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On the fabric and state parameters of active clays for contaminant control

Parameétres d’état et concernant le tissu des argiles actives pour le contréle des contaminants

Mario Manassero
Department of Structural, Geotechnical and Building Engineering, Politecnico di Torino, Italy, mario.manassero@polito.it

ABSTRACT: The osmotic, hydraulic and self-healing efficiencipearitonite-based barriers for the containment of subsoil potfuta

is governed not only by the intrinsic chemico-physical parameters of the bentonite, i.e. the solid phaséeniséytotal specific
surface § and the fixed negative electric surface charg¢ lfut also by the chemico-mechanical state parameters that are able to
quantify the bulk density and the fabric or texture of the solid skeleton, such as thegx)iamd(nano &, void ratio, the average
number of platelets damellae per tactoidNjav), the effective solid electric charge concentratiay,() and the Stern layer with

reference to its thicknessier) and fraction £{szr). In turn, the state parameters seerbg@ontrolled by the effective stress history
(SH), the ionic electrochemical valencs) @nd the related exposure sequence of the different salt concentrajionghe pore
solution. A theoretical framework has been set up that is able to describe the chemical, hydraulic and mechanical behavior of
bentonites in the case of one-dimensionalrstiad flow fields. In particular, thelationships between the aforementionatiesand
intrinsic parameters of a given benterwith its hydraulic conductivity4), effective diffusion coefficient"s), chemico-osmotic
efficiency coefficient (J and osmotic swelling pressurg under different stress-histories asalute concentration sequences, are
dealt with. The proposed theoretical hydr@etico-mechanical framework has been validated through a comparison with both the
direct measurements of the arrangement of bentonite fabric, through adwémcedr Magnetic Resonance (NMR), X-ray
diffraction, Small Angle X-ray Spectromgt{SAXS) and Transmission Electron Micropgo(TEM) tests, with have recently
become available in the speczad literature, and through inditeassessments, by the intetpt®n of experimental resulfsom
hydraulic conductivity, osmotic swelling pressure, osmotic efficiency, and anion available porosity tests.

RESUME: L'efficacité osmotique, hydraulique et auto-cicatrisdesebarriéres a base de beiteopour le confinement des padints

du sous-sol est non seulement régie par les paramétres chimiagupbyisitrinséques de la bentonite, tels que la densigeplate
solide ( R, la surface spécifique total&)(et la charge de surfafize électrique négative i, mais aussi par les parametres d’'état
chimico-mécaniques, capables d’identifier la densité apparente et le tissu ou la texture du squelette solideintiteqgigevides

a I'échelle micro é») et nano &), le nombre moyen de pladtes ou lamelles par tactoid&/v), la concentration effective de la
charge électrique du solid&(, ) et la couche de Stern par rapport & son épaisslu) et & sa fractionféer). A leur tour, les

parameétres d'état semblent étre o@lgs par I'histoire desontraintes efficaces (SH), la valence ionique €t la séquence
d'exposition des différentes concentrations de sgldans la solution interstitielle. Ucadre théorique, capable de décrire le
comportement chimique, hydraulique et mécanique des bentonitesedeas des déformations unidimensionnelles et des champs
d'écoulement, a été mis en place. En particulier, on va présenter les relations entre les parameétres d'état mentiosretdes-dessu
paramétres intrinséques d'une bentonite, et sa conductivité hydradjigsen(coefficient ddiffusion effectif (0”3, son coefficient
d’efficacité osmotique g et sa pression de gonflemendd, sous différentes histoires des caiites et séquences de concentration
en soluté. Le cadre hydro-chimico-mécanique théorique proposé a été validé par comparaison avec les mesures directes de
'arrangement du tissu de lantenite par la résonance magnétique nucléaiem@e (RMN), la diffraton des rayons X, la
spectrométrie des rayons X de petit an@AXS) et la microscopie électronique lansmission (TEM), récemment disponibles
dans la littérature spécialisést,par une évaluation indirecte en ajustant les résultats expérimeettaiconductivité hydulique,

de la pression de gonflement, de I'efficacitotque et de porosité disponible pour I'anion.

KEYWORDS: smectite fabric, chemo-hydro-mecitahbehaviour, constitutiviews, geosynthetic clay liner, nuclear waste disposal

bentonites, manmade compactetural and/or amended clays
1 INTRODUCTION and natural shales, for their possible use as engineered barriers

for waste containment systemsdéor as host rocks of geologic
Environmental Geotechnics deals with a large variety of repositories for High Level Ramfictive Waste (HLRW) (Andra,
applications, such as the chaeaization of polluted sites and 2005; Delay et al., 2007; Altmann, 2008; Guyonnet et al., 2009;
landfill waste, the design afontainment systems for subsoil Bock et al., 2010; SKB, 2011; Altmann et al., 2012; Shackelford
pollutant control, radioactive waste disposal, geo-energyand Moore, 2013).
exploitation and bacteria-drivesoil modification,among others. Thanks to their very proniisg performances (under certain
Nevertheless, the design oflibsoil pollutant containment conditions), low volume needs, iy sustainable environmental
systems and the risk assessment associated with groundwatghpacts, high flexibity and low costs, industrially produced
contamination from clay linedandfills or the release of sodium bentonites seem topresent the most favourable
contaminants from canisters containing nuclear waste can benaterial for subsoil pollutant control since they are currently and
considered among the leading streams of Environmentakfrequently used within both theanufactured geosynthetic clay
Geotechnics activities from botfundamental research and liners (GCLs) for landfill lining and capping systems and as a
related practical applications. buffer material around canisge hosting HLRW within

Many public institutions and private companies, worldwide, underground repositories at grafepth. Nevertheless, sodium
are currently investigating and assessing clayey media, such as
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bentonite is considered a higtdgnsitive material since its long- traditional techniques such &gdraulic conductivity, osmotic
term performance is influenced to a great extent by severabwelling pressure, osmotic efficiency, and anion available pore
factors including physical, chemical and mechanical intrinsic andvolume tests, some of which haveen conducted originally. For
state parameters involving sack electrical charge, solid the sake of simplicity, in the following of the paper the two
skeleton fabric and related dbivolumes and ionic strength of groups of aforementioned experimal techniques are indicated
pore fluids. as “direct methods” and “indict methods”, respectively.

When bentonite is employed filting material within GCLs,
its working conditions usually implies low to medium values in 2 BENTONITE COMPONENTS AND FABRIC
terms of both density (void raticg = 2 to 5) and effective
confining stress (= 10 kPa to 1000 kPa). Within these ranges Bentonite is a clayey soil thatsually contains a significant
of the typical physical and meghical state parameters, both percentage (e.g.>60%) of the high swelling smectite clay mineral,
hydraulic conductivity £ and diffusivity (©°9 can play typically montmorillonite, witha 2:1 clay mineral structure
significant roles in terms of pollant transport. Moreover, other comprising two tetrahedral sheets of silica that sandwich a
factors, such as the coupled fasxof solvents and solutes, can central octahedral sheet of alumina (TOT). A more detailed
greatly influence the barrier performance (Mitchell and Soga,description of the nature of the mineralogy and fabric of
2005). bentonite follows.

In contrast, the conditions thgenerally exist at great depths
where HLRW repositories are located, include very high 2.1 Smectite lamellae
densities (i.e.e= 0.2 to 1.0) and effective confining stres¥€

i ; The formula of ideal smectite unit cell s
1000 kPa to 10000 kPa). Under taesnditions, bentonite-based . 066 < .
barriers (e.g. buffers aroundanisters hosting HLRW) are XOH)4SigAl 3.44Mgo.66020 HH20' . where nis the number of

characterized by negligible tyaulic conductivites, the ability leo intedr_lgyerefd betv;/](_eendthel (fTOT)lla%ers. Howefvc_er, smechtite
to self-heal when fractured, and water and solute mass fluxe& V\t/)ay_s i ersf gt?rg t AI;S?’J'eah or_rlr_1ua ec;';\uge ° I(jS%Tborp Ic
dominated by molecular diffusion on time-scales (Leroy et al., su +st|tut|0n 0 g y In the silica tetrahedra an Y
2006). Fe?* and/or l\/_I@ in the_ octahedral layer of_the crystal lattice.
Within the previous consideians, the objectives of the MOSt Of the isomorphic substitans occur in the gft_ahedral
present paper are: 1) to identify and quantify the physical,(g'_bbs'te) sheet, whereas the subsptutlon 6f By A" in the o
chemical and mechanical, intrinsic and state parameters tha@“.Ca tetrahedra appears to be limited to less than about 15%.
govern the performances (i.e. hydraulic conductivity, diffusivity, lrlm (1962)| r)otets) th%tﬁthe SUbSt't.Ut'onhS in the sme_zctlteil lattice
osmotic efficiency and osmotic swelling pressure) of bentonites?Ways result in about@b net negative charge per unit cell.
when used as barriers for pollutant control; 2) to link the , Smectite crystals are organized in terms of parallel-aligned
aforementioned parameters within a theoretical model obtained'umino-silicate lamellae, whicare approximately 1 nm thick

by upscaling the modified Navi&tokes and the Nernst-Planck and 100-200 nm in the Iatera_l emteThe unit cell parameters are
equations and by using the Donnan integration and the .517 nm and 0.895 nm, which correspond to a unit cell area of

imposition of the chemical equilibrium between the bulk 0-925 nM, or one unit charge per 1.4 AnThe corresponding
electrolyte solution and the internal micro-pore solution; (3) to surface chargg,l/ls equal to 0'.114 & ° The total spe_cmc_
illustrate the use of the model to simulate the coupled fluxes offUrface of a single plateles, available for water adsorption is
ions and water and the influence, on bentonite stress-straifPProximately equal to 76079 *, assuming a solid densityd
behaviour, of the external actioinserms of both effective stress, of 2.65 Mg * corresponding to a specific gravity of solids,

pore pressure and electrolyte concentration variations through gf 2.65 (). . s

modified effective stress principle (Terzaghi, 1936), and last but Smectite particles can be represented as infinitely extended

not least, (4) to establish alagonship withinthe 3D domain platy particles, a's‘“?‘"ed platelets or lamellae. Norrish (1954.) .
linking eiectrolyte concentrationad, void ratio @ and the showed that bentonite can have a dispersed structure or fabric in

average number of lamellae per tactol.4,) with the latter ~ Which clay particles are presems well separated units, or an
being a newly introduced fundamental state parameter able t 99@9&‘6?’ structure that consists of pacl_<ets of particles, or
describe and quantify the fabric or texture or structure of actoids, within which several cigjatelets are in a parallel array,
bentonite. with a characteristic interparticle distance of about 0.9 nm
The model is potentially able to simulate bentonite (Figure 1).

performances in terms of clagbric, throughout the average
number of platelets olamellae per tactoid/V,av, hydraulic
conductivity, &, effective diffusion coefficient,D’s osmotic  The formation of tactoids has the net result of reducing the
efficiency, Z osmotic swelling pressuress once the intrinsic  surface area of the montmorillonite, which then behaves as a
input parameters, i.ehe solid phase density(k the fixed — much larger particle with the diffuse double layer fully
negative electric surface chargi‘and the total specific surface, manifesting itself on only the outside surfaces. The formation of
S, have been introduced and tmput state parameters, i.e. the tactoids is due to internal flocculation of the clay platelets, and
Stern’s layer thicknessiseers and the related fraction coefficient, depends primarily on the condeation and the valence of the
fStem the average half distance between the platelets in the taCtOifbns in the salt solution and, to a lesser extent, on the effective

2 .2 Tactoid formation and bentonite fabric

bn, the electrolyte concentration in the external solutmnthe isotropic stress history or, in turn, the total void ratoThe
ions electrochemical valencs, and the void ratiog have been  average number of clay platelets or lamellae forming tactoids,
assessed and/or imposed. N,av, increases with an increase in the ion concentration and

Lastly, the proposed model has been validated though the/alence of cations in the salt solution. However, experimental
comparison with the measurents of bentonite fabric  evidence indicates no apparent unique trentin versus the
arrangement by advanced teajugs such as Nuclear Magnetic total void ratioefor a given concentration.

