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ИСПОЛЬЗОВАНИЕ ГЕОБЕНТОНИТОВЫХ ПОЛОТЕН 

ДЛЯ КОНТРОЛЯ ЗАГРЯЗНЕНИЯ 

М. Манассеро, А. Доминианни, Н. Гварена 

Политехнический университет Турина, Турин, Италия 

О   СТАТЬЕ  АННОТАЦИЯ 

Получена: 04 июля 2017 
Принята: 01 сентября 2017 
Опубликована: 15 декабря 2017 

 Осмотическая, гидравлическая и самовосстанавливающаяся эффективность 
барьеров на основе бентонита (например, геосинтетические глинистые вкладыши) 
для локализации загрязненных растворов регулируется как химико-физическими 
характеристиками, свойственными бентониту, такими как, например, плотность 
твердого тела (ρsk), общая удельная поверхностью (S) и общий фиксированный 
отрицательный электрический поверхностный заряд (σ), так и параметрами химико-
механического состояния, способными количественно определять плотность скеле-
та и структуру, т.е. общий (e) и nano (en) коэффициенты пористости, среднее коли-
чество пластин на агрегат (тактоид) (Nl, AV), эффективную концентрацию электриче-

ского фиксированного заряда  c 0( )sk,   и фракцию Штерна (fStern). В свою очередь, при 

рассмотрении только насыщенных активных глин параметры состояния, по-
видимому, контролируются историей эффективных напряжений (SH), ионной ва-
лентностью (νi) и взаимосвязанной последовательностью воздействия концентра-
ции солей в поровом растворе (cs). Создана теоретическая основа, дающая воз-
можность описывать химическое, гидравлическое и механическое поведение бенто-
нитов в случае одномерных полей деформаций и течения. В частности, 
представлены отношения, связывающие вышеупомянутое состояние и свойствен-
ные рассматриваемому бентониту параметры с его гидравлической проводимостью 

(k), эффективный коэффициент диффузии  ( ),*
sD  осмотический коэффициент () и 

давление набухания (usw) при различных последовательностях историй нагружения 
и концентраций растворенного вещества. Предлагаемая теоретическая гидро-
химико-механическая структура была подтверждена путем сопоставления ее про-
гнозов с некоторыми из имеющихся экспериментальных результатов по бентонитам 
(т.е. испытания на гидравлическую проводимость, испытаниями на набухание и 
тестами на осмотическую эффективность). 
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 The osmotic, hydraulic and self-healing efficiency of bentonite based barriers 
(e.g. geosynthetic clay liners) for containment of polluting solutes are governed both by the 
chemico-physical intrinsic parameters of the bentonite, i.e. the solid density (ρsk), the total 
specific surface (S), and the total fixed negative electric surface charge (σ), and by the 
chemico-mechanical state parameters able to quantify the solid skeleton density and fabric, 
i.e. the total (e) and nano (en) void ratio, the average number of platelets per tactoid (Nl, AV), 

the effective electric fixed-charge concentration  c 0( ),sk,   and the Stern fraction (fStern). In turn, 

looking at saturated active clays only, the state parameters seem to be controlled by the 
effective stress history (SH), ionic valence (νi) and related exposure sequence of salt 
concentrations in the pore solution (cs). A theoretical framework, able to describe chemical, 
hydraulic and mechanical behaviours of bentonites in the case of one-dimensional strain and 
flow fields, has been set up. In particular, the relationships, linking the aforementioned state 
and intrinsic parameters of a given bentonite with its hydraulic conductivity (k), effective 

diffusion coefficient  ( ),*
sD  osmotic coefficient () and swelling pressure (usw) under different 

stress-histories and solute concentration sequences, are presented. The proposed 
theoretical hydro-chemico-mechanical framework has been validated by comparison of its 
predictions with some of the available experimental results on bentonites (i.e. hydraulic 
conductivity tests, swelling pressure tests and osmotic efficiency tests). 
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Bentonite structure 

Bentonite is a clay soil that usually contains a significant percentage (e.g., ≥ 70 %) of the 

three-layered (2:1) clay mineral montmorillonite. Isomorphic substitution in montmorillonite 

usually results in the replacement of a portion of tetravalent silicon (Si
4+

) and trivalent alu-

minium (Al
3+

) in the crystalline structure with a divalent metal, such as magnesium (Mg
2+

), 

and this leads to a negative surface charge. The ideal unit cell formula of montmorillonite is: 

