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Pollution control represents one of the main problems of public interest in all 

industrialised countries. Nowadays, the widespread issue of urban waste disposal 

has highlighted the necessity of developing advanced technological solutions aimed 

at improving waste containment facilities, since the major component of the solid 

waste disposal system to this day is still the landfill, in almost every country. 

Since the 1970s, when the engineering of waste containment began, the overall 

objective of Environmental Geotechnics was to limit contaminant discharge to 

groundwater and subsoil (Benson, 2000). Initially, clay liners and clay caps were 

introduced to provide isolation of waste leachate from the subsoil (or the 

groundwater beneath), in the case of liners, or to guarantee long-term control of 

percolation into the waste, and thus control the generation of leachate, in the case of 

covers. 

Since the 1990s design engineers and environmental agencies have shown a growing 

interest in the use of geosynthetic clay liners (GCLs) as an alternative to compacted 

clays in cover systems or in bottom lining of waste containment facilities because 

they have very low hydraulic conductivity to water and relatively low cost (Bouazza, 

2002). 

GCLs contain a thin layer of sodium bentonite with a dry thickness between 5 and 

10 mm, sandwiched between two geotextiles or glued to a geomembrane, GM. The 



����


excellent hydraulic performances of GCLs have to be attributed to bentonite 

characteristics (Shackelford et al., 2000) and, since these last are greatly influenced 

by the chemical composition of the environment surrounding the barrier and by the 

state parameters, the performances of GCLs can be altered, and then worsened, by a 

simple variation of the chemical or physical boundary conditions. 

Aimed at solving this last issue, clay liners and GCLs have undergone great change 

during the last two decades, with new material being introduced (i.e. polymers) and 

new design methods being adopted (i.e. membrane behaviour investigation, 

contaminant diffusion estimation). These new technologies have been used in 

several applications for pollution control to offer higher levels of safety, to guarantee 

maintenance of excellent performances, even in the long term, and to reduce the 

overall cost of liner construction (i.e. cheaper raw material and more practical 

installation).  

The research project developed during the Ph.D. has been focused on bentonite 

barriers. The term “bentonite barriers” includes bentonite or bentonite-based barriers 

which find application both in urban waste landfill, hazardous or radioactive wastes 

final disposal and in hydrocarbon containment.  

The developed theoretical and experimental study has had the aim of evaluating the 

possible improvement of containment performance of the bentonite barriers, towards 

standard (i.e. de-ionized water, DW) and non standard liquids (i.e. sodium and 

calcium chloride solutions or diesel oil), acting on their state parameters, chemical 

composition, and boundary conditions at installation. 

The whole laboratory activity has been developed at Politecnico di Torino, in the 

laboratory of soil mechanics of the Department of Environment, Land and 

Infrastructure Engineering and in the Disaster Planning Laboratory of the 

Department of Structural, Geotechnical and Building Engineering, with an exception 

for the swell pressure tests, which have been performed at ISMGEO (Seriate, Milan, 

Italy). 






�(


The contents of this thesis cover the main topic analysed during the development of 

the 3-years Ph.D. research programme. A short summary is reported below: 


����������������� ���!��� ��"�

This chapter is an introduction to the topic of the research activity: the improvement 

of contaminant containment performances of the bentonite barrier. Chapter 1 gives a 

phenomenological and physical description of the mineralogical, chemical and 

physical properties of sodium and calcium bentonite. Moreover, the main features 

and issues concerning Geosynthetic Clay Liners, and bentonite barriers in general, 

are introduced. 





�������#� �� 
���� �$���� ���%��$��&�"� �%� ���'��(� ��) � ��(*$��+$�) % �)�

!����� ���!��� ��"�"'!,�&��)������*" &�(����+�����$ ���"�

The role of physical pre-treatments, such as pre-hydration, pre-consolidation and salt 

removal, applied to sodium and polymer modified bentonites, has been analyzed in 

the Paper reported in chapter 2, titled: “THE ROLE OF PHYSICAL 

PRETREATMENTS ON THE HYDRAULIC CONDUCTIVITY OF NATURAL 

AND POLYMER MODIFIED SODIUM BENTONITES”. Moreover, the effect of 

the presence or absence of needling across the bentonite layer has been studied.  