Resonance (NMR), X-ray difiction, Small Angle X-ray Referring to the parallel platiarray scheme (figure 1a), the
Spectrometry (SAXS) and Transmission Electron Microscopy average half distancé, in perfectly dispersed bentonites, may

(TEM), that were recently made available within the specializedpe estimated (Dominijanni and Manassero, 2012b) from the
literature. Moreover, further comparisons have been carried oufollowing relation:

through the assessment of bentonite fabric arrangement by the
theoretical interpretation of experimental results from more
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Us )
If the clay has an aggregated fabric or structure (Figure 1b)'.'| --------------- > f======--=------- >4 Cstern
then only the external surfacetbk tactoids can be assumedto -=—=-------------- t o2 g
interact with the mobile portion difie pore fluid and related ions —————————— T TACTOIDIN/ 3 I 2bm
in solution. T [ I
Therefore, if\,av is the average number of platelets per tactoid, I < 1Y
the external or effective specific surfacgs and the internal  __ _____________ . H ______________ g
specific surfaceS, are given as follows: = S— CLAY PLATELET 2y 9A
I —— ) e ———— )
S S (2a) T T T
N (a) Dispersed Structure (b) Aggregated Structure
Figure 1. Microscopic structure of clay soils containing
montmorillonite as the main mineralogical component. The structure can
S S S (NAAV l)s (2b) be dispersed (a), if the lamellae of montmorillonite (or clay platelets) are
" /V,,AV present as individual units, or aggated (b), if the lamellae are

condensed to form the so-called tactoids. Symbals; B number of

clay platelets per tactoidy,b= half distance of the conducting poress=b

half distance of the intra-tactofbres containing immobile watersg,

= thickness of hydrated cations layerapping the external tactoid
dsun‘ace.

Considering the previous sahe, with reference to the
effective volume of the condunty pores (Dominijanni et. al.,
2017), the thickness of the Stern laye¥ser ranging between
1.2 nm and 2.0 nm and consisting of the first row of hydrate
cations in direct contact witthe negatively charged surface of
the solid particles, can bek&n into account. The hydrated . . .
cations of the Stern layer are characterized by a significantly For a given total void ratioz whengs > 1 and the number of
reduced mobility (Tournassat et al., 2009; Muurinen et al_'2013;clay_platelets in the tactoidsV,av, Increases, the (_axternal
Shackelford and Moore, 2013; Tinnacher et al., 2016) and,SpeC'f'C surface depreases and the void ratiarepresenting the
therefore, can be considered as a part of the solid phase with gore volume available for the solute and solvent transport,
consequent restriction of the end void space dectly involved Incréases. In contraséy decreases whed < 1 and, asin the
by the solvent and solute fluxes. previous caselM.av increases and the external specific surface

Based on the previous assumptions and considerations, thgecreases. .
void space within the platelets of the tactoids, together with the G“yof‘”e‘ etal. (.2905)' through a comparison of the results of
thickness of the hydrated cations in the Stern layer surroundin ydraulic - conductivity tests nal microscopic analyses of

the external surface of the tactpshould be subtracted from the Pentonite structure based onalmngle X-ray scattering and
total void spaceg to obtain the micro-void spacer, where transmission electron microscqpshowed that high hydraulic

almost the entire solute and solvent flow takes place. conductivity () is related to an aggregated fabric (also called the

The average half distance between the platelets in the tactoi 'ydr_ated-solld phase), whereas ldws relat_ed to a dispersed
by, as determined by means of X-ray measurements, can va bric (also called the gel phas&hese experimental results can

between 0.2 nm and 0.5 nm (Shainberg et al., 1971; Laird, 2006); e explgmed by _the Increase in the average MIcro-pore size, due

In summary, it is possible to assume that the total void ratio, to tactoid formation as discusssubsequently in this paper.

of the bentonite is given by the sum of the void ratio inside the

tactoid, &, representing the nano or non-conductive pores (hm3 CHEMICO-MECHANICAL EQUILIBRIUM

size), plus the volume occupied by the thickness of the Stern ~ CONDITIONS

layers, and the void ratio representing the micro or conductive . . . A . .

pores (An size),e» The water inside the tactoids and the Stern An f%‘“a'ys.'s of chemlco-mechanlca}ll equilibrium conditions IS

layer can be considered as a portion of the solid particles and igrowde_d in order to separate partition effects, due to ?'eCt.“C

excluded from any transport mechanisms. interactions between the ions in solutions and montmc_)rlllonlte
Therefore, the void ratio associated with the internal surfacesp.art'des' from transport mechanisms, related to the motion of the

of the tactoid and the hydrated cations of the Stern layeran different components of the porolution. For the sake of
; . simplicity, reference is made to the case of a pore solution
be estimated as follows: L ; i - "
containing a single saltposisting of a cation (e.g. Nar C&*)
. and a common anion (e.g. classumed to be completely
S7q, dissociated:
) ®3)
/V/,Al/

e

b U

( Cation } ( Anion) . ( Cationt) &, ( Anior’)

where (@ z) and (@ z) are the stoichiometric coefficient
gnd the electrochemical keace of the cation (inde®) and the
anion (indexa), respectively.

The ionic concentrations; (7 = a, ¢) in the bulk solution are
related to the salt concentratiam, as follows:

G ch (5)

where: diy is the thickness of the Stern layer consisting of
hydrated cations wrapping thetesnal surface of the tactoid
(dserr), divided by the average half distance between the platelet
in the tactoid ). Finally, the half distance, between the tactoids,
in the case of an aggregate rogtructure of bentonite, can be
estimated from an equation similar to Eq.1, or:

e
b, — (4)
YeSer

3.1  Equilibrium conditions and partition effect

where:en (= e @) is the void ratio representing the void space |f a porous medium is placed @ontact with an external bulk
between the tactoids. solution, equilibrium is achieved after a sufficiently long time.
At equilibrium and in the absence of partition mechanisms, the
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ion concentrations and the hydraulic pressure of the pore solution .
are equal to the ion concentrations and the hydraulic pressureof v 3 v 3 (8)
the external bulk solution. In contrast, in the presence of partition
mechanisms, this equality does watur and a discontinuity in _ 8 F .
ion concentrations and hydraulic pressure between the external ¢; G eéxp~ Z——<
bulk solution and the pore solution occurs. © RT 1
In bentonites, the primary partition mechanism is the _
electrostatic mechanism. At the macroscopic scale, this effect where < ) ) isthe Donnan potential representing the
can be taken into account via Donnan’s equations that define theharacteristic electric potential of the solid skeleton.
equilibrium conditions between the pore solution of a charged An ion partition coefficient,* (-), can also be conveniently
porous medium and an exterre@éctrolyte solution. Donnan’s  introduced as follows:
equations establish the equglibf the macroscopic electro-
chemical potentials between tb@mponents of the pore solution
and the components of the external bulk solution, as follows:

9)

4 e)(,o§ z,-i< ' (10)
c © RT 1

R Ry (6a)
In order to close the system, the following equation,
¢ FCli=ac (6b) expressing the electro-neutrality condition within the pore
solution, is required:
where A, = chemical potential of water in the pore solution

(N ™mmol?l), A,= chemical potential of water in the external | 7T Coro (11)
(i e
bulk solution (Nim mol?), and "chz electro-chemical potential m
of the i-th ion in the pore solution (K ol?), A= electro- where Z.'sk_,o: effective solid charge concentration of solid
chemical potential of the i-th ion in the external bulk solution SKeleton within pore solution (molAn
(N ok In the case of a solution caiing a (1:1) electrolyte (e.qg.

Also, the following definitions of the electro-chemical NaCl or KCI), the fon partition coefficients are given by

potentials, valid for dilute solutions, can be used to determine the
relations between the pressure and the ion concentrations of the

external bulk solution and the pore solution (Katchalsky and PR 1 —[ (12)
Curran, 1965): 2
1
B B —(w 3) -
v g, where: [ Csko
1 — (78) Enfs
R OH, =@ 3)
Cw The coefficient % t 1 describes the accumulation of the
~° ,59 RTin(c;) ZzZF) cations within bentonite pores, whereasl 3; d1 describes the
A B _ (7b) exclusion of the anions. Whett = % = 1, bentonite does not
R RTIN(G) zF) generate a partition of the ions and has no selective capability.

When %=0and % o f the membrane is “ideal” or “perfect”,
where % ®r b = w,a,c) = constants of integration in the such that the passage of the salt is completely restricted.

external and the pore solution respectivelyiffnoll); G,,c,, The term C4,p can be estimated on the basis of an idealised

= water concentration in the external and the pore solutionmodel for bentonite fabric. Bentite can display a hierarchy of
structures that are referred as lamellae at the finest level, tactoids
or quasi-crystals or particles #te microscopic level, micro-
solution respectively (Pa);G ,¢; = concentration of the i-thion  aggregate or cluster at the mesoscopic level and macro-

in the external and the pore solution respectively (nfj/m aggregates or peds on the macroscopic scale. & (evt0° m/s)

5 _ . _ . _is compatible only with the absence of micro and macro
J.) = electric potential in the external and the pore solution aggregates. If the tactoids are assumed to be formed by packets

respectively;tyl/ = fluid pressure in the external and the pore

Nions of parallel lamellae (platelets) such that the only mobile fraction
respectively (V); 3 RT | ¢ = osmotic pressure in the ofthe pore solution is that located in the inter-tactoids pore space,

i1 while the pore solution within thedsids is considered as part

_ Nions of the solid phase, therCg, can be estimated as follows
external solution (Pa);3  RT : G = osmotic pressure inthe o iniianni and Manassero, @8, 2012a, 2012b; Dominijanni
i1 etal., 2013):

pore solution (Pa)R = universal gas constant (8.31Mdl* K-
1); T = absolute temperature (K); afdl= Faraday’s constant _ (1 fserm) V ok "Sorr
(96,485 C/mol). Cskp (13)

F
Assuming that £ 7 (for b = w,a,c) and noting that the

partition mechanism, based on the electrostatic interaction where, for ease of reading, the following definitions and
between the solid particles and the molecules in the poreelated units are repeatefken = fraction of electric charge
solutions, acts only on the ion species and not on the electroeompensated by the cations specifically adsorbed in the Stern
neutral water molecules, such thaj, ¢,, Egs. 7a,b can be layer (-), V= electric surface charge of lamellae (&/mésk =

expressed as follows:
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density of solid phase (gAn S« = effective specific surface of A
tactoids (r/g). \

