

%BOUNDARY CONDITIONS. 

alfa=Cx/(2*C0); 

aux=(108-(8*(alfa^3))+12*sqrt(81-(12*(alfa^3))))^(1/3); 

GCl=real((2/(3*aux))*(alfa^2)-(1/3)*alfa+(1/6)*aux); %[-] - chlorine 

partition coefficient 

GCa=GCl^(-2); %[-] - calcium partition coefficient 

CCl=GCl*C0*2; %[mol/L] 

CCa=GCa*C0; %[mol/L] 

Cr=CCa; %[mol/L] reference concentration 

u1(1)=1; 

u2(1)=CCl/Cr; 

u1(nx)=1; 

u2(nx)=CCl/Cr; 

t=0; 

for ix=2:nxx 

    u1(ix)=0; 

    u2(ix)=CCl0/Cr; 

end 

for ix=1:nx 

    u3(ix)=(Cx+CCl0)/Cr; 

end 

for iw=1:(nx+1)/2 

    w1(iw)=u1(iw); 

    w2(iw)=u2(iw); 

    w3(iw)=u3(iw); 

    xw(iw)=x(iw)*2; 

end  

%CALCULATIONS. 

snapt1(1)=u1(nxx/2); 
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snapt2(1)=u2(nxx/2); 

snapt3(1)=u3(nxx/2); 

snaptCx(1)=Cx; 

t(1)=0; 

snap3D1(1,:)=w1; 

snap3D2(1,:)=w2; 

snap3D3(1,:)=w3; 

tt3D(1)=0; 

for it=1:nt 

    u1old=u1; 

    u2old=u2; 

    for ixbis=1:nxx 

        u1oldbis(ixbis)=(u1old(ixbis)+u1old(ixbis+1))/2; 

        u2oldbis(ixbis)=(u2old(ixbis)+u2old(ixbis+1))/2; 

        

tCa(ixbis)=4*DCa*u1oldbis(ixbis)/(DNa*Cx/Cr+(DNa+DCl)*u2oldbis(ixbis)+(4*DCa-

2*DNa)*u1oldbis(ixbis)); 

        

tCl(ixbis)=DCl*u2oldbis(ixbis)/(DNa*Cx/Cr+(DNa+DCl)*u2oldbis(ixbis)+(4*DCa-

2*DNa)*u1oldbis(ixbis)); 

        D11(ixbis)=-(tCa(ixbis)-tCa(ixbis)*DNa/DCa-1); 

        D12(ixbis)=-(tCa(ixbis)/2*DCl/DCa*(DNa/DCl-1)); 

        D21(ixbis)=-(2*tCl(ixbis)*(DNa/DCa-1)); 

        D22(ixbis)=-(DCl/DCa*(tCl(ixbis)-tCl(ixbis)*DNa/DCl-1)); 

    end 

     

    for ix=2:nxx 

        d2bu1(ix)=(u1old(ix-1)-u1old(ix))/(dx^2); 

        d2bu2(ix)=(u2old(ix-1)-u2old(ix))/(dx^2); 

        d2fu1(ix)=(u1old(ix+1)-u1old(ix))/(dx^2); 

        d2fu2(ix)=(u2old(ix+1)-u2old(ix))/(dx^2); 

        u1(ix)=u1old(ix)+(D11(ix-1)*d2bu1(ix)+D11(ix)*d2fu1(ix)+D12(ix-

1)*d2bu2(ix)+D12(ix)*d2fu2(ix))*dt; 

        u2(ix)=u2old(ix)+(D21(ix-1)*d2bu1(ix)+D21(ix)*d2fu1(ix)+D22(ix-

1)*d2bu2(ix)+D22(ix)*d2fu2(ix))*dt; 

    end 

    for ix=1:nx 

        u3(ix)=Cx/Cr+u2(ix)-2*u1(ix); 

    end 

    t=it*dt; 

    snapt1(it+1)=u1(nxx/2); 

    snapt2(it+1)=u2(nxx/2); 