All these variables have been shown to influence the hydraulic performances of 

bentonite through hydraulic conductivity change in both short and long term 

conditions. Physical pre-treatments and polymer addiction, in fact, influence the 

swelling behaviour of bentonite and its response to the cation exchange 

phenomenon. 

�


�������-����"$�� &���)�".�(( �/�������� �"��%�!��� �� ���!��� ��"�

In the Paper included in this chapter, titled “COUPLED CHEMICAL-

HYDRAULIC-MECHANICAL BEHAVIOUR OF BENTONITES”, a theoretical 

approach has been proposed in order to derive constitutive equations which describe 

the coupled chemical-hydraulic-mechanical behaviour of bentonite barriers, with the 

aim to assess their long term performance. The phenomenological parameters that 

govern the transport of electrolyte solutions through bentonites, i.e. the hydraulic 



(


conductivity, the reflection coefficient, which is also called the chemico-osmotic 

efficiency coefficient, and the osmotic effective diffusion coefficient, have been 

measured through laboratory tests on a natural sodium bentonite The obtained 

results have been interpreted by assuming that the microscopic deviations of the 

pore solution state variables from their average values are negligible. In this way, it 

is possible to interpret the macroscopic behaviour on the basis of the physical and 

chemical properties of the bentonite mineralogical components. 

At the end of the chapter two further chemico-osmotic tests are described aimed at 

analysing (1) the osmotic behaviour of calcium bentonite and (2) the effects induced 

on osmotic behaviour by stress-strain properties. Moreover, the osmotic results are 

confronted with data from literature. 

Finally, the design of a new osmotic apparatus to measure both the swelling pressure 

and the reflection coefficient is proposed. This apparatus will be produced in the 

laboratories of ISMGEO (Seriate, Milan, Italy). 

�


������� 0� �� �*)��&��!��� &���� �$���� ���%��$��&�"� �% � ���'��(� ��)�

��(*$��+$�) % �)�!����� ���!��� ��"��

Background information on hydrocarbon behaviour in soils is reported in the first 

part of this chapter. In particular, the effects of capillary forces on the distribution of 

immiscible fluids in porous media and the theoretical aspects, regarding the 

formation of tactoids induced by the low dielectric constant that characterizes the 

most of hydrocarbon species, are studied. 

An experimental study is presented in the Paper titled “HYDRAULIC 

PERFORMANCE OF GCLS WITH DIESEL OIL AND POLYMER TREATMENT 

PROPOSAL”, which is aimed at evaluating the hydraulic performance of a needle-

punched GCL using both standard liquids (i.e. de-ionized water) and diesel oil in 

order to estimate the change in hydraulic conductivity and swelling ability upon 

contact or permeation with hydrocarbons. Moreover, the hydraulic conductivity to 

diesel oil of GCL samples saturated at different initial gravimetric water contents 

was investigated with the aim to analyse the effect of initial water saturation on 

hydrocarbon containment performances. Finally, the swelling and hydraulic 






(�


performances to diesel oil of an innovative material, obtained by mixing sodium 

bentonite with a polymer, were measured. 
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The research described in the Paper included in this chapter, titled “REUSE OF 