Kl

3.2 Osmotic swelling pressure

Under the assumption of elastic behaviour of the solid skeleton 4
(no free energy dissipation dng the deformation processes)
and very small area of the imtctoid contacts in comparison
with the total area of a generic cross section of the soil (Skempton,
1961), the inter-tactoid stress che defined directly at the
macroscopic scale without VYiag to employ an upscaling
procedure, such that the inter-granular or effective strsir Usw
bentonite can be exmsed as follows in the case of electrically
charged soil surface that is in contact with a single electrolyte
solution (Dominijanni and Manassero, 2008):

V Vi Vu (3 3) (14)
USW I I
where: A
[§2 a o Figure 2. Mechanical model of charged porous medium.
u, 2RTg |- 1 ¢ (15)» . , : I ,
o 1 « % In bentonite characterized by a very high void ratio, as in the

case of bentonite suspensions, a lack of contacts between solid

C . _ particles can be assumed such that effective stresses can be
The termus, which is a function ofc;, ,, c-anden through considered nil. Such an assumption has been made, for instance,

Egs. 8 and 12, represents the osmotic swelling pressure. by Bolt (1956) and is equivalent to assumingl’ O or
When the salt concentration increases, the osmotic swelling

pressure decreases up to negligible values. Thus, higher values”

of osmotic swelling pressure are associated with higher values of AS far as Terzaghi's effective stress principle for soils is
— concerned, a simple modificati is sufficient to model the

Cotuo- . ) ) mechanical behaviour of a charged porous medium, such as
At low salt concentrations, the osmotic swelling pressure pentonite. In fact, the osmotic swelling pressure can be taken into

tends to the theoretical maximum value, given as:account by a second effect representing the interaction of

Uy, RT Cyp,/€, repulsive forces by the solid piales at the microscopic scale.

Taking the oedometric condifis into consideration and From Figure 2 and Eq. 14 it is apparent that equilibrium with

based on the previous assumpticara] more specifically at the external forces can also be reached in the absence of the spring

volumetric rigidity under the externattions of the tactoids (i.e. ~representing the intergranular contacts.

de=0), the micro void ratiogn, of the surface charged soil is An interesting development related to Eq. 16 can be obtained

related to the effective stresses as follows: by a differentiation and formulation as follows:
E'm emp av( l 0) (16) d , av dH u Us” ~ i‘m ‘(L7)
Eno 1 g,

where:a= bentonite compressibiliyf intergranular contacts

(Pa’); emo = void ratio at a reference state (-); abtj = where #represents the volumetric strain.
effective stress at a reference sttt Pa). Using Egs. 14 and 15 The development of the stressmponent differentiations
the void ratio is related, not only to the apparent effective stresgjives:
V(= V u) but also to the chemical composition and ion
concentration of the pore solution through the osmotic swelling AV ou w) d u) au, de, ay, v (18)
pressures = de, as
High salt concentration and substitution of di-valent for
mono-valent cations result in a reduction of the osmotic swelling and, therefore, the micro void ratio variatiastg,, can be
pressure and a consequent increase of the effective stress. SugRpressed as a function oktfierzaghi effective stresd/=( V-
an increase in effective stress results in compression of bentonitg,) the osmotic swelling pressutes, the salt concentratios
i.e. a reduction of the void ratio, a process referred t0 asand the effective charge concentration on the solid skeleton,
“chemical consolidation” bKaczmarek antHueckel (1998).
However local increase of effective stress at the microscopic
scale can promote aggregatiof montmorillonite lamellae, 24
causing the formation of thicker tactoids. The increase in the , ds
number of lamellae per tactbéletermines a reduction & and ae arv-u) 7> 3 (19)

Cyy o OF

S
a possible increase of intergranwantact resulting in a decrease Y
of the compressibilitya. Such modifications of bentonite fabric .
. ; . where:
result, at the macroscopic scale, in an enhance of mechanical
characteristics, as rigidity arsthear strength, and a degradation
. . . . . . 2
of barrier properties (i.e. an increage This last effect is of 206 /8 7
particular concern forrevironmental applications. 1 <6n 2o 1
1 , das ;Y ZRT¢
[..§2 1’ chfk'g
20 51
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An interesting observation is thiairther integration of Eq.19 whereg = volumetric solution flux (fm?s?), &= salt mass
represents the fundamental RabBtate Surface (FSS) of the flux (molm?s?), and 3= (@ @R Te= virtual osmotic pressure
chemico-mechanical behaviourtbke bentonite (Figures 3a,b,c), (N/m?). In Egs. 20 and 21, there are three phenomenological
since the result links the external salt concentratiothe micro  coefficients viz.: (1)R ois the specific hydraulic conductivity
void ratio, e» and the average number of lamellae per tactoid, m#§1N1), (2) Zis the local chemico-osmotic efficiency
Niav, which is inversely proportional t@,, ,which, in turn, is  coefficient (-), and (3)20is the local salt permeability &s).
directly linked to tle Faraday constang and to the intrinsic ~ The state variables are the virtual hydraulic pressuyrand the
parameters including the total surface fixed charge concentratiowjrtual salt concentratiorgs, which represent the pressure and the

Ithe total specific surface of the basic lamellgand the solid salt concentration of a virtual ®xnal bulk solution that is
phase densityls of the bentonite. assumed to be in thermodynamic equilibrium with the pore

Moreover, the remaining inputase parameters to be taken solution in correspondence to a given volume element of the
into account, i.e. the average hdigtance between two platelets porous medium. Virtual variables can be used to avoid the
in the tactoid n(ranging from 0.8 to 1.0 nm), the Stern fraction, introduction of any physical assumption on the formulation of
fstem(ranging from 0.75 to 0.95) and the thicknessn(ranging flux equations. At the boundarigfge virtual solution coincides
from 1.2 to 2.0 nm) are characterized by a narrow range ofwith the real bulk solution in contact with the porous medium.
variation that can be assedsand used without significant Therefore, the steady-state solutions of Egs. 20 and 21 can be
reliability problems fo current predictions. In contrast, in the expressed using the pressure and the salt concentration of the
case of interpretation of experintal results these parameters bulk solutions in contact witthe bentonite barrier as boundary
can be used to optimise thendl calibration of the model conditions.
parameters. Also the phenomenological coefficieno Zoand Poare

The range of validity of Eq. 1@ representing the FSS of the unspecified functions of the salt concentratiag, and the
bentonite is limited to microvoid size and related distances hydraulic pressurey(or the void raticgy).
between tactoids that are significantly greater than the nano void  The specific hydraulic conductivity can be expressed in terms

size and related distances between the platelets of the samsf the more common local hydraulic conductiviky, as follows:
tactoid. This limitation occurs because, when the dispersed

platelets reach the dial distance corresponding to the van der k

Waals attraction overcoming thelectrostatic npulsion, e.qg. Ry —=2 (22)
under exceptionally high confimj effective stresses, tactoid 4

formation occurs also in presence of very low electrolyte

concentrations such as deiorizagater (i.e. a solution having a where J is the water unit weight (Nfn

null salt concentrationgs 0) and this phenomenon is not taken Based on this approach, alethhenomenologitaoefficients

into account by Eq. 19. Thus, the consequent changevefrsus can be measured by means siitable tests, without any

N,av trend, i.e. the increase in the number of lamellae per tactoicassumption about their relation to physical properties of the

wheneandecreases up @ = g cannot be represented by Eq. 19. bentonite barrier. However, trexperimental determination of
Moreover, note that appropriate boundary conditions havethese parameters is particularly difficult due to their dependency

been used for getting the best fit, by integration of Eq. 19, of theon the salt concentration.

leading group of experimental rdsuthat will be subsequently By linearizing the flux equéns (Egs. 20 and 21) an

illustrated. The obtained FSS is shown in Figures 3a,b,c analytical solution at steady-ttaconditions can be obtained as
Unfortunately, the integration of the Eq. 19 is complex and follows:

cannot be solved in a closefrm. Therefore, as shown

subsequently, an approximatmlution has been formulated kK 'u '3§ .
(Figures 3d,e,f) in order to facilitate an efficient use of the q E e Té z 1 (23)
proposed model, particularly, witkspect to the aforementioned

change in the trend @, versusi,av at extremely high effective ) .

confining stresses and correspondjngtry small total void ratio J Q@ )QMM (24)
(Figure 3d). ° exp(Rs) 1

4 COUPLED FLUXES AND TRANSPORT where

In the case of the most general approach to model the coupled (1 20L

fluxes in porous media, invoking the phenomenological Py —— (25)
equations, based on the Thermodynamics of Irreversible R

Processes, is convenient gi€¢halsky and Curran, 1965;

Yaroshchuk, 1995; Manasseemd Dominijanni, 2003). The and L is the length of the barriets; ¢" represent the salt
primary advantage of this approach is to avoid any specificationconcentrations of the external bulk solutions in contact with the
of physical properties of theembrane, maintaining the model parrier at the boundaries antt; ‘3 are the differences in

to be as general as possibleirgssuch a formalism, Spiegler hydraulic and osmotic pressure across the porous medium.

and . Kedem (1966) derived the foIIowing. equatior)s. for a " |n Eqs. 23-25, the global coefficients Z andP are average
semipermeable membrane perneeaby a solution containing a  yalues of the local ones, or:

single salt (e.g. NaCl, KCI or Caf}l

1* .19 N
du  d3§ : k — k ox" —3# &6)
R — ; 20 L "C, ..
q v dx o dX@ o 31( ) 0 s
ac, Z 1 dx zl—s Sodg # Z (27,
Jo4 o Jae B—: o (21) L, e, 0 °
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P % P a —L3pa, ©8) 3 -

] ”

where ‘c, ¢,

In order to obtain an understiing of the physical meaning

C.

2

D; M(l L‘Q a)[)OSDOa

(34)
a[)OcQ CDO aQ

Note thatwhenC,, 0 0, Zo 0 suchthatthe flux Egs. 23
and 24 reduce to the expressionshef basic advective-diffusive

of the phenomenological coefficients, although limiting the transport theory.

generality of the approach, Binijanni and Manassero (2005),

Dominijanni et al. (2006), Manassero and Dominijanni (2010) 4.1 Preliminary comparison of experimental and theoretical

and Manassero et al. (201gjoposed a model obtained by
upscaling the modified Naviert&kes equation and the Nernst-

results

Planck equations and using tBennan’s equations to express The first part of the proposetheoretical model previously

the relations between real awmiitual variables. The proposed

described has been validated usinfiyst series of experimental

model provides an interpretation of the experimental results off€sults reported in Malusis and Shackelford (2002a,b), Malusis

Malusis and Shackelford (20023 Malusis et al. (2013),
Dominijanni et al. (2013) and Shackelford et al. (2016).

et al. (2013), Dominijanni et al. (2013) and Shackelford et al.
(2016). The experimental results were obtained by carrying out

Based on the theoretical and experimental findings, thebasically two kinds of tests, viz. 1) osmotic swelling pressure

following observations were made.