    snapt3(it+1)=u3(nxx/2); 
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    snaptCx(it+1)=Cx; 

    for iw=1:(nx+1)/2 

        w1(iw)=u1(iw); 

        w2(iw)=u2(iw); 

        w3(iw)=u3(iw); 

    end    

    snap3D1(it+1,:)=w1; 

    snap3D2(it+1,:)=w2; 

    snap3D3(it+1,:)=w3; 

    tt(it+1)=t; 

    tt3D=[tt3D; t]; 

end 

ttdays=tt*t0/(60*60*24); 

tt3Ddays=tt3D*t0/(60*60*24); 

%FIGURES. 

figure(1); 

plot(xw,w1,xw,w2,xw,w3); 

legend('C_C_a/C_C_a_0','C_C_l/C_C_a_0','C_N_a/C_C_a_0'); 

xlabel('X=x/L');ylabel('C/C_C_a_0'); 

figure(2); 

plot(ttdays,snapt1*Cr,ttdays,snapt2*Cr,ttdays,snapt3*Cr,ttdays,snaptCx); 

xlabel('Time, t [d]');ylabel('Ion concentration, c_i [mol/L]'); 

legend('c_C_a','c_C_l','c_N_a','c_s_k'); 

figure(3); 

clf 

mesh(xw,tt3Ddays,snap3D1*Cr), grid on 

xlabel('Relative distance inside the bentonite layer, x [-]') 

ylabel('Time, t [d]') 

zlabel('Calcium concentration, c_C_a [mol/L]') 

figure(4); 

clf 

mesh(xw,tt3Ddays,snap3D2*Cr), grid on 

xlabel('Relative distance inside the bentonite layer, x [-]') 

ylabel('Time, t [d]') 

zlabel('Chlorine concentration, c_C_l [mol/L]') 

figure(5); 

clf 

mesh(xw,tt3Ddays,snap3D3*Cr), grid on 

xlabel('Relative distance inside the bentonite layer, x [-]') 

ylabel('Time, t [d]') 

zlabel('Sodium concentration, c_N_a [mol/L]') 
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In this last paragraph the results of the mathematical model, analyzed for CASE A 

and CASE B, representing the simple and the composite bentonite barrier 

respectively, are reported. As already described in paragraph 6.1, CASE A consists of 

a 10 mm Sodium bentonite layer standing between two reservoirs containing the 

same concentration of Calcium Chloride; while CASE B represents a composite 

barrier given by a 10 mm Sodium bentonite layer and a Geomembrane posed above. 

The barrier stands between two reservoirs containing the same concentration of 

CaCl2 but the GM completely inhibits the diffusive Calcium flux from the upper 

reservoir to the bentonite layer. 
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The model input data, in terms of bentonite tortuosity, porosity and solid skeleton 

charge, come from the results of the osmotic and swelling pressure tests performed 

on sodium bentonite (see chapter 3) and are summarized in Table 6.1. 
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Description: Input data: Unit: 

MATERIALS and PORE SOLUTION   

Bentonite layer thickness, L 0.01 m 

Bentonite layer porosity, n 0.81 - 

Bentonite layer tortuosity coefficient, �� 0.31 - 

Montmorillonite electric charge of the solid skeleton, csk,0 0.09 mol/L 

Calcium free solution diffusion coefficient, D0,Ca 7.92�10-10 m2/s 

Sodium free solution diffusion coefficient, D0,Na 13.3�10-10 m2/s 

Chlorine free solution diffusion coefficient, D0,Cl 20.3�10-10 m2/s 

Calcium Chloride concentration in the reservoirs, c0 0.02 mol/L 

Initial external Sodium Chloride concentration, c0,NaCl 0.05 mol/L 

FDM PARAMETERS   

Node number, nx 31 ÷ 41 - 

Final time, tyearsfin 35/365 Yr 

Time discretization, dt 10-4 ÷ 10-5 - 
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With the aim to compute the model solution the following parameter was calculated: 