{(OH)4Si8Al3.44Mg0.66O20nH2O
0.66–

}, with an average surface charge of 0.66 equivalent per unit 

cell. Montmorillonite crystals consist of parallel-aligned, alumino-silicate lamellae, which are 

approximately 1 nm thick and 100–200 nm in the lateral extent. The unit cell parameters are 

0.517 nm and 0.895 nm, which correspond to a unit cell area of 0.925 nm
2
, or one unit charge per 

1.4 nm
2
. The corresponding surface charge, σ, is equal to 0.114 Cm

–2
. The total specific surface 

of a single platelet, S, available for water adsorption is approximately equal to 760 m
2
g

–1
, assum-

ing a solid density, ρsk, of 2.65 Mgm
–3

 or a specific gravity, Gs, of 2.65 (–). 

Montmorillonite particles can be represented as infinitely extended platy particles, also 

called platelets or lamellae. The half distance, b, between the montmorillonite particles can be 

estimated from the total void ratio, e. Norrish [1] showed that bentonite can have a dispersed 

structure or fabric 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 are 

in a parallel array, with a characteristic interparticle distance of 0.9 nm. 

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

nite, which then behaves like a much larger particle with the diffuse double layer only fully mani-

festing itself on the outside surfaces. The formation of tactoids is due to internal flocculation of 

the clay platelets, and mainly depends on the concentration and the valence of the ions in the soil 

solution and, to a lesser extent, on the effective isotropic stress history or, in turn, on the total 
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void ratio, e. The average number of clay platelets or lamellae forming tactoids, Nl, AV, increases 

with an increase in the ion concentration and valence of cations in the soil solution, whereas there 

is not apparent unique trend in Nl, AV versus the micro void ratio, em, for a given concentration. 

Unfortunately, the average number of platelets per tactoid is a very difficult parameter to be ex-

perimentally assessed by both direct (e.g. Nuclear Magnetic Resonance, X-ray Diffraction, Small 

Angle X-ray Spectrometry, Transmission Electron Microscopy) and indirect methods (e.g. Hy-

draulic Conductivity, Swelling, Osmosis, Anion Available Pore Volume); therefore, the possibil-

ity to link, for a given bentonite, the latter parameter to the total void ratio, e, and to the salt con-

centration of the equilibrium solution, cs, can be considered a really important step forward to en-

hance the bentonite barriers design, as shown in the following of this paper. 

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

form distribution of the clay platelets in a parallel orientation (Dominijanni and Manassero) [2] 

from the relation: 

 .
sk

e
b

S



 (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 micro-void space, em, with reference to the conducting pores 

(Dominijanni and Manassero) [2]. If Nl, AV is the average number of platelets per tactoid, the external 

or effective specific surface, Seff, and the internal specific surface, Sn, are given by: 

 
, 

,eff

l AV

S
S

N
  (2a) 

 
, 

, 

( 1)
.

l AV

n eff

l AV

N
S S S S

N


    (2b) 

The average half spacing between the platelets in the tactoid, bn, as determined by means of 

X-ray measurements, can vary between 0.2 nm and 0.5 nm (Shainberg et al.) [3]. The total void 

ratio, e, of the bentonite is given by the sum of the void ratio inside the tactoid representing the 

nano or non-conductive pores (nm size), en, and the void ratio representing the micro or conduc-

tive pores (m size), em. The water inside the tactoids together with the water of the Stern Layer 

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

Therefore, if dd is the thickness of the Stern Layer consisting of hydrated cations wrapping 

the external surface of the tactoid, dStern, divided by the average half spacing between the platelets 

in the tactoid, bn, the void ratio associated with the internal surfaces of the tactoid, en, can be es-

timated as follows: 

 
, 

( ),d
n n sk n

l AV

S d
e b S

N


    (3) 

where sk = density of the solid particles. The corrected half spacing, bm, between the tac-

toids, in the case of an aggregate microstructure of bentonite, can be estimated from an equa-

tion similar to Eq.1, or: 

 ,m
m

sk eff

e
b

S



 (4) 

where em = e  en = void ratio representing the void space between the tactoids. 
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For a given total void ratio, e, when dd > 1 and the number of clay platelets in the tactoids, Nl,AV, 

increases, the external specific surface decreases and the void ratio, em, representing the pore volume 

available for the solute and solvent transport, increases. In contrast, em decreases when dd < 1 and, 

as in the previous case, Nl, AV increases and the external specific surface decreases. 