MSWI BOTTOM ASH MIXED WITH NATURAL SODIUM BENTONITE AS 

LANDFILL COVER MATERIAL” has the aim of evaluating the reuse of 

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

components. A chemical, hydraulic and mechanical characterization was performed 

on pure bottom ash (BA) samples from an incinerator in the North of Italy and on 

the BA-bentonite mixture. This study qualifies the BA-bentonite mixture as a 

suitable material for landfill cover in Italy. Moreover, owing to the low release of 

toxic compounds from BA, the proposed cover system does not affect the leachate 

quality in the landfill. 
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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 

transitional 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). 
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This chapter is an introduction to the topic of the research activity: the improvement 

of contaminant containment performances of the bentonite barriers. Chapter 1 gives 

a phenomenological and physical description of the mineralogical, chemical and 

physical properties of bentonite. Moreover, the results of a laboratory study 

regarding the difference in the swelling and mechanical behaviour of sodium and 

calcium bentonite are reported. Finally, the main features and the main issues 

concerning Geosynthetic Clay Liners and bentonite barriers in general are 

introduced. 
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Clay minerals consist of hydrous silicates or alumino silicates and their structure is 

composed by layers of silica and alumina sheets joined together. The crystalline 

structure and the microstructure are the main factors which influence the physical 

and chemical properties of clay minerals. 

Clay minerals can be divided into: kaolinites, illites, attapulgites, chlorites and 

smectites. Each one of these categories presents some differences in the crystalline 

structure and, for this reason, each one is characterized by different properties. 
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In general, as described by Luckham (1999), every clay mineral is constituted by 

two structural units:  

- the first one is the octahedral sheet, consisting of an octahedral structure in which 

aluminium, iron or magnesium atoms are equidistant from the oxygen atoms or the 

hydroxyls. 

- the second one is called tetrahedral sheet, consisting of a tetrahedral structure in 

which a silicon atom is equidistant from the oxygen atoms or the hydroxyls. 

Both networks are repeated indefinitely to form a sheet. 

Bentonite is a clay soil composed by at least 70% of montmorillonite, which belongs 

to smectite clay minerals, also called ‘three-layer minerals’ or 2:1 phyllosilicates. 

The main feature of this class is to be formed by a certain number of unit layers, 

consisting of the combination of an octahedral (alumina or magnesia) sheet and two 

tetrahedral (silica) sheets, one on each side, as shown in Fig. 1.1 and Fig. 1.2. The 

sheets are joined because they share oxygen atoms (covalent bonds). 
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The unit layers are pooled together face-to-face to form the crystal lattice. In this 

case they are held together by Van Der Waals forces (see Fig. 1.2). 

Clay minerals present a charge due to the isomorphous substitutions of lower charge 

species as Mg2+, Fe2+ or Mn2+ for Al3+ in the octahedral sheet, and to the substitution 

of Al3+ or Fe3+ for Si4+ in the tetrahedral sheet. In this way a charge deficiency is 

established and this deficiency determines a negative electric potential at the 
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surfaces of the particles, which is compensated by the cations contained in the pore 

solution. The ideal unit cell formula of montmorillonite is 

{ (OH)4Si8Al 3.44Mg0.66O20×nH2O
0.66-}  with a typical surface charge of 0.66 equivalent 

per unit cell. 

The cation exchange capacity, CEC, is defined as the total amount of cations 

necessary to compensate the negative clay charge and it’s expressed in 

milliequivalents per hundred grams of dry clay. A typical CEC value for 

montmorillonite is 80-100 meq/ 100g. 
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Montmorillonite crystals consist of parallel-aligned elementary alumino-silicate 

lamellae, which are approximately 10 Å thick and 1000-2000 Å in the lateral extent. 

The unit cell parameters are a = 5.17 Å and b = 8.95 Å, which correspond to a unit 

cell area of 92.5 Å2, or one unit charge per 140 Å2. The corresponding surface 

charge, s, is equal to 0.114 C·m-2. The total specific surface, S, available for water 

adsorption is approximately equal to 760 m2·g-1, assuming a solid density, r sk = 2.65 

g·cm-3. 
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Montmorillonite particles can be represented as infinitely extended platy particles. 

The half distance, b (m), between the montmorillonite particles can be estimated 

from the total porosity, n (-), or the void ratio, e = n/(1-n) (-). Norrish (1954) showed 

that bentonite can have a dispersed structure in which clay particles are present, as 

well separated units, or an aggregated structure that consists of packets of particles, 

or tactoids, within which several clay platelets or lamellae are in a parallel array, 

with a characteristic interparticle distance of 9 Å. 