Bentonite layer void ratio,               
n1

n
e

−
=

Montmorillonite fixed charge coefficient referred to the pore space,     
sk,0

sk

c
c

e
=

i-th ion effective diffusion coefficient, τ⋅= i,0
*
i DD

The obtained results are reported in the following figures: in Figure 6.10 Calcium, 

Chlorine and Sodium concentration trends in time are plotted in correspondence of 

the bentonite layer median node; in Figures 6.11 Calcium, Chlorine and Sodium 

relative concentrations are plotted as a function of the relative distance inside the 

bentonite layer in four selected simulation moments (15 minutes, 2.5 hours, 12 

hours, 1 day). Moreover, in Fig. 6.12, 6.13 and 6.14 Calcium, Chlorine and Sodium 

concentrations are plotted as a function of both the time and the relative distance 

inside the bentonite layer. 
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t = 15 min 

t = 15 min 

t = 15 min 

t = 2.5 h 

t = 2.5 h 

t = 2.5 h 

t = 12 h 

t = 12 h 

t = 12 h t = 1 d 

t = 1 d 

t = 1 d 
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The results, that will be reported for CASE B, was obtained using the MATLAB® 

script listed in the previous paragraph.  

The �no flux� boundary condition, next to the GM, is simulated by constructing a 

virtual and mirror bentonite layer over the GM limit. In this way, to the position of 

the GM in the �true� model corresponds the median node of the �virtual and mirror� 

model. In this particular node the flux is null due to the �virtual and mirror� model 

symmetry. 

The input data for CASE B are equal to those listed for case A, except for the 

bentonite layer thickness that is doubled, as explained above, for the model 

requirements. 

The obtained results are reported in the following figures: in Figure 6.15 Calcium, 

Chlorine and Sodium concentration trends in time are plotted in correspondence of 

the (�true�) bentonite layer median node; in Figures 6.16 Calcium, Chlorine and 

Sodium relative concentrations are plotted as a function of the relative distance 

inside the bentonite layer in four selected simulation moments (15 minutes, 2.5 

hours, 12 hours, 1 day). The relative distance inside the bentonite layer results, in 

this case, equal to 0 next to the lower boundary, while it is equal to 1 next to the 

GM. 

Moreover, in Fig. 6.17, 6.18 and 6.19 Calcium, Chlorine and Sodium concentrations 

are plotted as a function of both the time and the relative distance inside the 

bentonite layer (which is equal to 0 next to the lower boundary, while it is equal to 1 

next to the GM). 
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t = 6 d 

t = 6 d 

t = 2.5 h 

t = 2.5 h 

t = 2.5 h t = 3 d 

t = 3 � 6 d 

t = 3 d 

t = 1 d 

t = 1 d 

t = 1 d 
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Shackelford and Lee (2003) reported the results of a combined chemico-

osmotic/diffusion test conducted on a GCL containing sodium bentonite using a 5 

mM CaCl2 solution. In the test a time-dependent membrane efficiency was derived 

from the test, performed as described in paragraph 3.5.2.1 for the chemico-osmotic 

tests carried out for the Ph.D. experimental programme.  

The results obtained by Shackelford and Lee (2003) are reported in Fig. 6.20 in term 

of chemico-osmotic efficiency (i.e. global reflection coefficient) as a function of 

time; Fig 6.21 in term of cumulative calcium mass per unit are as a function of time. 
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In Fig. 6.20 an initial increase of the global reflection coefficient is observed to a 

peak value of 0.52, which corresponded to the characteristic value for the sodium 

bentonite GCL at the test conditions (mineralogy of the used bentonite, 

concentration gradient and state variable, i.e. porosity). The peak was followed by a 

gradual decrease to zero induced by the cation exchange of calcium for sodium and 

the consequent aggregation of lamellae in tactoids at microscopic scale.  

The zero value of the reflection coefficient, reached after 35 days of test, is 

consistent with the data obtained for the calcium bentonite with the 5 mM CaCl2

solution in the test performed during the development of the Ph.D. experimental 

activity (see paragraph 3.9.1).  