Guyonnet et al. [4], through a comparison of the results of hydraulic conductivity tests and mi-

croscopic analyses of bentonite structure based on small angle X-ray scattering and transmission elec-

tron microscopy, showed that high values of the hydraulic conductivity are related to an aggregated 

fabric (also called the hydrated-solid phase), while low values of the hydraulic conductivity are re-

lated to a dispersed fabric (also called the gel phase). These experimental results can be explained by the 

increase in the average micro-pore size, due to tactoid formation as discussed subsequently in this paper. 

State parameters 

Referring to the conceptual scheme and the possible evolutions of the bentonite fabric previ-

ously described, other state parameters can be derived from the basic average number of platelets 

per tactoid, Nl, AV. Equation (2a) gives the effective specific surface, Seff, based on the single plate-

let specific surface, S (= 760 m
2
g

–1
), and the basic state parameter Nl, AV. Moreover, another use-

ful state parameter can be directly derived from the latter through the following equation (see also 

Dominijanni et al.) [5]: 

 , 0

(1 )
= ,Stern

sk sk eff

f
c S

F

 
   (5) 

where: , 0skc  = effective fixed charge concentration of the solid skeleton relative to the solid vol-

ume (molm
–3

); fStern = fraction of electric charge compensated by the cations specifically ad-

sorbed in the Stern Layer ranging between 0.70 and 0.95 (–), and F = Faraday’s constant 

(= 96.485 Cmol
–1

). The proposed state parameters can be influenced primarily by the concentra-

tion of ions in the pore solution and by the void ratio, related in turn to the effective isotropic 

component of the stress history of the considered bentonite. 

Once the family of chemical state parameters describing the bentonite fabric at the nano and 

micro scale have been defined, a parallel development can be drawn with some aspects of the 

well known elasto-plastic-work-hardening models within the traditional soil mechanics (e.g. the 

Cam Clay model) that are capable of simulating the mechanical behaviour of soils on the basis of 

a series of intrinsic and state parameters as reported in table 1. 

Table 1 

Intrinsic and state parameters for mechanical and chemical models 

Fields Actions Intrinsic parameters State parameters 

Mechanical Shear stress:  sk, cv e, p',  

Chemical Ion concentration: cs S,  Nl, AV, Seff, , 0 ,skc  fStern, dStern 

 

Notes: p' = isotropic effective stress component;  = dilatancy angle; cv = friction angle at the critical state. 
 

As shown in Dominijanni and Manassero [2, 6], the framework that includes the aforementioned 

chemical parameters is able to link the coupled transport phenomena of water and ions by imposing 

the chemical equilibrium between the bulk electrolyte solutions and the internal micro-pore solution 

at the macroscopic scale level, through the Donnan, Navier – Stokes and Nernst-Planck equations. 

Moreover, also some specific aspects of the mechanical behaviour can be modelled and coupled with 
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the chemical and transport behaviour by taking into account the different types of intergranular ac-

tions, beyond the solid contact stress and the bulk pore pressure (Terzaghi) [7], such as electro-

magnetic attraction/repulsion and osmotic swelling/suction forces (Mitchell and Soga) [8]. 

In principle, and similar to the evolution of the basic Cam Clay model by Alonso et al. [9] 

through the UPC model for unsaturated soil, the intrinsic and state parameters listed in Table 1 

and the related framework can extend the basic theoretical approaches to include the mechanical 

behaviour that is related to the fabric of the active fine grained soils under fully saturated condi-

tions, taking into account not only actions such as the stress history and the related void ratio, but 

also the ion species and the concentration changes in the pore fluids. 

In the following discussion, the developed framework is applied to interpret some experi-

mental results from the literature and from the authors’ own laboratory testing, showing how the 

framework provides insight into the physico-chemico mechanisms that determine the observed 

macro-scale behaviour of active clays. 