The formation of tactoids has the net result of reducing the surface area of the 

montmorillonite, which then behaves like a much larger particle with the diffuse 

double layer only fully manifesting itself on the outside surfaces of the tactoids (see 

Fig. 1.3).  
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The formation of tactoids is due to internal flocculation of the clay platelets, and 

depends on the concentration and the valence of the ions in the soil solution. The 

number, Nl, of clay platelets or lamellae forming tactoids increases with an increase 

of the ion concentration and valence of cations in the soil solution. Unfortunately, 

the number of platelets in a tactoid cannot be predicted and has to be estimated from 
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macroscopic measurements of the transport parameters (e.g. hydraulic conductivity). 

A complicating factor is the non-uniform distribution of ions in mixed systems. For 

instance, in Na+-Ca2+ systems, the distribution of the ions is not random, but the 

charges within the tactoids are mainly neutralized by Ca2+ whereas those on the 

outer surfaces are substantially enriched in Na+ over Ca2+. 

The average half spacing, b, in dispersed clays may be estimated assuming a 

uniform distribution of the clay platelets in a parallel orientation, from the relation: 

S
e

b
skr

=                     (1.1) 

If the clay has an aggregated structure, only the external surface of the tactoids is in 

contact with the mobile fluid, therefore the void space within the platelets in the 

tactoids should be subtracted from the total void space to obtain the void space with 

reference to the conducting pores (see Fig. 1.3). If Nl is the number of platelets per 

tactoid, the external specific surface, S', and the internal specific surface, S'', are 

given by: 

lN
S

'S=                   (1.2a) 

S
N

)1N(
'SS''S

l

l -
=-=                 (1.2b) 

The average half spacing between the platelets in the tactoids, as determined by 

means of X-ray measurements, is b'' = 4.5 Å (Shainberg et al., 1971). The total void 

index, eT, of the bentonite is given by the sum of the void index inside the tactoid, 

e'', and the void index, e, of the conducting pores. The water in the tactoids can be 

considered part of the solid particles and is excluded from the transport mechanisms. 

The void index associated with the internal surfaces of the tactoid, e'', can be 

estimated as follows: 

''S''b''e skr=                     (1.3) 

where r sk = density of the solid particles (kg/m3). 
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The corrected half spacing, b, between the tactoids, in the case of an aggregate 

microstructure of bentonite, can be estimated from a similar equation to Eq.1.1: 

'S
e

b
skr

=                     (1.4) 

where e = eT - e0 = void ratio referring to the void space between the tactoids and S' 

= effective specific surface of the tactoids. 

When the number, Nl, of clay platelets in the tactoids increases, the external specific 

surface decreases and the half spacing, b, between the tactoids increases, even 

though the total void ratio remains constant and the void ratio referring to the pore 

volume available for the transport decreases. 

Guyonnet et al. (2005), through a comparison of the results of hydraulic 

conductivity tests and microscopic analyses of bentonite structure based on small 

angle X-ray scattering and transmission electron microscopy, showed that high 

values of the hydraulic conductivity are related to an aggregated structure (also 

called the hydrated-solid phase), while low values of the hydraulic conductivity are 

related to a dispersed structure (also called the gel phase). These experimental 

results can be explained by the increase in the average pore size, due to tactoid 

formation (see Fig. 1.3). 
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This paragraph summarizes the main results of a laboratory study, developed during 

the Ph.D. activity, aimed at analysing the influence of the microscopic scale 

structure of montmorillonite lamellae on the swelling and mechanical properties of 

bentonite. At the microscopic scale, two main and distinct montmorillonite 

structures can be distinguished: a dispersed structure of separated lamellae, typical 

of sodium bentonite, and an aggregated structure formed by packets of lamellae 

united in a parallel face-to-face array, called tactoids, which are typical of calcium 

bentonite. 
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In this paragraph the results of swell index tests, liquid limit determinations, 

swelling tests under isotropic conditions and loading/unloading tests under isotropic 

conditions performed on sodium and calcium bentonite are reported, with the aim to 

highlight the influence of microscopic scale structure (dispersed/aggregated) on 

macroscopic scale properties of bentonite, such are the swelling behaviour and the 

mechanical properties. 