First, the hydraulic conductivity,ke corresponding to
relatively low values of the salt concentratiodl@® M), is
dependent on the salt concetibm due to the electroviscous
effect and can be expressed as follows:

W, 1

o %
(S ) e, ) PO

ko

n_ &
31 e,

where W= matrix tortuosity factor ¢ 1) that takes into

tests and 2) chemico-osmoticffdsive tests, and by using
bentonites from two different GCLs, whose basic characteristics
are reported in Table 1. Potassium chloride (KCI) solutions at
different concentrations weread by Malusis and Shackelford
(2002a,b), Malusis et al. (2013) and Shackelford et al. (2016),
whereas, Dominijanni et al. (20133ed a sodium chloride (NaCl)
as the salt.

The osmotic swelling pressure tests, that were carried out by
Dominijanni et al. (2013), used an apparatus consisting of a
stainless steel oedometer cell, a NaCl solution supply tank placed
above a pressure panel board, a displacement transducer

account the tortuous nature of the actual migration pathways<onnected to the cell top pistomhich is used to measure the
through the porous medium due to the geometry of theaxial strains of the specimen, a load cell, and a data acquisition

interconnected pores an@= electro-viscous coefficient, which
is related to the boundary salt concentratiangs"and the fixed
charge concentratiorg,,, . The W for bentonites can be

system. The sample is confined by a rigid cell, which allows
access to the water through both porous stones. The cell is
connected to a pressure panel board that allows the specimen to
be back-pressured. The rigid pistabove the upper porous stone

estimated, as a first approximation, to a range on the order of 0.5 connected to the load cell, ish measures the pressure that

to 0.3 (see Kato et al., 1995; Ichika et al., 2004; Bourg et al.,
2006)

Moreover, if the electro-viscous effect is neglected, the

has to be applied in order to hinder the axial strain of the
specimen.
The test procedure requires a known amount of dry material

electro-viscous coefficient can be considered almost equal to théo be dusted inside the oedometag, the cell to be assembled,

viscous coefficient of waterf, and, as a first approximation,
ko, Kt costtcan be assumed.

Second, the chemico-osmotic efficiencyy for a (1:1)
electrolyte (e.g. Na Cl or KCbhan be expressed as follows:

z1 -z z (2 1) /n~M<(30)
4 2 g

s~m

where

Z 1 20 e/t T2 1 22e T, BD) -

tc [)0 c

D. D

Oc Oa

32

and/is the cation transport number Bqcis the cation free-
solution diffusion coefficient (Ats), andDpais the anion free-
solution diffusion coefficient (fs).

Third, the salt permeability can be expressed as follows:

AN

JnD; @D, (33)

where: D) is the global effective osmotic diffusion
coefficient and pD; is the effective diffusion coefficient of the
salt (n¥/s), given by:

and a NaCl solution to be supplied. The specimen, which is
characterized by an initial dry height of 5 mm, is allowed to swell
to 10 mm. The piston is then blocked, the sample is back-
pressurized, and the steady-state swelling pressure is recorded
after a short transitional phase. Since the bentonite that is initially
dusted. inside the oedometer iy,dthe pressure increases for a
number of days during the hydration phase, andshen the steady-
state swelling pressure is reached when hydfation has been
completed.

The chemico-osmotic diffusive test apparatus used in all the
aforementioned studies to measure the salt permeaBlifalso
defined, in the related literatyras the product of global osmotic
effective diffusion coefficient,D"; times the porosity/s) is
described in detail in Malusis et al. (2001).

Table 1. Selected physical and chemical basic properties for GCLs
bentonites tested by Malusis anda8kelford (2002a,b), Dominijanni et
al. (2013) and Shackelford et al. (2016)

Type Bentomat  GeobentXP
Liquid Limit, LL (%) 478 525
Plasticity Index, PI (%) 439 -
Specific Gravity, G 2.43-2.68 2.65
Principal Minerals (%):

montmorillonite 71 98
mixed-layer illite/smectite 7 -
quartz 15 -
other 7 -
Cation Exchange Capacity, CEC

(meq/1009) 47.7 105
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The main components of the apparatus are the osmotic celthe external solutiongs increases and the osmotic efficiency,
the flow pump system and the pressure transducer, which is usedrp 0.
to measure the differential pressure that develops across the
specimen during the test. Table 2. Properties of GCLs bentonites derived from the interpretation of

The cell consists of a modified rigid-wall permeameter, in Malusis and Shackelford (2002a,b) (a), Dominijanni et al. (2013) (b) and
which the top piston and the battigoedestal are equipped with  Shackelford et al. (2016) (a)

three ports each, with two ports enabling the different solutions (@) (b)
to circulate through the top (e.g. NaCl or KCI solution) and _ . 9.0010%

through the bottom (e.g. deionized water) porous stones, with theHydraulic Conductivity, k (m/s) —"<a7 01 8.0010™
aim of establishing a constant concentration gradient across thqgorosity’ ne) 0.79 0.81
specimen. The third port is installed in both the top piston and~, ;g Ratio, € (-) 3.76 1.06

the bpttom pedestal to allow the differential pressure across theEffective Diffusion Coefficient, 01,5107
specimen to be measured. Th@xflpump system, which consists (n?/s) 27101
of a dual-carriage syringe pump and two stainless steel 8
accumulators (actuators), pret@m@any volumetric flux through Thickness, L (mm) 10 17
the specimen by simultaneously injecting into and withdrawing x id skeleton electi

from the porous stones the same volume of solution. In order to verage solld ske'eton electric 0.033
obtain this result, the syringes haweedisplace the liquids across charge concentrationz, , (M) 0.015
the top and bottom of the specimen at the same rate. All the tests

were performed according to the procedure proposed by Malusi: 50 < ‘
et al. (2001), whereby a solution containing a known electrolyte 4 <;}l
concentration (KCI or NaCl) was circulated in the top porous \ A
stone, while deionized water weisculated in the bottom porous N\
stone. The concentration difference across the specimen wa 40
maintained constant by continuously infusing the two liquids at
the boundaries of the specimen.

The interpretation of the previously illustrated tests series is
summarized in Table 2 in terms of the primary chemico-physical
parameters that have been ated and which can be used in
order to properly evaluate thmentonite barrier performances
including the osmotic effect (among others).

Moreover, based on the proposhdoretical model, both the
osmotic swelling pressureisy, and the chemico-osmotic
efficiency, Z depend, particularly at low concentratiogon the 10
solid skeleton electric charge,, , through Equations (15) and N

(30). Therefore, by regressing the theoretical curves with the \\\
experimental data for both the swelling and chemico-osmotic S~ ]
. . . . 0

efficiency tests reported by Dominijanni et al. (2013), an average 0.0001 0.001 0.01 01 1
value of ¢, , equal to 0.09 M was determined. The obtained
theoretical curves are reported in Figures 4 and 5, together witl
the experimental data. The resulting agreement betwee
theoretical and experimental dasavery good also considering

5.010%°

0.090

N
fo=)

30

Osmotic swelling presswg(kBa)

NaCl concentration in the equilibrium sQuiin, c

Eigure 4. Osmotic swelling pressuas a function of salt equilibrium
Roncentration with besitfing theoretical curve.

that, through the calibration of lgnone average parameter (i.e. 1
the solid skeleton electric chargg,, ,), reliable interpretations e~

. . o . \\ \ 4 < Nai<
of very different kinds of ®&s (i.e. swelling and chemo- N A
osmotic diffusion), involving botrstress-strain behaviour and 08 N \\ 4
transport phenomena that occur within very complex systems a \ \

bentonite minerals with relateubre fluids and electrolytes in ®¢ =4.26 (Dominjanni et al. 2013)

solution, were possible.

Nevertheless, the most sigedint experimental data for
determining the fitting parameters of the theoretical functions are
those at the lowest concentratsoand at the highest osmotic
swelling pressure and osmotic eféincy, because, at the highest
concentrations, both of the aémnentioned properties tend to
disappear regardless of the values@f, and, consequently,

\ # e = 3.76 (Shackelford et al. 2016)

o
o

e

Chemico-osmotic efficiency coeffigient,

N U\ B NA<35
LAV . . X . [ P |
For this reason, in Figure 5, the experimental data from 02
Shackelford et al. (2016), characterized by higland low 2 \ Q'\
have been reported together with the rang&/af values used ‘<\‘ N
for obtaining each experimental result from the lowest to the 0 T
highest concentration values. For completeness, the 0.0001 0.001 0.01 0.1 1
correspondingMV,ay range has also been reported for the Average salt concentration in the top porous st(v¢, c

experimental data by Dainijanni et al. (2013). Figure 5. Chemico-osmotic efficiency coefficient as a function of the
In summary, the role played by the average number of lamellag, erage salt concentration at topundary of bentonite specimen with

per tactoid, in terms of osmotawelling pressure and osmotic  pest-fitting theoretical curve (dafeom Dominijanni et al., 2013 and
efficiency is increasingly reduced when the salt concentration ofShackelford et al., 2016).
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However, other factors also snaontribute to the differences
in the diffusive behaviour of the two bentonites illustrated in 5 THE FABRIC STATE PARAMETERS AND THE
Figure 5, such as different voidtio, differences in the original RELATED SURFACE
(natural) salt content of the bentonite samples and differences in
which the specimens were prepared for testing. As described previously, andonsidering the fundamental
A further and significant validation of the proposed aspects concerning the complex chemico-hydro-mechanical
theoretical approach, in terms of osmotic efficiency, is given by behaviour of bentonites, with gimular reference to the use of
the complete set of the experimental data from thebentonites as barriers for seils pollutant control, the
aforementioned studies as plotted in Figure 6. In this case, theundamental role played by the fabric or structure of solid
theoretical linearelation from equation (33) is in very good skeleton once chemico-hydro-mechanical equilibrium has been

agreement with the large nunmlae experimental results. achieved can immediately be obset (Shackelford et al., 2000;
This excellent result can be considered another importanigyyonnet et al., 2005; Bourg et al., 2006).

indication of the ability of thgproposed theoretical approach to
properly simulate the behaviour loéntonite systems in terms of
osmotic efficiency.
In order to extend the assessthof bentonites performance

to a range of higher salt concentrations, (208 < 5000 mM),
and lower void ratios, (0 €< 2) a second series of results from
different experimentastudies that providéor more significant
variation in bentonite fabric, kra been considered (see Table 3
and 4) and, via the intergation of hydraulic conductivity,

As far as the conceptual schemes and the possible evolution
of the bentonite fabric under the previously described mechanical
stress-strain and/or electrolygelution concentration actions are
concerned, it is possible to introduce a series of state parameters
(i.e. Nav, Sn, ¢, ,) within which the mostundamental, direct

and clear one results to be tieerage number of platelets per
tactoid, Mav.
The N, av state parameter plays a leading role in the second

oedometer and swelling tests, the previously defined fabric stat@art of the proposed theoreticgipoach, in which an attempt is

parametersi,.av, Serrandc,, , ) have been assessed.

In the case of the high ion concentrations, the fabric of thechemical

bentonites undergoes major aciyges due to flocculation
particularly under low confinig stress (i.e. high void ratio),

resulting in a significant increase in the average number of,

platelets per tactoid and a copesdent decrease in the effective

specific surface and fixed charge concentration of the sondfunction of Niay

skeleton (see Table 5).

In contrast, at very low ion concentrations but under very high
confining stress, the distance between the bentonite platelet
decreases resulting in the prevalence of attractive forces (van deé
Waals) relative to the repulsive electrochemical forces due to the™

negative charges on the platelirface, with a consequent

increase in the average number of lamellae per tactoid.