Validation of the solute transport and swelling Model 

In order to implement an accurate validation of the proposed theoretical framework, Domini-

janni and Manassero [10], Dominijanni et al. [11], and Manassero and Dominijanni [12] proposed 

a model obtained by upscaling the modified Navier-Stokes equation and the Nernst-Plank equa-

tions and using the Donnan equations to impose the chemical equilibrium between the bulk elec-

trolyte solutions and the internal micro-pore solution. The proposed model provided a satisfactory 

interpretation of the experimental results of Malusis and Shackelford [13, 14], Malusis et al. [15] 

and Dominijanni et al. [5] in terms of osmotic efficiency, , of two bentonites (see tables 2 and 3 

and figure 1) tested with solutions characterized by salt (KCl, NaCl) concentrations up to a 

maximum of cs = 100 mM. The experimental data are in good agreement with the linear relation-

ship, predicted by the theoretical model, relating the restrictive tortuosity factor, τr, to the osmotic 

efficiency coefficient, , as follows: 

 1 ,r    (6) 

where τr represents the ratio between the osmotic effective diffusion coefficient, * ,D  that is measured 

during an osmotic test (Malusis et al. [16]; Malusis and Shackelford [14]; Dominijanni et al. [5]) and 

the effective salt diffusion coefficient,   
 , that is obtained by extrapolating the value of *D  at  = 0. 

 

Table 2 

Physical and chemical intrinsic properties of the considered bentonites 

 

Dominijanni et al. [4], 

Puma et al. [21] 

and Boffa et al. [22] 

Malusis and 

Shackelford 

[13, 14] 

Seiphoori [27] 

and Manca [24] 

Mazzieri 

et al. 

[25, 26] 

Di Emidio 

[23] 

Liquid limit, LL (%) 525 478 420 530 650 

Plasticity index, PI (%) – 439 355 480 600 

Specific gravity, Gs (-) 2.65 2.43 2.74 2.65 2.66 

Principal minerals (%): 

montmorillonite 

quartz 

other 

 

98 

– 

– 

 

71 

15 

7 

 

85 

4 

11 

 

90 

– 

– 

 

95 

– 

– 

Cation exchange capacity, 

CEC (meq/100g) 

105 47.7 74.0 94.5 44.5 
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Table 3 

Range of physical and state parameters of the bentonites in contact 

with deionized water and NaCl, KCl and CaCl2 solutions 

 

Dominijanni et al. [4], 

Puma et al. [21] and 

Boffa et al. [22] 

Malusis and 

Shackelford 

[13, 14] 

Seiphoori 

[27] and 

Manca [24] 

Mazzieri 

et al. 

[25, 26] 

Di Emidio 

[23] 

Dominijanni et al. [4], 

Puma et al. [21] 

and Boffa et al. [22] 

Hydraulic 

Conductivity, k (m/s) 

6.0010
–12

 

1.2010
–10 1.6310

–11
 

1.010
–14 

1.010
–13

 

1.610
–11 

2.210
–8

 
6.510

–11
 6.4210

–12
 

Steric Tortuosity 

Factor, m (–) 

0.30 

0.36 
0.14 0.20 

0.30 

0.50 
0.35 0.35 

Total Void Ratio, 

etot (–) 

0.60 

4.50 
3.76 

0.53 

1.20 

2.15 

5.40 
5.13 2.55 

Micro Void Ratio, 

em (–) 

0.10 

2.99 
2.56 

0.05 

0.38 

1.23 

4.35 
3.6 1.13 

Effective Diffusion 

Coefficient,   
  (m

2
/s) 

5.010
–10

 2.710
–10

 – – – – 

Osmotic Efficiency, 

 (–) 

0.00 

0.68 
0.35 – – – – 

Effective Specific 

Surface, Seff (m
2
/g) 

24.14 

216.71 
164.40 

36.18 

92.15 

6.09 

121.81 
159.65 129.94 

Average Number 

of Platelets per 

Tactoid, Nl, AV (–) 

3.5 

31.5 
3.6 

5.7 

14.5 

4.3 

85.9 
5.0 6.2 

Stern Coefficient, 

fStern (–) 

0.80 

0.90 
0.90 0.70 0.85 0.80 0,9 

Fixed Charge Concen-

tration, 
, 0skc  (M) 

0.008 

0.076 
0.046 

0.035 

0.089 

0.003 

0.059 
0.100 0.041 

 

Fig. 1. Restrictive tortuosity factor versus chemico-osmotic efficiency 

coefficient with the theoretical linear relation 

Also, the evaluation of the osmotic swelling pressure theoretically calculated on these sam-

ples by the use of the same input parameters, referring in particular to Nl, AV, Seff, , 0 ,skc  was in 

very good agreement with the related experimental results (see Manassero et al. [17]). However, 
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the range of salt concentrations, cs, investigated within the experimental tests previously noted, 

was not sufficient to induce any significant variation in bentonite fabric and, therefore, the values 

of the defined fabric state parameters (Nl, AV, Seff and , 0skc ). 