At the end of the test reported by Shackelford and Lee (2003), the semipermeable 

behaviour initially observed on sodium bentonite was completely destroied and the 

specimen behaved as a calcium bentonite specimen. 

Moreover, the time required to achieve the steady state calcium diffusion through 

the specimen (i.e. tSS = 35 days, in Fig. 6.21) correlated well with the time required 

for having the zero value of global reflection coefficient.  

This result proved the correlation between the achievement of the complete 

saturation of the exchange centres with calcium (after that calcium diffusion through 

the specimen was no more delayed) and the complete transition from a behaviour 

typical of sodium bentonite (membrane behaviour presence) to a behaviour typical 

of calcium bentonite. 

Althoughth the boundary conditions in chemico-osmotic test correspond to perfect 

flushing conditions, which are very difficult to simulate in a matematical model, the 

results reported by Shackelford and Lee (2003) can be roughly compared with the 

simulation results obtained for Case B.  

A no flux boundary exists in the model in corrispondence to the GM which does not 

correctly rapresents the perfect flushing boundary condition of the top porous stone, 

saturated with DW. The analogy between the test and the Case B conditions is that 

in both cases there is not calcium flux from the upper boundary, but only from the 

lower reservoir, where the calcium concentration is mantained constant. 

The comparison shows that the model tends to understimate the time necessary to 

achieve the chemical equilibrium (i.e. to completely transform the sodium bentonite 
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specimen in calcium bentonite), which is lower than 10 days in the model and higher 

than 30 days in the test. 

In the proposed model the pore space consists of a single volume of interparticle 

pores where the transport of the cationic species is assumed to occur through 

diffusion. Sorption sites are assumed to exist on the surface of solid particles and 

instantaneous exchange of cations is assumed to occur between the mineral surface 

and the pore solution. 

This representation is indeed an approximation of reality. A more realistic model 

should represent the pore space as a three-component structure consisting of three 

separated compartments: the intergranular pores, the interparticle pores and 

interlayer pores. Diffusive flux occurs from the intergranular to the interparticle 

pores and from the interparticle pores to the interlayer pores, as schematically 

represented in Fig. 6.22 (Jo et al., 2006). 
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Sorption sites are assumed to exist on the surfaces in both the interparticle and 

interlayer pores and simultaneous exchange occurs between the mineral surface and 

these two pores compartments. 

Since the cations need to diffuse through the three compartments to reach all the 

sorption sites, the steady state is reached when the concentration equilibrium 

conditions are achieved in all the compartments.  

While the proposed model assumes a instantaneous concentration equilibrium in the 

pore volume, a finite transition time is necessary to achieve concentration 

equilibrium between the three compartments. Therefore, the rate of the cation 

exchange phenomenon could be overestimated in the model since the transition 

phase is neglected. 

�
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The results obtained in this study highlight the importance of the Calcium diffusion 

contribution to the development of the cation exchange phenomenon in a GCL.  

As underlined by Shackelford (2005), in laboratory conditions, characterized by 

high hydraulic gradient, the role of Calcium advective contribution is predominant 

and, as a consequence, the time necessary to reach chemical equilibrium is strongly 

influenced by the applied hydraulic gradient.  

Otherwise, in field conditions, where the hydraulic gradient is lower (e.g. i � 30), 

and especially when low permeability material (i.e. Sodium bentonite) are 

considered, the volumetric water flux across the bentonite layer may decrease so 

much to result unimportant if compared with the contribution of the diffusive flux 

induced by the Calcium concentration gradient existing from outside to inside the 

GCL. 

Moreover, this study demonstrates that the development in time of the cation 

exchange phenomenon, as a consequence of the diffusive Calcium flux, is much 

faster than those values individuated by Shackelford (2005), for field conditions, 

taking into account the only advective Calcium flux (i.e. tens of years). 