�
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The powdered sodium bentonite used in the Ph.D. laboratory activity is an Indian 

sodium bentonite that is used for the production of a needle-punched GCL. The 

bentonite is characterized by a cation exchange capacity (CEC, measured using the 

methylene blue adsorption method) of 105 meq/100g. The mineralogical 

composition, evaluated through x-ray diffraction analysis, indicates a bentonite that 

is primarily composed of smectite (> 98%) with traces of calcite, quartz, mica and 

gypsum. More information on sodium bentonite is reported in the paragraph 2.4.1. 

Calcium bentonite has been obtained through an accelerated degradation of sodium 

bentonite that was promoted by the cation exchange of calcium for sodium. Sodium 

bentonite was kept in contact with a highly concentrated (1M) calcium chloride 

solution for a week. In this way, sodium bentonite exchanged sodium cations with 

calcium cations present in the equilibrium solution. Excess soluble calcium salts, 

contained in the exchanged calcium bentonite (due to the usage of a 1M CaCl2

solution as equilibrium solution), were successively removed by a series of 

hydration with de-ionized water and settlement cycles. Calcium bentonite was left to 

settle in de-ionized water and, when complete settlement was reached, excess water 

was removed and the material was hydrated once again. This procedure was stopped 

when the electrical conductivity of the equilibrium solution was less than 700 

mS/cm. 
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Swell index tests can estimate the volume change of bentonite after hydration 

(Katsumi et al., 2008). These tests can be used to obtain a qualitative measurement 

of the swelling behaviour of bentonite subjected to several electrolyte 
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concentrations. High swell index, SI, means high swelling performance of bentonite 

in equilibrium with a specific electrolyte solution at a specific molarity. 

Swell index tests (ASTM D5890) were performed on sodium and calcium bentonite 

regarding the equilibrium conditions with sodium chloride (2 mM, 5 mM, 10 mM, 

20 mM, 50 mM, 100 mM, 500 mM and 1 M solutions) and calcium chloride (2 mM, 

5 mM, 10 mM and 50 mM solutions), respectively. Moreover, swell index was 

measured with de-ionized water, DW, for both sample. 

More information on the testing solutions is reported in the paragraph 2.4.2. 

The swell index trend obtained for sodium and calcium bentonite is reported in 

Figure 1.4 as a function of the NaCl and CaCl2 concentration, respectively. 
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The swelling behaviour of the sodium bentonite (NaB) and calcium bentonite (CaB) 

shows turbid samples (‘T’ in the graph), which do not present a precise interface 

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

forms a stable suspension and it is not possible to evaluate a value of SI. As a 

consequence, a conventional value of SI of 100 mL/2g has been assigned to the 

turbid solutions (actually, without recognising how much the suspension is turbid). 
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Regarding sodium bentonite, the results presented in Fig. 1.4 highlight that the 

stability of bentonite suspensions decreases when the electrolyte concentration 

increases: the material behaves as a stable suspension for very low molarity values 

and for deionised water, while swelling behaviour is inhibited for a higher NaCl 

concentration than 0.5 M. Whereas if calcium bentonite is concerned, the swelling is 

substantially inhibited for every calcium chloride molarities, while the test 

performed with DW presents significant swelling behaviour. 

Atterberg Limits are water contents of soil that represent qualitatively the passage 

between two different states of aggregation. The liquid limit (LL), in particular, is 

the water content, in percent, of a soil at the boundary between the semi-liquid and 

plastic state. LL represents how much moisture a soil material can hold until 

reaching a liquid state.  

Under a qualitative point of view, LL value can be related to the external specific 

surface of montmorillonite particles, S¢, as described by Farrar and Coleman (1967).  