For this reason, a more general and reliable validation of the proposed theoretical framework 

for modelling the bentonite hydro-chemico-mechanical behaviour requires consideration of other 

experimental results, such as both the hydraulic conductivity and the swelling pressure, using ion 

concentrations higher than 200 mM and, possibly, ≥ 1000 mM. In the case of the higher ion con-

centrations, the fabric of the bentonites undergoes major changes due to flocculation phenomenon 

under low confining stress (high void ratio), resulting in a significant increase in the average 

number of platelets per tactoid and a correspondent decrease in the effective specific surface and 

fixed charge concentration of the solid skeleton, as summarized in table 4. 

Table 4 

Ranges of variation of monovalent ion equivalent concentrations 

that influence the main performance parameters of bentonites 

Main performance parameters 
of bentonite barriers 

Ranges of monovalent 
ion concentration, cs [mM] 

Notes 

Osmotic efficiency,  0–100 
No fabric variation. 

For cs higher than 100 mM  = 0 

Swelling pressure, usw 0–200 
Small fabric variation. 
For cs around 200 mM usw = 0 

Hydraulic conductivity, k 200–5000 
Significant fabric variation 
and significant k increments 

Steric tortuosity factor, m 200–5000 
Significant fabric variation 

and significant m increments 
 

A series of hydraulic conductivity, swelling and oedometer tests performed on different ben-

tonites by different authors (see table 2, 3) have been analysed to validate the proposed general 

framework. The comparison of experimental and theoretical results consists of the following steps: 

– Referring to a first series of hydraulic conductivity tests on different bentonites and per-

meant solutions, an assessment of the effective specific surface, Seff, has been performed using 

the following equation (Kozeny [18]; Carman [19]; Dominijanni et al. [5]): 

 
3

2
.

3 (1 ) ( ) ( )

m m w

m w ev sk eff

e
k

e S

 


    
 (7) 

Neglecting as a first approximation the electro-viscosity coefficient, ev, the definitions of the 

remaining undefined terms are: τm = matrix or steric tortuosity factor (≤ 1) that takes into account the 

tortuous nature of the actual permeant pathways through the porous medium due to the geometry of 

the interconnected pores, w = water viscosity coefficient, and γw = water unit weight. 

– The evaluation of the average number of platelets per tactoid, Nl, AV, and , 0skc  has been car-

ried out via Eqs. 2a and 5, respectively, and the assessment of the theoretical results in terms of 

swelling pressure, usw, has been obtained as follows (from Dominijanni et al. [5]): 

 

2

, 0
2 1 1 ,

2

sk

sw s

m s

c
u RTc

e c

 
 

    
  
 

 (8) 

where R is the ideal gas constant and T is the absolute temperature (K). The comparisons of the latter 

with the experimental swelling test results for the same bentonite samples are plotted in figure 2. 
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– An additional assessment of the reliability of the proposed theoretical model, with refer-

ence to Eq. 8, is shown in figure 3, where all the swelling and oedometer test results in terms of 

swelling pressure of the samples permeated or hydrated with deionized water or low concentra-

tion solutions (cs ≤ 10 mM) are shown together with the obtained theoretical trend. 
 

     

Fig. 2. Experimental versus theoretical 

swelling pressure using input state parameters 

from hydraulic conductivity tests 

Fig. 3. Swelling pressure versus micro-void ratio 

for samples tested with deionized water 

and solutions with monovalent ion 

equivalent concentration cs ≤ 10 mM 
 

Finally, all the available bentonite samples, in contact with both deionized water and different 

chemical solutions, have been considered for the assessment of the basic state parameter, Nl, AV, 

throughout the experimental hydraulic conductivity and swelling pressure measurements. This pa-

rameter is uniquely linked with the other two electro-fabric state parameters (i.e. Seff, , 0skc ) and, 

moreover, provides, as previously illustrated, a satisfactory prediction of chemico-osmotic, hydrau-

lic and swelling/shrinking behaviours of bentonites. The obtained Nl, AV values have been plotted 

versus the micro-void ratio, em, in fig. 4 and 5, with fig. 5 simply being the enlargement of the ver-

tical axis close to the origin of fig. 4. 