With the aim to facilitate the comparison with the other data, in this study, the 

Calcium Chlorine concentration insisting on the GCL was assumed equal to that 

individuated by Shackelford (2005). It is important to underline that a 20 mM 
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solution represents an average and representative Calcium concentration for the 

leachate and the common soil pore solution. 

The results obtained for CASE A (10 mm Sodium bentonite layer standing between 

two reservoirs containing the same concentration of Calcium Chloride) and for CASE 

B (composite barrier given by a 10 mm Sodium bentonite layer and a Geomembrane 

posed above) show that the time necessary to achieve the chemical equilibrium is 

lower than 10 days in both barrier configurations. 

The comparison with the experimental results obtained by Shackelford and Lee 

(2003), highlight that the model tends to overestimated the velocity of the cation 

exchange phenomenon because of the approximation deriving from the 

representation of the pore space as a single volume characterized by an average 

tortuosity value. This approximation generates an overestimation of the diffusion 

rate in the smaller and more tortuous pores (i.e. interlayer pore space). 

In any case, the results obtained with the mathematical model can be compared with 

the experimental data (Shackelford and Lee, 2003). In both cases the cation 

exchange phenomenon ends in some tens of days. 

In field conditions, where the saturation of the bentonite layer is inconstant in time, 

the cation exchange phenomenon development can slow down but the chemical 

equilibrium is reached in a time anyway lower than one year.  

Since the time required satisfy the typical long term landfill requirements is 50-70 

years, the results obtained underline the importance to develop innovative products 

able to maintain good hydraulic performance even in presence of multivalent 

electrolyte solutions. 
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The aim of the Ph.D. research work is to analyse possible improvements of 

bentonite barriers, in order to enhance the containment performances of the 

bentonitic component towards non standard permeants, such as electrolyte solution 

and hydrocarbons. 

The study described in this Ph.D. thesis has been supported by an ample laboratory 

activity, which has been developed at the laboratory of soil mechanics of the 

Department of Environment, Land and Infrastructure Engineering and at the Disaster 

Planning Laboratory of the Department of Structural, Geotechnical and Building 

Engineering of the Politecnico di Torino, with an exception for the swell pressure 

tests, which have been performed at ISMGEO (Seriate, Milan, Italy). 

The phenomenological and physical description of the mineralogical, chemical and 

physical properties of bentonite is reported in some detail in the first chapter. 

The excellent swelling and hydraulic properties of sodium bentonite are exposed 

together with the disadvantage represented by the potential for cation exchange of 

Sodium with Calcium (dominant in the pore water of many soils), which tends to 

neutralize the charges within the tactoids and, consequently, to increase tactoid size, 

with the associate reduction in swelling, reduction in specific surface of the material 

and consequent increase in permeability.  

The first chapter affects furthermore an experimental study on the difference in the 

swelling and mechanical behaviour of sodium and calcium bentonite. 

At the microscopic scale, a dispersed structure of separated lamellae, can be 

attributed to sodium bentonite, while an aggregated structure formed by packets of 
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lamellae united in a parallel face-to-face array (i.e. tactoids) can be attributed to 

calcium bentonite. The results of the liquid limit and swell index determinations, 

swelling tests and loading/unloading tests, performed on sodium and calcium 

bentonite, highlighted that the microscopic scale structure has a deep influence on 

the swelling and mechanical properties of bentonite. In particular, the tests 

performed on calcium bentonite showed a significant inhibition of the swelling 

behaviour typical of sodium bentonite, even with de-ionized water and very low 

molarity electrolyte solution.  

The evidence of the strong degradation induced in the swelling performances of 

bentonite by the cation exchange phenomenon highlights the need to develop 

innovative materials or innovative techniques aimed at improving the resistance of 

the bentonite barriers to the degradation induced by the cation exchange 

phenomenon, in order to comply with the legislation requirements on landfill barrier 

performances and the maintenance of these performances in time. 

About this last issue, the role of physical pretreatments on natural and polymer 

modified bentonites and the effect of the presence or absence of needling across the 

bentonite layer have been analysed in the laboratory simulation of both short and 

long term landfill conditions (i.e. before and after the cation exchange completion).  