A comparison of this secondris of experimental results
with the theoretical predictions was conducted with the following
considerations:

- Referring to the hydraulicomductivity tests on different
bentonites and permeant sotuits, an assessment of the
effective specific surfaces# has been performed using Eq.
29 (Kozeny, 1927; Carman, 1956; Dominijanni et al., 2013),
neglecting, as a first approximation, the electro-viscosity
coefficient, Ry, and referring to a steric tortuosity facta#/
in the range from 0.2 to 0.3.

- An evaluation of the average number of platelets per tactoid,

Nav, and €, via Egs. 2a, b and 13, respectively, and the

assessment of the theoretical results in terms of osmotic

swelling pressuressy by Eqg. (15) (Dominijanni et al., 2013)

were performed. The comparisons of the obtained theoretica

osmotic swelling pressure with the experimental swelling

test results for the same bentonite samples are shown i

Figure 7.
- An additional assessment ofetheliability of the proposed
theoretical model, with reference to Eq. 15, is shown in

Figure 8, where swelling and oedometer test results on

samples permeated or hydrateith deionized water and
with low concentration solutionsc{ ” 10 mM) are shown
together with the theoretical trend in terms of osmotic
swelling pressure versus micro void ratio.
The good correlations obtained rfinfocomparing the theoretical
model with experimental results in terms of osmotic efficiency,

hydraulic conductivity and osmotic swelling pressures has

provided motivation to attempto generalize the proposed
framework as described subsequently.
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made to link the average number of platelets per tacigigl;,

to another two state parameters that define the external electro-
and mechanical actions, i.e. the electrolyte
concentration,cs and the micro void ratiogn The latter
parameter can be defineddhgh the total void ratiag which is

easy to assess via the currently available laboratory tests, and the
nano or interlayer void raticg, which can be evaluated, as a
from Eq. 3, onceb, and dserm have been
estimated with reference to their very limited ranges of variation,
\évhich have already been defined.

1 The average number of lamellae per tactoid

As already shown, the average number of platelets per tactoid,
N,av, is directly linked to the effective specific surfacey, and
the effective fixed charge concentration of the solid skeleton,

Cy.0» through Eqg. 2a and Eq. 13.

S}

o
@

o o —345kPa (Malusisetal, 2013) |

o
=

0 o' =103kPa (Malusisetal, 2013)
o o' =172 kPa (Malusiset al,, 2013)
a o =241 kPa (Malusiset al, 2013)
e e =426 (Dominijanni et al., 2013)
4 & =376 (Malusis & Shackelford, 2002b)

Restrictive Tortuosity Factor, P/ (nD*)
(=]
(X

+ & = 3.76 - Source concentration < 0.2 M
(Shackelford et al. 2016)

0.0
0.0

o0&

0.2 0.4 08 1.0
Chemico-osmotic efficiency coefficient, &
Figure 6. Restrictive tortuosity facteersus chemico-osmotic efficiency

coefficient with the theoretical lgar relation given by equation (33).
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Table 3. Intrinsic Physical and Chima Properties of the Considered

Bentonites
Type Dominijanni et Malusis and Seiphoori  Mazziei Di
al. (2013), Shadkelford (2014 and etal. Emidio

Pumaetal. (2002a,b Manca (2011, (2010

(2015) and (2015 2013

Boffa (016
Liquid Limit, L2 525 478 420 530 650
(%)
Plasticity Indexf/ } 439 355 480 600
(%)
Z‘S’E’S'“C Gravity, 2.65 2.43 2.74 265  2.66
Principal Minerals
(%): 98 71 85 90 95
montmorillonite - 7 - - -
mixed-layer - 15 4 - -
illite/smectite - 7 11 - -
quartz
other
Cation Exchange
Capacity, 105 47.7 74.0 94.5 44.5
CEC(meq/100g)

Table 4. Range of the Physical and State Parameters of Bentonites i

Contact with Deionized Water and NaCl, KCI and G&&zilutions

Dominijanni

Malusis Mazziei .
ePt:rI;a(g?;?) and SeiphooriManca etal. En?:iio
" Shckdford (2014 (2015 (2011,
Boffa (2016
Hydraulic
c 6.0010%2 11 1.010%1.610% 1 1
Conductivity, 1201010 1.6310 1010 22708 6.510" 6.4210
k (m/s)
Steric Tortuosity
Factor, 0.30 014 o020 9% o035 035
we) 0.36 0.50
Total Void Ratio, 0.60 053 2.5
o) 450 376 150 540 518 2.55
Micro-Void Ratio, 0.10 0.05 1.23
an() 2.99 256 3 435 36 113
Effective Diffusion
Coefficient, 5.010% 2710 - - - -
D's (m?ls)
Osmotic
Efficiency, ggg 0.35 - - - -
() i
Effective Specific
24.14 36.18 6.09
Surface, 164.40 159.65 129.94
S (Pg) 216.71 92.15 121.81
Average Number
of Platelets per ??]'_55 3.6 15475 841';39 5.0 6.2
Tactoid, Mav () ) ' )
Stern Coefficient, 0.80
Fsom(-) 0.90 0.90 0.70 0.85 0.80 0,9
Fied chatge 0.008 0.035 0.003
concentration, . . .
M 0.076 0.046 0.089 0.059 0.100 0.041
Sk

Table 5. Ranges of Variation of the Monovalent lon Equivalent
Concentrations that Influence thdain Performance Parameters of

Bentonites at medium-to-high void ratios.

Main perbrmance

paraneters of bertorite

Range 6
monovalent ion

Notes

barriers concentréion, ¢s
[mM]
No fabric variation.
Osmotic efficiency,Z 0-100 For highercsthan 100 mM
Z=0
Osmotic swellin Small fabric variation.
9 0 - 200 For caround 200 mM
pressuregsw _
Usw=0
. . Significant fabric
?yd’a”"c conductivity, 200 - 5000 variation and significant
kincrements
) . Significant fabric
Steric tortuodty factor, 200 - 5000 variation and significant

W

Wincrements

® Menca (2015) deionized water 4
a@ 1000 | | # Sephoon (2014) delonzed weler L
ﬁg A Pumaetdl (2015) decrized weker i
3 "
w "
g .
o g
g 100 %
= [
- oA
L2 -
-‘6 /‘
o
= p
g 10 ,"'X
E -
S p
= A
Iy r
, L
1 10 100 1000

Theoretical swelling pressure, u,,, [kPa]

Figure 7. Experimental versus theoretical osmotic swelling pressure
using input state parameters from hydraulic conductivity tests.

@ Manca (2015)
2000 O Di Emidio (2010)

+ Seiphoori (2014)
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Puma et al. (2015)
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Boffa (2016)
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Osmotic swelling pressure, u,, [kPa]
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Figure 8. Osmotic swelling pressure versus micro-void ratio for samples
tested with deionized water and solutions with a monovalent ion
equivalent concentration ¢ 10 mM.

In particular, the effective specific surfacgy is inversely
proportional to the average number of platelets per tadigig;
through the intrinsic parametes (=760 n¥g %), i.e. the total
specific surface of the single platelet.

Moreover, the effective fixed charge concentratiar, ,, is
also inversely proportional t,4v through the Faraday constant
(F = 96,485 Gnol %), a couple of intringi parametetsi.e. the
unit electric surface charge of lamellag0.114 C/rd) and the
density of the solid phaselg = 2.75 g/n), and through a state
parameter, i.e. the fraction of electric charge compensated by the
cations specifically adsorbed in the Stern layer s, which
falls within a limited range (0.70 %&:em< 0.95). Therefore, this
latter state parameter could, in the case, conveniently be used as
a secondary fitting value to interpret a specific type of test
conducted to investigate, forstance, the exisnce of still
unproven or not precisely quantified kinds of flows, such as the
hypothesised ionic diffusive surface flow (surface diffusion)
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within very dense bentonites and/or the amount of cation The resultingV,av values are plotted versus the micro-void

exchange or sorption capacity during transient flow conditions"@li0: & in Figures 9 and 10, with Figure 10 simply being the
(e.g., Gl t al., 2008hackelford and M 2013 enlargement of the vertical axis close to the origin of Figure 9.

g, Glaus etal, ackeliord and ioore, )- In order to_ relate N/_,Av to e» and ¢ the following
52 The fabric state surface (FSS) phenomenological equation is proposed:

. C a
2 J§ Eg 1I"ap —« (35
© 1 G «

As previously noted, the proposed state parameters are primarily
influenced by the concentrations of ioms,in the pore solution, N Noavo
and by the void ratio, which is in turn related to the effective
isotropic component of the stress history of the considered
bentonite. where ¢ represents the reference concentrationl (M),
Once the family of chemical state parameters that describe théV,avo is the ideal average minimum number of lamellae per
bentonite fabric at the nano- and micro-scales have been definegactoid whencs= 0 anden o f; D e, N~ N, forcs
a parallel development can be formulated with some aspects in _ o . ’ ’
common with the well known asto-plastic-work-hardening - O S & coefficient relating/.avand énwhencs= 0 and &s a
models of the traditional soil mechanics (e.g. the Cam C|ayconstr|ct|on coefficienthat takes .|nto accpunt th_e Ilmlltatlon in
model) that are capable of describing the mechanical behavior offovement of lamellae at medium-to-high void ratio due to
particulate media on ¢hbasis of a series of intrinsic and state Mechanical constraints. The parametéts,0 and oth depend
parameters, as reported in Table 6. on the bentonite type, type of pre-treatments (e.g. removal of
As shown in detail in Domifanni and Manassero (2012a,b) soluble salts, consolidation)ydiration and chemical exposure
among others, the framework that includes the previouslyS€duence. _ o )
defined chemical parameters ideato link the coupled transport The micro-void ratiogn in Eq. 35 can be derived from the
phenomena of water and ionsibyposing chemical equilibrium  total void ratio through the following equation:
between the bulk electrolyte solutions and the internal micro-
pore solution at the macroscopic scale level, through the Donnan, eN, SYybu N, d 1
Navier-Stokes and Nernst-Planck equations. In addition, some én N
specific aspects of mechanical behaviour can be modelled and A
coupled to chemical and transport behaviour by taking into . ) .
account different types of intergranular actions, apart from the, nSerting Eq. 36 into Eq. 35 the number of lamellae per tactoid
solid contact stress and the bplire pressure (Terzaghi, 1943), is relqted to the total _v0|d ratand the salt c_oncentratlon through
such as electro-magnetic attraction/repulsion and osmotic2 CubIiC equation, which can be sedhanalytically or numerically
swelling/suction force@Mitchell and Soga, 2005). for given values of the parametésavo, D £S &k bnandas
In principle, and similar to the evolution of the basic Cam  The available experimental datere regressed by imposing
Clay model developed by Alonsoal. (1990) via the UPC model Maw = 4.79, D= 0.91 and £= 42.45 (coefficient of
for unsaturated soil, the intrinsic and state parameters listed iletermination/” 0.89).
Table 6 and the related framework can extend the basic Eg. 35 can be considered as an operative and simplified
theoretical approaches to include the mechanical behaviour thatersion of the formal theoreticalquation reported in Figures
is related to the fabric of thective fine grained soils under fully  3a,b,c for medium-to-high voidatios. From Figures 3d,e,f,
saturated conditions, including rantly actions such as the stress representing Eq. 35, very gboagreement between the two
history and related void ratio, but also the ion species andsurfaces is apparent, particularly with respect to the ascending
concentration changes in the pore fluids. branch versus the incremgi micro void ratio. This good
In the following description, the developed framework is agreement can be considered as a further validation of the
applied to interpret the whole data set from the aforementionednterpretation of the experimental data by the proposed
second series of experimentabults taken from the literature simplified model through a formal and rigorous theoretical
and from the author’s own laboratdssts, in order to illustrate  approach for medium-to-high» values.
the physico-chemico mechanisms that determine the observed Using this latter FSS equati for the proposed simplified
macro-scale behaviour of active clays. model, it is now interesting to observe the regression results, in
Finally, the basic state parametdr,ay, has been assessed terms of average number of lamellae per tactoid, obtained from
with reference to bentonite samglavhich were in contact with  the interpretation of the aforementioned hydraulic conductivity
both deionized water and chemisallutions including those at and swelling tests belonging to tsecond series of experimental
high concentrations. This parameter, which provides, asfesults.
previously illustrated, a satisfactory prediction of the chemico- _ The average number of lamelfaer tactoid plotted versus the
osmotic, hydraulic and swiglg/shrinking behaviour of  Micro void ratio (i.e. the inter-tactoids void ratio) in particular