In order to relate Nl, AV to em and cs, the following phenomenological equation has been proposed: 

 , , 0

0 0

1 1 exp ,s s
l AV l AV m

m

c c
N N e

e c c

    
           

    
 (9) 

where c0 represents the reference concentration (= 1 M), Nl, AV0 is the ideal average minimum 

number of lamellae per tactoid when cs = 0 and em → ∞;  , , 0m l AV l AVe N N     for cs = 0 

is a coefficient relating Nl, AV and em when cs = 0 and β is a constriction degree coefficient of the 

platelets. The parameters Nl, AV0 and β are both depending on bentonite type, pre-treatments 

(e.g. removal of soluble salts, consolidation), hydration and chemicals exposure sequence. 

The micro-void ratio em in Eq. 9 can be derived from the total void ratio through the follow-

ing equation: 
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Fig. 4. Average number of platelets per tactoid (Nl, AV) versus micro void ratio (em) 

based on values from the interpretation of hydraulic conductivity, osmotic and swelling tests 

(Fitting parameters: Nl, AV0 = 4.79, α = 0.91, β = 42.45; coefficient of determination, R
2
 = 0.89) 

 

Fig. 5. Enlargement of Fig. 4 for the range 0 < Nl, AV < 20 

Inserting Eq. 10 into Eq. 9 the number of lamellae per tactoid is related to the total void ratio 

and the salt concentration through a cubic equation, which can be solved analytically or numeri-

cally for given values of the parameters Nl, AV0, α, β, S, ρsk, bn and dd. 

All the available experimental data, previously mentioned, were regressed by imposing 

Nl, AV0 = 4.79, α = 0.91 and β = 42.45 (coefficient of determination, R
2
 = 0.89). 
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                                          a                                                                              b 

Fig. 6. 3D image of the Fabric State Surface (а); planar section traces 

of the Fabric State Surface (b) 
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It is now interesting to observe the regression results, in terms of average number of lamellae 

per tactoid, obtained from the interpretation of the aforementioned hydraulic conductivity and 

swelling tests. The average number of lamellae per tactoid plotted versus the micro void ratio 

(i.e. the inter-tactoids void ratio) in particular shows, as expected, a very interesting trend. In fact, 

for any given electrolyte concentration (apart from the unique case of deionized water), an initial 

decrease in Nl, AV to a minimum value is followed by a continuous increasing trend with corre-

sponding increase in the micro-void ratio. 

More specifically, the ideal line, which represents the minimum loci of the aforementioned 

function at the different ion concentrations, cs, of the solutions in contact with the bentonite ver-

sus em may represent a separation locus between flocculating and dispersive behaviour of the 

considered bentonites, in a similar way to the case of unsaturated soils where swelling and shrink-

ing behaviours are dependent on the degree of saturation (or suction) versus the confining stress 

and related void ratio (Alonso et al. [9]). 

Some 3D views of the proposed Fabric State Surface in the domain defined by the number of 

lamellae per tactoid, Nl, AV, the micro-void ratio, em, and the electrolyte concentration, cs, are reported 

in Figure 6, together with the profiles defined by planar sections orthogonal to the main axes. 

Application of the proposed model to the geosynthetic clay Liners (GCLs) 

An additional validation of the proposed model has been performed referring to the experi-

mental results provided by Petrov and Rowe [20] on a needle punched geosynthetic clay liner. 

The authors conducted hydraulic conductivity tests after a pre-hydration with distilled water. 

The tests covered a wide range of effective confining stresses (from 3.4 to 114 kPa) and concen-

trations of the permeant NaCl solutions (from 0.01 to 2.0 M), thus providing a sizeable range of 

data available for calibration. The intrinsic properties and state parameters of the GCL tested by 

Petrov and Rowe [20] are reported in Table 5. Incidentally, it has to be noted that, for this set of 

data, the interpretation via the same model parameters adjusted for natural bentonites may be in-

correct conceptually, because of the potential impact resulting from the presence of the needle-

punched fibres, which is expected to cause higher values of hydraulic conductivity due to the 

formation of preferential flow pathways along the fibres of the needling treatment when the GCL 

is permeated with solutions having a high salt concentration (Puma et al. [21]). 
 