The results of this study, reported in chapter 2, showed that physical pretreatments 

strongly influence the swelling and hydraulic behaviour of bentonite specimens 

exposed to calcium solutions and that the presence of needling deteriorates the 

hydraulic performances of specimens to a great extent in long term conditions. 

In particular, the pre-hydrated and pre-consolidated specimens showed no hydraulic 

conductivity value variation after cation exchange phenomenon completion. This is 

a very important result that is in contrast with the trend generally registered for loose 

specimens and that suggests the pre-consolidation treatment as the favourite for the 

hydraulic performance maintenance in long term. 

Moreover, the results obtained with the specimen subjected to salt removal and pre-

consolidation showed higher hydraulic performance with both deionized water and 

CaCl2 solution, as a consequence of the reduction in the initial cation concentration 

in the pore solution which leads to an initial more dispersed and homogeneous 

configuration at the microscopic scale.  
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The tests performed on polymer modified specimens showed hydraulic conductivity 

values to deionized water that were approximately one order of magnitude lower 

than those obtained for natural specimens, highlighting an excellent result with 

regard to the use of the polymer Nanosponge. Unfortunately, during the permeation 

with water and the Calcium solution, the polymer was solubilised and the results of 

the spectroscopy substantially showed the absence of the polymer in the specimens 

at the end of the tests. 

In chapter 3 the semi-permeable membrane behaviour of bentonite, induced by the 

electric interaction between the montmorillonite solid skeleton and the ions 

contained in the pore solution, is analysed under the theoretical and experimental 

viewpoint. The chemico-osmotic and swelling properties of powder bentonites were 

studied through a systematic laboratory activity including chemico-osmotic tests and 

swell pressure tests.  

An original salt removal method was developed, called squeezing, with the aim to 

reduce the salt removal time by subjecting the natural bentonite to a series of 

consecutive phases of powder bentonite hydration with deionized water and drained 

consolidation, performed in a consolidometer. The proposed method can produce 

about 500 g of �salt-less� dry powder bentonite in 40-50 days, reducing the salt 

removal time of the common flushing method, which requires many months or even 

a year to obtain the same results. 

The experimental activity consisted of a chemico-osmotic test and a series of 

swelling pressure tests, performed on the same squeezed bentonite characterized by 

a porosity value equal to n = 0.81 with the same series of electrolyte concentrations 

(5, 10, 20, 50 and 100 mM NaCl), aimed at compare the osmotic and swelling 

behaviour of sodium bentonite. The results of these tests, reported in the paper in 

chapter 3, highlighted that the global reflection coefficient, which measures the 

osmotic efficiency of the material, and the swelling pressure tend to decrease as the 

NaCl concentration increases. In particular, the global reflection coefficient has 

resulted to range from 68% for 5 mM NaCl concentration to 5% for 100 mM NaCl 

concentration and was assumed null for higher molarities, while the swelling 

pressure ranged from 25 kPa for 5 mM NaCl concentration to 0 kPa for 100 mM 

NaCl concentration. The results of the tests have been used to derive the electric 
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charge of the solid skeleton, sk ,0c , using the model derived by Dominijanni (2005) 

and proposed in the first part of the co-authored paper. For both the chemico-

osmotic test results and the swelling pressure results, the best fitting of the 

theoretical curves with the experimental data, a value of sk ,0c  equal to 90 mM was 

found, highlighting an excellent model consistency.

The chemico-osmotic properties of calcium bentonite, evaluated using the same 

procedure adopted for sodium bentonite, resulted very low and ranged from 0.5%, 

for a 5 mM CaCl2 concentration, to 0.2%, for a 10 mM CaCl2 concentration. 

Starting from the knowledge achieved during the laboratory activity on both the 

osmotic and the swelling pressure tests, a new apparatus was designed, aimed at 

measuring together the global reflection coefficient, ωg, the global effective 

diffusion coefficient, D*
ωg, and the swelling pressure, usw, of bentonites, and it is still 

underway in the laboratory of ISMGEO. 