bentonites, is directly linked the other two elgco-fabric state ~ ShOWS, as expected, aryenteresting trend.
parameters, i.eSrand ¢ In fact, for any given electrolyte concentration (apart from the
v skp *

unique case of deionized wgtean initial decrease iV 4y to a

o _ minimum value is followed by a continuous increasing trend with
Table 6: Intrinsic and State Parameters for Mechanical and Chemicahorresponding increase in the micro-void ratio.

Ly
e w

o

(36)

Models _ More specifically, the ideal line, which represents the
Fields Actions Intrinsic State Parmeters minimum loci of the aforemerthed functions at the different
: Paameters ion concentrationsgcs of the solutions in contact with the

Mechanical Shear stres®V ki, M ep,\ bentonite versus, may represent a separation locus between

) lon concentration: Niav, Sty Cyeo flocculating and dispersive behaviour of the considered
Chemical S,V ' b : : imil h £ :

Cs fsten: Ostorn entonites, in a similar way to the case of unsaturated soils where

Notes:p'= isotropic effective stress componerits dilatancy angle/y, swelling and shrinking behaviouese dependent on the degree
= friction angle at the critical state. of saturation (or suction) verstise confining stress and related

void ratio (Alonso et al., 1990).
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ODeionized water (Data from Di Emidio, 2010; Mazzieri et al., 2013; Manca, 2015; Puma et

al., 2015; Seiphoori, 201;}
@ Salt Concentration 10 mM (Data from Boffa, 2016)

DSalt Concentration 250 mM (Data from Manca, 2015)

m Salt Concentration 500 mM (Data from Puma et al,, 2015)
¢ Salt Concentration 1000 mM (Data from Manca, 2015)

A Salt Concentration 4000 mM (Data from Manca, 2015)

Figure 9. Average number platelets per tactoid (N,) versus micro
void ratio () based on values from the interpretation of hydraulic
conductivity, osmotic and swelling tests (Fitting parametergioN 4.79,

D= 0.91, E= 42.45; coefficient of determination? R 0.89).

D g Ni N, -
1' g. §.‘

. ’

/’
] / 2 o s
.r ) Line of Minima

Number of platelets per tactoid, N, 4,

0.0 1.0 20 3.0 40 5.0
Micro-void ratio, e,,
O Deionized water (Data from Di Emidio, 2010; Mazzieri et al,, 2013; Manca, 2015; Puma et
al., 2015; Seiphoori, 2014)
@ Salt Concentration 10 mM (Data from Boffa, 2016)

D Salt Concentration 250 mM (Data from Manca, 2015)

Figure 10. Enlargement of Fig. 9 for the range 0 /N 20.

First, two swelling tests at two different values of the total
void ratio, & are required to measure the osmotic swelling
pressure in equilibrium with deionized water (i.e. with a solution
having a null salt concentrations 0) under constant volume
conditions. Since, on the basis of Eq. 15, the osmotic swelling
pressure is a function of the micro-void ratig, and the number
of lamellae per tactoidV,av, two values ofV,4v can be derived
from the inversion of this relation, if an assumption on the values
to be assigned toy and/swemis made. Once these two values of
N,av have been obtained, the paramet®rsw and Dcan be
calculated using thisllowing equation:

D (N Nao) &5 @37

which results from Eq. 35 fars 0.

Second, a single hydraulic condivity test is needed, using a
permeant solution with a salt concentrati@g, equal to the
reference concentratiomy (= 1 M), to determine the value of
N,av from the inversion of Eq. 29, by neglecting, as a first
approximation, the electro-viscosénd assigning a value for the
matrix tortuosity, W The parameter/can be obtained from this
value of M av through the following equation:

a N ~N.oo2 a =
expl) €, (N /0% 3 88)

exp) 15 é U 3

which is derived from Eq. 35 fax .

If the tests for the aforementioned experimental procedure are
not available, then the fabric state surface parameters can be
estimated by implementing a best-fitting procedure on a set of
data defined in the space of the varial\esv, an, ¢s which are
obtained from the interpretation of other laborat@st results.

This last calibration method hasen adopted for the estimation
of the fabric state surface paraters that were described in
section 5.2.

6 VALIDATION OF THE THEORETICAL MODEL

After the establishment of the last comprehensive version of the
theoretical model introduced within the previous section, an
additional validation was performed using a third series of
experimental results reported the literature and including
direct and indirect measurememisassessments of the number
of lamellae per tactoid versumicro void ratio and salt
concentration in the external solution in equilibrium with the
bentonite pore solution.

More specifically, in this lastseries of tests, particular
attention has been given to the reliability of the model for the
range of very reduced micro void ratio (Ogs < 1) consistent
with the typical bentonite useth confinement systems for
HLRW.

Moreover, the influence of the interaction with the
geosynthetic fibers present in GCLs has also been considered,
due to the increasing use of these products in modern landfill
lining systems.

6.1 Experimental tests and results

Some 3D views of the proposed FSS in the domain defined

by the number of lantlae per tactoid/V,av, the micro-void ratio,
en, and the electrolyte concentratias, are reported in Figure

Prior to illustrating and discussing the comparison of the
experimental results with theoretical predictions, a summary of

11, together with the profiles defined by planar sections the primary features of direct@indirect tests and experimental

orthogonal to the main axes.

5.3 Determination of fabristate surface parameters

In order to determine the parameters of FSSM,ew, Dand £
for a specific bentonite, anxgerimental procedure, which
minimizes the number of laboratomgsts that have to be carried
out, can be performed as follows.

techniques that have beased to determine th&, 4 values of
the considered bentonites at diffet void ratios and salt solution
concentrations is worthwhile.

This review also will illustrate the uncertainties and
complexities associated with the estimation procedures for the
average number of lamellae per tactoid of active clays and the
expected reliability and precisiaf the different techniques.
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Figure 11. (a) 3D image of the fabric state surface (FSS); (b) planar section traces of the fabric state surface (FSS).
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6.1.1 Direct methods equilibrium after excitation with an external static magnetic field.

Spin relaxation is faster in the vicinity of solid surfaces, which is

A. numbe_r of experlmen_tal approachgs, s_uch as _electrorhue to restriction of water mobility and interactions of protons
microscopies, spectroscopic arsds and diffraction techniques, with magnetic impurities along the pore wall, such ag"\amd

have been employed for a dirasisessment of the pore structure £+ gince compacted saturated bentonites have a heterogeneous
in compacted unsaturated and saturated bentonites, since the ratigh cture pores are not is@dtand NMR relaxation data are
of interlayer to non-interlayewater represents a key parameter sums of exponentially decayingpmponents, reflecting local

goYe’“if‘g waterrl a_nd soIijlte tragsgr?(;t.l lied i d surface-to-volume ratios. Experimental results may be turned
maging techniques have beandely applied in order to ., pore-size distributions by the so-called inversion of the
observe bentonite microstructuteaird et al., 1989; Tessier, decay data (Borgiet al., 1998)

.1990)' _Viola et al. (2005) hav_elescribed _the use of wo NMR has previously been used successfully to determine the
innovative r_nethods that are dﬂd fr'om trad_ltlo_nal Scannl_ng distribution of pore water in vier-saturated bentonites (e.g.,
Electron Microscopy (SEM), i, Field Emission Scanning — opyho et al., 2008; Montavonait, 2009; Muurinen et al., 2013;
Electron Microscopy (FESEM) that is equipped with a field gy g et al., 2016). Through an interpretation of the differences
emission electron emitter, which is brighter and therefore yleldsin observed proton mobilities, Montavon et al. (2009) were able

higher resolution than thermal emitters used in traditional SEM P : ; ;

. . ; 'to distinguish betweethree different populations, i.e. structural
apfd Erl[\rl]lronrgﬁntef[l chnnlng Eten Mlctro_sclopy (ESE:;% thatt OH, external surface water and internal surface water. The
ﬁ derst_ N at 't'ty 0 '?h setrve .gnus materials tun fer : ereln problem of rapid exchange between external surface water and

ydration states without spec requirements 1or sampleé . water in water-saturated clays was solved by freezing

preparation. I samples to -25 °C. At this temperature, the bulk water was frozen
.FESEM micrographs can reach a magnlflcatlon of 10000X, and, thus, distinguishable from the surface water that was in a
which allows the observation dhe spatial arrangement of semi-liquid state

tactoids. Nevertheless, a limitation of the FESEM technique is In order to overcome the aforementioned lack of a clear
associated with the sample preparation procedure, which requir€§itferentiation of these types of water, Ohkubo et al. (2008)

a freezing process followed by ice transformation to vapour,qqmeq that the relaxation time corresponding to a three-
phase, 'r('j order to obtaml aiett SEQE:\(AB hbavmg a pos&b:)y hydrated layer space may serve as a threshold to distinguish
preserved microstructure. In coast, observations can be interlayer and non-interlayer wea, whereas Ohkubo et al. (2016)

directly carried OIUt ?‘n ugdis%ﬁ;d hydrated sa;]m_ples i?] the; dopted both the methodologiesdibed above, and performed
MICroscope sampie chamber. promising technique, the o, i, estigation of the salt concentration effect of an NaCl

evolution of mesopores in sand bentonite mixtures can besolution on the pore-size distribution of compacted

observed during a dehydration process (Viola etal., 2005). o himorillonite. By fitting distete exponentials to the decay

h Eurthelrm_ore,_ Tfar.‘sm'ss;]‘”? Elec;[]ron :\I/Ilcros%opy (TEM) Ifsf? curves obtained from NMR measmnents, Muurinen et al. (2013)
igh-resolution imaging technique that allows observation of theg, , that the observed relaxation was composed of two major
montmorillonite lamellae structure in compacted unsaturated an

. . o elaxation processes, and that assuming a third relaxation process
saturated bentonites over adei range of magnifications P g P

. 4 . produced a marginal effect. On the basis of these results,
(Matusewicz et al., 2013). TEM provides an observation of \; rinen et al. (2013) suggetite presence of only two water
various microstructurgatures, such as nm-sized pores and thephases in water-saturated smectitic clays.
arrangement of dense tactowfsmontmorillonite layers.