Table 5 

Intrinsic properties and state parameters of the GCL tested 

by Petrov and Rowe [20] in contact with NaCl solutions 

Physical and Chemical Intrinsic Properties Range of Physical and State Parameters 

Montmorillonite Content, (%) 91 Hydraulic Conductivity, k (m/s) 
4.8·10

–12
 

2.9·10
–9

 

Specific Gravity, Gs (–) 2.61 Total Void Ratio, etot (–) 
1.60 

4.89 

Total Specific Surface, S (m
2
/g) 750 Micro Void Ratio, em (–) 

0.65 

3.82 

Cation Exchange Capacity, CEC (meq/100g) 85.8 Effective Specific Surface, Seff (m2/g) 
16.17 

123.08 

  Number of Platelets per Tactoid, Nl, AV (–) 
6.1 

46.4 

  Fixed Charge Concentration, , 0skс
 (M) 

0.007 

0.057 
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In Figure 7 a, b and c, the ordinary least squares has been applied for the data regression 

which results in Nl, AV0 = 1.56, α = 8.82, β = 10.01, and a high coefficient of determination has 

been obtained (R
2
 = 0.9384) as shown in Figure 8. These results highlight the reliability of 

the proposed equation of the Fabric State Surface, and its ability to simulate the coupled chemico-

mechanical behaviour of active clays, once the fabric parameters have been properly assessed re-

ferring to the specific bentonite and related GCL to be modelled. 

 

 

 

       
                                            а                                                                                     b 

 
c 

Fig. 7. Calibration of the parameters that define the Fabric State Surface 

on the experimental results given by Petrov and Rowe [20] 

(Nl, AV0 = 1.56, α = 8.82, β = 10.01): (a) Nl, AV vs em; (b) Nl, AV vs cs; (c) Nl, AV vs cs 
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Fig. 8. Experimental versus theoretical average number of lamellae 

per tactoid Nl, AV, using the hydraulic conductivity data provided 

by Petrov and Rowe [20] and the related calibration of the fabric parameters 

Conclusions 

A series of chemico-fabric state parameters (i.e. effective specific surface, Seff, average num-

ber of platelets per tactoid, Nl,AV, and solid skeleton electric fixed charge concentration,       ) 

were defined to predict the chemico-osmotic, hydraulic, and swelling behaviour of bentonites 

currently used within typical geosynthetic clay liners (GCLs). Moreover, a theoretical model was 

presented, based on the state parameters listed over, and its capability to predict the main per-

formances of bentonite barriers for pollutant control was assessed. The comparison of the theo-

retical results versus the experimental ones was very good. 

Furthermore, plotting the average number of platelets per tactoid, Nl, AV, versus the mi-

cro-void ratio, em (i.e. the pore volume of the inter-tactoids), for different ion concentrations 

of the pore solutions, an interesting trend was observed. In fact, for any given ion concentra-

tion of the solution in contact with the bentonite (apart from deionized water), the value of Nl, AV, 

after an initial decrease and a minimum value, shows a continuous increasing trend with increase 

in the micro-void ratio. 

A theoretical function has been proposed to relate the number of lamellae per tactoid with 

the micro-void ratio and the salt concentration. This function represents the state boundary sur-

face of the chemical-mechanical coupled model. The ideal line, that represents the minimum loci 

of the aforementioned function at the different ion concentrations, cs, of the solutions in contact 

with the bentonite versus em may represent a separation line between swelling and shrinking be-

haviours of the considered bentonites, similar to the case of unsaturated soils where the expand-

ing and collapsible behaviours are dependent on the degree of saturation or suction versus the 

confining stress and/or void ratio (see Alonso et al. [9]). 

However, further experimental studies must be implemented in order to corroborate the 

aforementioned theoretical framework. Nevertheless, some very interesting and useful knowledge 

can already be modelled in a reliable way and practically exploited for prediction and assessment 

of the performance of bentonite barriers with particular reference to geosynthetic clay liners 

(GCLs) for pollutant containment. 
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