The term S¢ represents the surface of the clay soil external to the tactoid, referred to 

the volume of the solid particles. The external surface is able to absorb a significant 

amount of water, and, as a consequence, is responsible for the extent of the swelling 

behaviour during imbibition. Moreover, as reported in Equation 1.2(a), S¢, is a 

function of the microscopic structure of the montmorillonite particles, and, in 

particular, of the number of platelets per tactoid (Nl). When bentonite structure is 

dispersed (low Nl), as for sodium bentonite, the external specific surface will be 

high, while, when the bentonite lamellae are aggregated in large tactoids, as for 

calcium bentonite, S¢ will assume a low value.  

LL determination was performed by means of Casagrande’s device accordingly to 

ASTM 4318 (multipoint liquid limit method) on sodium and calcium bentonite 

hydrated with sodium chloride (10 mM and 500 mM solutions) and calcium chloride 

(50 mM solution), respectively. Moreover, the test was performed on both 

bentonites hydrated with DW. 

Table 1.1 shows the LL of sodium (NaB) and calcium (CaB) bentonite hydrated 

with the above electrolyte concentrations. 
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 Liquid limit, LL [%] 

 DW 10 mM 50 mM 500 mM 

sodium bentonite + 
NaCl solutions 

525 524 - 111 

calcium bentonite + 
CaCl2 solutions 

152 - 144 - 

The results show that LL decreases when bentonite is exposed to high molarities 

electrolyte solutions as a consequence of S¢ reduction, induced by the tactoid 

formation, which decreases the water adsorption capacity of montmorillonite at the 

microscopic scale. Moreover, the LL value of sodium bentonite with respect to the 

500 mM NaCl solution (LL = 111%) is considerably lower than the value measured 

for calcium bentonite with DW (LL = 152%). This result proves the higher value of 

swell index obtained for CaB with DW and low molarity CaCl2 solutions than that 

obtained for NaB with high molarity NaCl solution.  

In any case, LL values obtained for sodium bentonite are notably higher than those 

obtained for calcium bentonite at similar molarity values. 

Farrar and Coleman (1967) gave the following regression equation (with the 95% 

confidence limit in the brackets) between the surface area, S, and the liquid limit, 

LL, of several British clay soils: 

2S 14 1.48 LL  ( 33),    where [S] = m /g ; [LL] = % = - + × ±                       [1.5] 

The values of specific surface, S, found for calcium and sodium bentonite on the 

basis of the results of LL test using equation 1.5 are reported in Table 1.2. 
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 Specific surface, S (± 33)  [m2/g]  

 DW 10 mM 50 mM 500 mM 

sodium bentonite + 
NaCl solutions 

763 762 - 150 

calcium bentonite + 
CaCl2 solutions 

210 - 199 - 

The specific surface values obtained for sodium bentonite in Table 1.2 are within the 

typical value range 700-840 m2/g (Mitchell and Soga, 2005). 
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Swelling and loading/unloading/reloading tests under isotropic conditions were 

performed on powdered sodium and calcium bentonite using a flexible wall 

permeameter. Testing procedure, specimen preparation and test results are reported 

in this paragraph. 

The powdered bentonites were deposited loosely in a dry state in a steel mold inside 

the permeameter. The bulk dry density was approximately equal to the gravimetric 

density (1 g/cm3, typical of the dry bentonite contained in a geosynthetic clay liner). 

The flexible membrane inside the mold adhered to the specimen, so that, after 

removing the mold, the flexible wall permeameter was assembled completely 

without disturb the specimen, as reported in Fig. 1.5. 
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During swelling tests, the specimens were saturated with DW from both side (from 

top and bottom porous stone) with a constant effective confining stress, s¢, of 10 

kPa, under a constant back pressure, uBP, of 515 kPa. During the test, the bulk 

volume of the specimen was monitored every half hour during the day, while, during 

the night, the specimen was left to swell for approximately 12 hours.  
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The tests were stopped when the specimen volume ceased to increase. 