.A limitation of all these imaging techniqugs is that thg 6.1.2 Indirect methods
micrographs show only an extremely small portion of bentonite
volume, thus having a limited representativeness, and cannoBeveral indirect methods may t@oated in order to evaluate the
provide a quantification of the interlayer and non-interlayer pore microstructure of water-saturated bentonite and montmorillonite
volumes, or the average distance between the tactoids an(l.e. how water is distributed betwn different pores in the clay
between the lamellae inside the tactoids. fabric). These approaches are characterized by a common feature,
A common approach for the investigation of the interlayer since, in contrast to the direct methods, they require defining a
pore space of montmorillonite is to apply X-ray diffraction (XRD) structural model for the clayespil, and the relationship existing
techniques to monitor interlayer expansion (Norrish, 1954). Thebetween the primary state parameters and the macroscopic
XRD technique is based on the irstetion of X-rays with atomic  quantities which are measured by means of laboratory tests.
plane in the mineral crystallingtructure. Reflections defining In light of the previously mposed theoretical framework, the
atomic plane spacings, mainly the basal spaciag, dn osmotic efficiency Zin Eq. 30 is a function of the basic state

combination with their integrated areas, become the primary,srametenViayr through the fixed-charge concentraticr
criteria for mineral identification (Likos et al., 2010). However, P v 9 9 B0 -

the information provided by XRD analyses can be complicated Thus, measurements of chemico-osmotic efficiency could be
by interstratification, because the combined effects of variousused to estimate the average number of lamellae per tactoid, and
basal spacings are not easilistinguished from those due to to predict the pore-water distribution on the basis of Eg. 3.
particle size, morphology, andientation (Laird et al., 1989). Nonetheless, the osmotic efficiency disappears almost
Muurinen et al. (2013) adopt&nall Angle X-Ray Scattering  completely for high electrolyte concentratiors ¥ 100 mM),
Spectroscopy (SAXS) in order to study the changes in interlayeisuch that detecting the soil fabric changes in response to
distances for bentonite samples. From these measurements, peg#riations in the ionic strength of the equilibrium solution is not
profile modelling was used to estimate the respectivepossible (e.g. Shackelford et al. 2016 found @<0.02 forcs t
contributions of various mixed-layer structures to the observed100 mMm).
peaks. A similar discussion pertains to the swelling pressure tests,
Although the diffraction techniques provide insight into given that the bentonite osmotic swelling pressure decreases to
alignment existing in stacked layers, they do not directly detectnegligible values at high electrolyte concentrations>( 200
disordered complex non-interlayer geometries. In contrast, lowmM). Moreover, the potentigl significant uncertainty
field '"H NMR is a reliable method for non-interlayer and associated with laboratory tests performed to measure swell
interlayer volume characterisatiand quantificabn (Manalo et pressure should be recognizelor example, some studies
al., 2003; Todoruk, 2003; Mitchell at., 2008). The principle of  conducted to measure the swelegsure of active clays have
the '"H NMR relaxometry is to observe changes of the reported unexpectedly high values that are inconsistent with the
magnetisation owing to spin relaxation of protons back to specified boundary conditions (see e.g. Karnland et al., 2005).
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The observed disagreement between the measured and predictadd the proposed fabric state sg#. In contrast, this agreement
pressures can be attributed to the testing procedures, since lmecomes poorer as the compaction degree increases.

many cases a lack of attention is paid with respect to the complete The same conclusion is more effectively detailed in Figure 14.
dissipation of the suction component while hydrating the In order to obtain a reasonablgag coefficient of determination,

specimen. the data related to the lowest daatios have to be omitted from
Unlike the aforementioned macroscopic quantities, thethe regression procedure.
hydraulic conductivity of smeitic clays undergoes significant A possible explanation of thabservation can be obtained by

changes as a result of different arrangements of the unit layers itaking into account the physicsignificance of te NMR results,

the soil fabric, which influence in turn the micro-void space since there is a risk of underestimating the non-interlayer
accessible for advective transport and the external specifiqorosity. In very high density samples, the difference between
surface. Therefore, hydraulic conductivity (permeability) tests the average size of the interparticle pores and the interlamellar
represent an effective tool in order to investigate flocculation pores is not sufficiently large to discern the two pore types with
phenomena within a wide range of soil porosities and saltthis method (Jarvinen et al., 2016). Thus, further study is
concentrations of the permeant solution. Additionally, accordingrecommended in order to improve the reliability of NMR for
to Eq. 29 and neglecting the electro-viscous effect, thefine-grained soils, with a focus on evaluating to what extent the
interpretation of hydraulic condtidity tests is independent of behaviour of the water contain@tside the conductive pores is
the assumption for the Stern fractidkren affected by magnetic interactions with the solid phase.

Apart from the aforementioned laboratory tests, other indirect Muurinen et al. (2013) also performed SAXS measurements
experimental procedures have been found to be useful for then the same Na-bentonite ®dtby NMR, and based on the
examination of the microstructure of active clays. For instance,measured basal distances, thaye able to compute the amounts
the anion exclusion effect has recently been studied by means aff interlayer waterObviously, a similar computation requires the
different technigues. Van Loon et al. (2007) recognize that thea prioridefinition of the internal specific surface (i.e. the state
diffusive behaviour of anions is a complex function of the parameteV,4v), which was used by Muurinen et al. (2013) as a
electro-chemical interactions between the solutes and the poroufitting parameter. Despite the uncertainty connected to this fitting
medium. Indeed, in the case of negatively charged surfacesapproach, the interpretation of the literature data through the
anions are expelled from the diffuse double layer leading to aproposed fabric state surfacenche considered satisfactory
“negative adsorption” (Bolt and de Haan, 1982; Pusch et al.,(Figure 12).

1990), the extension of which depends on the composition of the
equilibrium solution and the degree of compaction. The authorsTable 7. Intrinsic Physical and Chemical Properties of Bentonites
were able to estimate accessible porosities for chloride ions bypetermined Experimentally from Direct Methods

interpreting the results of through-diffusion and out-diffusion Type Muurinen etal. 2013) Ohkubo et
tests performed on a Volclay KWK bentonite using the and Matusewiz et al. al. (2016)
radionuclide 3°Cl as a non-sorbing tracer, and also by (2013)

determining the concentration profile of stable. @ this latter ~ Specific Gravity of SolidsG; 275 280

case, upon completion of the out-diffusion test, the bentonite() _
specimen was sliced in 1-mm-thick pieces, which were thenTotal Specific Surface (fro)
dispersed in deionized wateFurther details about these Principal Minerals (%):
experimental procedures can be found in Molera et al. (2003)montmorillonite
Garcia-Gutiérrez et al. (2004),uMrinen et al. (2004), Muurinen  mixed-layer illite/smectite 07 i
et al. (2007), Birgersson and Karnland (2009), Tournassat andiuartz 28 )
Appelo (2011), and Muurinen et al. (2013). Under the hypothesisother - -
of complete exclusion of anions from the interlayer space andcagion Exchange Capacity,
from the Stern layer, which together represent the nano-voidcec(meq/100g)

space, since anions are only partially repulsed from the larger
pores of the interparticle space, the ion partition coefficiént,  Taple 8. Range of Physical and State Parameters of Bentonites
given by Eq 12, must be equaltt@ I‘atio Of the anion acceSSible Determined Experimenta”y from Direct Methods

610 760

83.5 98.0

84.0 -

porosity, /7', to the micro-void porositys» Thus, starting from Muurinenet Malusewtz & Ohkubo et
this observation, it is possible to compute the value of the state al.(2013) al.(2013) al. (2016)
parameteV, 4 and to derive the relative amounts of the different Total Void Ratio, 0.72 0.81 1.00
pore types. &o (5) 2.93 3.37 2.50
Micro-Void Ratio, 0.19 0.01 0.00
6.2 Theoretical Predictions and comparison & () 1.89 3.20 1.39
Effective Specific 21.32 18.03 68.97
The aforementioned third serieé experimental results were  Surface S.-(m?/g) 73.58 74.48 86.07

used to validate the robustness of the model avoiding any furthepverage Number of

calibration of the fabric state surface (FSS) defining parametersPlatelets per Tactoid, 288‘36 ???;28 181‘80
First, results obtained tbugh NMR measurements are Ay () ) ' '
analysed (Muurineret al., 2013; Matsewicz et al., 2013;  Stern Coefficient, 085 0.85 0.85

Ohkubo et al., 2016). The intrinsic properties and state fser (-) ' i '
parameters of bentonites tested through this method are reportddxed charge 0.010 0.009 0.034
in Table 7 and Table 8, respectively. This analysis of the soilconcentration, ¢, (M) 0.036 0.036 0.043

microstructure can be considered as a direct methasls stricto
because no assumptions need to be made with respect to the
electro-chemical interactions which occur at the micro-scale, or
with reference to the arrangement of unit layers. In fact, when the
ratio of the interlayer to the non-interlayer pore-space is known,
Eqgs. 2 to 4 are sufficient to determine an average number of
lamellae per tactoid.

As far as high void ratios are concerned, Figure 12 shows
fairly good agreement between the considered experimental data
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Number of platelets per tactoid, N,z

2 In Figure 13, experimental results obtained by the use of
@) indirect methods are compared versus theoretical predictions.
For this purpose, hydraulic condivity (Jo et al., 2004; Lee and
[T/ | S

40 4

Shackelford, 2005; Katsumi et &008; Shackelford et al., 2016;
Ewy, 2017) and anion exclusion tests (Muurinen et al., 1989; Van
Loon et al., 2007; Muurinen et al., 2013) are considered.

The intrinsic properties and the state parameters of bentonites
tested through indirect metho@i®. hydraulic conductivity tests
and anion exclusion tests) are reported in Tables 9 through 12.