The results obtained in chapter 2 and 3, concerning the strong degradation induced 

by the cation exchange phenomenon on hydraulic, swelling and osmotic 

performance of sodium bentonite, have underlined the need to study the temporal 

development of the cation exchange phenomenon with the aim to compare that to 

the period in which landfill barrier performances have to be guaranteed in in-situ 

conditions. In particular, the mathematical study developed in chapter 6 is focused 

on the evaluation of the role of the diffusive component of Calcium flux in the 

cation exchange phenomenon in-situ conditions. 

A mathematical model was developed, which describe a simplified scheme 

consisting of a �three ions + water solvent + charged solid� system taking into 

account the osmotic behaviour, with two dimensionless equations (describing the 

simplified system in time and in space) that constituted a non-linear parabolic 

system. The dimensionless equation system was discretized using finite differences 

centred in space and the forward Euler method in time and then implemented in 

MATLAB®. 

The simulation results showed that the development in time of the cation exchange 

phenomenon, as a consequence of the diffusive Calcium flux, is lower than 10 days 

and is much faster than those values that can be individuated taking into account the 
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only advective Calcium flux (i.e. tens of years). Moreover, even if the comparison 

with literature experimental results outlines that the model tends to overestimate the 

velocity of the cation exchange phenomenon, the results obtained with the 

mathematical model can be compared with the experimental data (Shackelford and 

Lee, 2003). In both cases the cation exchange phenomenon ends in some tens of 

days. 

Since the time required satisfy the typical long term landfill requirements is 50-70 

years, the results obtained underline the importance to develop innovative products 

able to maintain good hydraulic performance even in presence of multivalent 

electrolyte solutions. 

The chemical compatibility of sodium bentonite with calcium solution is only one of 

the issues concerning the long term performance of the material. The permeation of 

bentonite with organic compounds, characterized by very low value of dielectric 

constant, induces the aggregation of bentonite lameallae at the microscopic scale as 

well as the cation exchange phenomenon. Since in the last decade, new geosynthetic 

clay liner applications, requiring their use for hydrocarbon secondary containment to 

prevent subsoil dispersion of accidental oil spills through primary lining system 

(generally HDPE) from hydrocarbon storage tanks, have found growing interest, an 

experimental study was developed aimed at evaluating possible materials or 

techniques aimed at increase the hydrocarbon containment performances of 

bentonite. The results of the study, reported in chapter 4, show that the hydraulic 

performances of the partially pre-hydrated geosynthetic clay liner tested with diesel 

oil decreases as the initial water saturation decreases. In particular, when the initial 

water content of the geosynthetic clay liner is lower than 100%, the permeation with 

diesel oil induces the formation of cracks and macropores, that behave as 

preferential pathways for hydraulic flow and determine very high value of hydraulic 

conductivity to diesel oil.  

Moreover, the permeability of the polymer modified specimen to diesel oil resulted 

one order of magnitude lower than the value measured testing the dry GCL.  

Finally, during the development of the PhD, the possibility to use bentonite in 

bentonite-based barriers containing incinerator bottom ashes was evaluated for 

landfill capping purposes. The results of this study, reported in chapter 5, showed 
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that incinerator bottom ashes are made up of heterogeneous sand-like materials that 

present several physical and mechanical advantages, compared to natural filling 

materials, but are not characterized by a hydraulic conductivity sufficiently low to 

satisfy Italian standard requirements for landfill cover hydraulic barriers. The bottom 

ash-bentonite mixture (at 10% bentonite content by weight) showed a steady-state 

hydraulic conductivity of 8�10-10 m/s which was more than one order of magnitude 

lower than that required by Italian legislation concerning landfill covers. Moreover, 

as far as heavy metal release is concerned, the column leaching test suggested a 

positive effect, due to the heavy metal absorption on bentonite, which decreased the 

potential release of contaminants from bottom ash, but did not inhibit the bentonite 

swelling behaviour. 
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