The results of the swelling tests under isotropic conditions performed on sodium and 

calcium bentonite are reported in Fig. 1.6 in term of volume strain, ev, as a function 

of the time, t, and in Fig. 1.7 in term of void ratio, e, as a function of the time, t. 






 !


�,2.$"
  �6
 )
 �"2�*,A"
 A+-.0"*$,&
 '*$�,%
 +#
 '+/,.0
 :�� �;
 �%/
 &�-&,.0
 :���;
 5"%*+%,*"
 �'
 �


#.%&*,+%
+#
*,0"
/.$,%2
,05,5,*,+%'
1,*3
/"�,+%,D"/
1�*"$�
���


�,2.$"
  �7
 )
 �+,/
$�*,+
+#
 '+/,.0
 :���;
 �%/
&�-&,.0
 :���;
5"%*+%,*"
 �'
 �
 #.%&*,+%
+#
 *,0"


/.$,%2
,05,5,*,+%'
1,*3
/"�,+%,D"/
1�*"$�
���


The sodium bentonite specimen (NaB) doubled its volume during the hydration 

phase with DW. The final volumetric strain of NaB, measured in correspondence to 

the asymptote, was equal to approximately 100%, while the void ratio increased 

from the initial value of 1.68 to the final value of 4.20, corresponding to the 

asymptote. The calcium bentonite specimen (CaB) substantially did not swell during 

imbibitions. The final volumetric strain of CaB was equal to 4% and the void ratio 

increased from 1.68 to 1.75 during hydration. 
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The specimen of sodium (NaB) and calcium (CaB) bentonite beforehand hydrated 

with de-ionized water, DW, for the swelling test (see paragraph 1.2.3.1) have been 

subjected to a loading/unloading test, without disassemble the flexible-wall 

permeater, with the aim to measure the average modulus of deformation under 

isotropic conditions during the loading phase and, after unloading, during the 
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reloading phase.During the test, the load was assigned to the specimen following the 

steps reported in Table 1.3 in terms of effective isotropic confining stress. The back 

pressure of the pore solution, consisting of DW, was maintained constant and equal 

to 515 kPa. 
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Effective isotropic confining stress, s¢ [kPa] 

Loading phase: 

10 

27.5 

70 

Unloading phase: 

70 

27.5 

10 

Reloading phase: 

10 

27.5 

70 

The results of the test performed on sodium and calcium bentonite are reported in 

Fig. 1.8 and in Fig. 1.9, respectively.Fig. 1.8 and Fig. 1.9 show the positive 

volumetric strain, during the loading and reloading phases, corresponded to 

bentonite consolidation, whereas the negative volumetric strain, during the 

unloading phase, corresponded to material swelling. The specimen deformation 

trend show an elasto-plastic behaviour, where the elastic deformation was regained 

during the unloading phase while the plastic deformation resulted unrecoverable. 

The deformation modulus, K, under isotropic conditions has been defined as: 

v v

p
K

¢ ¢D Ds
= =

De De
                   [1.6] 

where ve  is the volumetric strain and p¢is the isotropic tensor, which, under 

isotropic conditions as in the studied test, results equal to the confining stress, ¢s .  
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The deformation modulus of sodium and calcium bentonite were calculated using 

Eq. 1.6 and resulted, for sodium bentonite, equal to KCV = 1.0×103 kPa 

(corresponding to the virgin compression curve) and KCV = 1.4×103 kPa 

(corresponding to the reloading curve) and, for calcium bentonite, equal to KCV = 

3.3×103 kPa (corresponding to the virgin compression curve) and KCV = 4.3×103 kPa 

(corresponding to the reloading curve). 

The test highlights that the bentonite degradation induced by cation exchange 

phenomenon, although worsens the swelling performance of sodium bentonite, 

produces an increase in mechanical properties of the material. The aggregated 

structure, which characterized calcium bentonite at microscopic scale, determines 

the higher stiffness of the material and the lower compressibility. 

� �














































































































































































































