Table 9: Intrinsic Physical an€hemical Properties of Bentonites
Determined Experimentally from Indirect Methods (Hydraulic
Conductivity Tests)

i I Type Joetal Leeand Lee and Katsumi Steckeford Ewy  Petrov
o =OmM (2004 Shaclelford Shakefford etal. ©tal- (2017)and Rwe
s (2005) - (2005) - (2009 (2016) (1997
i LQB HQB
0 ) ) ) Liquid Limit
0 05 1 15 2 25 3 LZ‘ (%) ! 504 430 589 619.5 478 - -
Micro-void ratio, ey [] Plastizzit Index
O Deionized water - NMR (Data from Mat et al,, 2013; Ohkubo et al., 2016) PI(%) y ' 465 393 548 568.5 439 - -
< ¢, =100 mM - NMR measurements (Data from Muurinen et al, 2013; Ohkubo et al., 2016) o
* ¢, =100 mM - SAXS ts (Data from M etal, 2013) Specific
A ©,=200mM- NMR (Data from etal, 2013) Gravity, Gsof  2.65 2.74 2.78 2.839 2.68 2.70 2.61
: Solids(-)
0 Total Specifi
otal Specific
Surface (1ig) 620 540 790 880 650 250 750
70 1 Principal
g Minerals (%):
= 60 4 montmorillonite 81.0 77.2 86.0 - 71.0 - 91.0
B mixed-layer
5 quartz - 3.4 35 - 150 20.0 5.0
P other - - - - 7.0 - -
% 40 Cation
kS Exchange 250
< 30 - Capacity, 70.0 639 934 1040 477 . 858
S 35.0
5 CEC
= ] meq/100
S (meg/100g)
=
10 Table 10. Range of Physical arfstate Parameters of Bentonites
Determined Experimentally from Indirect Methods (Hydraulic
0 i i i Conductivity Tests)
0 ' : ) Lee and Katsumi Shakelford Ewy Petror and
0 % 100 10 20 20 Joal ookdford etal etal.(2016) (2017 Rowe
Salt concentration, ¢, [mM] (2009 (2009 (2008 (1997
® ¢, =0015-NMR (Data from Mat et al, 2013; Ohkubo et al., 2016) Hydraulic
A e, =0.15 - SAXS measurements (Data from Muurinen et al., 2013) Conductivity, 5'1103 70101: 5'810i 9.01012 2'91012 4'810192
& &,=0.30- NMR measurements (Data from Muurinen et al., 2013; Matusewicz et al., 2013) k(m/s) 1.910 2.410 2.210 7.410° 2.910°
Steric
Tortuosity
Factor, B . . 0.092 ) B
= W(_) n
= ;‘gst'jvo'd 420 447 389 ... 015 160
= ! 6.58 4.87 5.14 ! 0.40 4.89
S Qo ()
g '\R/';irg'vo'd 324 258 232  ,,. 00l 065
g ! 5.03 3.51 3.09 ’ 0.23 3.82
@ en(-)
2 Effective
5 Diffusion 0
»2 Coefficient, ° ) ) 1.8310 ) )
5 D's(n¥ls)
S Effective
= Specific 64.61 186.54 116.88 146.60 3.50 16.17
Surface Sr 196.51 240.67 339.28 : 28.41  123.08
i i (m?/g)
0 . . . Average
0 50 100 ) 150 200 250 slurtnkl)etr of 3.2 29 21 d 8.8 6.1
Salt concentration, ¢, [mM] alelets per - g6 3.3 75 : 7141 464
o &, =1.0-NMR measurements Tactoid, AVav
(Data from Muurinen et al., 2013; Matusewicz et al.,, 2013; Ohkubo et al., 2016) (O]
e ¢,=10-5AXS nents (Data from M etal, 2013) Stern
* &, =14 -NMR measurements (Data from Ohkubo et al., 2016) Coefficient, 0.85 0.85 0.85 0.85 0.85 0.85
O e, = 1.8-NMR measl ts (Data from Muurinen et al., 2013) Fstern(-)
| g,=18-5AXS nents (Data from M etal, 2013) Fixed charge
A &, =26-NNR meast {Data from M icz et al., 2013) concentration, 0.030 0091 0059 . 0002  0.007
0.092 0.119 0.160 ’ 0.014 0.057

Figure 12. Comparison between the fabric state surface and experimenta}skD )
results taken from specializéitbrature (direct methods): (&),4 Vs €,
(b) Ny vscs (€) Ny Vs Cs
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Table 11. Intrinsic Physical and Chemical Properties of Bentonites a0 |
Determined Experimentally frormdlirect Methods (Anion Exclusion ) (b)
Tests) 80 g~
Type Muurinenetal. (1989) ard  Van Loon etal. (2007)
Muurinen etal. (2013) § 705
=
% 60
Liquid Limit, ZL (%) - - p 5
(=%
2
L 0 _ _ £
Plasticity Index /(%) % 40
Specific Gravity,Gs (-) 2.75 2.80 o "
— 5
Togal Specific Surface 610 560 'E
(mfg) S
Principal Minerals (%): "
m_ontmorlllonlte 835 64.0 T.n»'
mixed-layer
illite/smectite 0+ ' - |
quartz g'; 0 0 200 400 600 800 1000 1200
other _' _' Salt concentration, ¢, [mM]
Cation Exchange 76.0 e, =0.015 (Data from Ewy, 2017)
Capacity, 84.0 : &y, = .04 (Data from Van Loon et al., 2007)
CEC(meq/100g) 120.0 &, = 0.06 (Data from Ewy, 2017; Van Loon et al., 2007)

Table 12. Range of Physical arfstate Parameters of Bentonites
Determined Experimentally frorndlirect Methods (Anion Exclusion
Tests)

Muurinen ¢al.  Van Loonetd. Muurinen ¢ al.

(1989 (2009 (2013
Total Void Ratio, 0.69 0.47 0.72
o () 1.71 1.15 2.93
Micro-Void Ratio, 0.10 0.04 0.16
an () 0.73 0.38 1.70
Effective Diffusion
Coefficient,D’s - - -
(n?ls)
Qg'r‘;';ifccess'b'e 0.024 0.002 0.050
70 Y. 0.267 0.170 0.370
Effective Specific 22.05 9.03 44.06
Surface Ser(M?/g) 105.13 58.05 111.65
’;‘I’;thes ’;:'r“ber of 5.9 9.6 5.4
Tactoid N () 28.2 62.0 13.8
Stern Coefficient, 0.85 0.85 0.85
fstem(')
Fixed charge
concentration, 0.011 0.004 0.021
- 0.051 0.029 0.054
Cap (M)
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Number of platelets per tactoid, N4,

ey, = 0.10 (Data from Ewy, 2017, Muurinen et al., 1989; Van Loon et al., 2007)
&, = 0.15 (Data from Muurinen et al., 1989; Muurinen et al,, 2013; Van Loon et al., 2007)
&,, = 0.30 (Data from Ewy, 2017, Muurinen et al., 2013; Van Loon et al., 2007)
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o e, = 2.2 (Data from Katsumi et al., 2008)

A &, =26 (Data from Shackelford et al., 2016; Lee and Shackelford, 2005)
A &y = 3.0 (Data from Katsumi et al., 2008)

@ &= 3.4 (Data from Jo et al., 2004; Lee and Shackelford, 2005)

Figure 13. Comparison between the fabric state surface and experimental
results taken from specialized literature (indirect methods)Afa) vs
&n (b) Myav Vs &5 (C) Nyay VS Cs

Whereas data from Jo et &004) and Ewy (2017) refer to a

natural granular Na-bentonite atwdshale samples, respectively,
the other studies were based ompeability tests with deionized
water on GCL specimens. Indedlde hydraulic conductivity of

Number of platelets per tactoid, N,z

GCLs can be affected by the needle-punching process. However,
Puma et al. (2015) showed that the presence of needling across a
GCL sample does not hinder swelling during hydration and does
not influence the hydraulic conductivity of bentonites that are
permeated by deionized water or dilute aqueous solutions. The
agreement of the analysed literature data with the fabric state

0 T T
0 05 25
Micro-void ratio, e [-]
O Deionized water (Data from Ewy, 2017, Shackelford et al., 2016, Lee and Shackelford, 2005,

Katsumi et al., 2008)
¢, =10 mM (Data from Van Loon et al., 2007)
¢, =50 mM (Data from Van Loon et al., 2007)
¢, = 80 mM (Data from Jo et al., 2004)
, = 100 mM (Data from Muurinen et al., 1989; Muurinen et al., 2013; Van Loon et al., 2007)
¢, = 400 mM (Data from Van Loon et al., 2007)
¢, = 1000 mM (Data from Muurinen et al., 1989; Van Loon et al., 2007)
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surface is good, and the scatiedicated in Figure 14 can be
ascribed to the large variety of clay types considered in this study.
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(@)

Figure 14. Experimental versus thetical average number of lamellae

per tactoidV, 4y, using literature data obtaing@ough direcaind indirect
measurement methods (the grey points have not been used to compute
the coefficient of determination).

Finally, an attempt was made to verify the possibility of
adjusting the fabric parametetgavo, Dand £on a given set of
tests results, related to the same clayey soil. As a matter of fact,
all the elasto-plastic constitutive laws adopted for instance in
traditional soil mechanics (e.g. Cam Clay model) must be
calibrated on a restricted dataset pertaining to a specific clay.
Accordingly, the parameters defining the proposed hydro-
chemico-mechanical coupled model should also be differentiated
for each tested clay, and the parameters specified in Section 5.2
can be used just as a rough approximation of the actual behaviour.

The experimental results provided by Petrov and Rowe (1997)
were chosen for this analysiBhe authors conducted hydraulic
conductivity tests on a needle-punched GCL, subjected to pre-
hydration with distilled water. The tests covered a wide range of
effective confining stresse¢from 3.4 to 114 kPa) and
concentrations of the permeant@aolutions (from 0.01 to 2.0
M), thus providing a sizeableange of data available for
calibration. The intrinsic properties and state parameters of the
GCL tested by Petrov and Rowe (1997) are reported in Table ¢
and Table 10, respectively. Incidalty, it has to be noted that,
for this set of data, the interpretation via the same model:
parameters adjusted for nafufzentonites may be incorrect
conceptually, because of the potential impact resulting from the
presence of the needle-punched fibres, which is expected t
cause higher values of hydraulic conductivity due to the
formation of preferential flow ghways along the fibres of the
needling treatment when the GCL is permeated with solutions
having a high salt concentration (Puma et al. 2015).

In Figure 15, the ordinary lelasquares has been applied for
the data regression\favo = 1.56, D= 8.82, £= 10.01), and a
high coefficient of determition has been obtaine®#{= 0,9384)
as shown in Figure 16. These réstnighlight the reliability of
the simplified equation of the FS&hd its ability to simulate the
coupled chemico-mechanical befaur of active clays, once the | P ; S
fabric parameters have beeroperly assessed referring to the 0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
specific bentonite to be modelled. Salt concentration, ¢, [mM]

Figure 15. Calibration of the paramesethat define the fabric state
surface on the experimental results given by Petrov and Rowe (1997).
(Mavo = 1.56, D= 8.82, E= 10.03 : (8) Njav VS € (b) N,as VS C5 (C)

Nyav Vs Cs
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Referring to this framework, derivation of the other
electrochemical parameters o&thonsidered bentonite such as
the effective solid charge concentratiog,, ,, the Stern fraction,

fsters and related Stern layer thicknesfs,r, is possible.

Through the use of aforementioned state parameters coupled
with the intrinsic parameters that characterize the solid phase of
the considered bentonite, a thaia model, capable of linking
the coupled transport phenomenanatter 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, can be implementellloreover, the same model
allows for the assessment of the osmotic component of the
swelling pressureysy that, when introduced within the original
effective stress principle of Taaghi (1943), makes possible to
define a general relationshagong the micro void rati@n,, the
electrolyte concentratios and the average number of lamellae
per tactoid for any given bentoaiby simply taking into account
the stress/strain equilibrium and compatibility within the porous
medium. Within the 3-dimensional domaian( & N.av), this
relationship takes the shape of a surface referred to as the Fabric

Figure 16. Experimental versus thetical average number of lamellae State_Surface (FSS). . .

per tactoid Vv, using the hydraulic conductivity data provided by O_W'n_g to the complex mathematl_cs of the e_lforementloned FSS

Petrov and Rowe (1997) and the teth calibration of the fabric ~ derivation and related use,oafside the rigorous one, an

parameters. approximate solution has been developed in order to generalize,
and facilitate the application dlie proposed model. The latter
formulation has been used ftire validation of the proposed

8 CONCLUSION framework and related thesiical models through the
comparison of theoretical predictions, in terms of the average

Within the field of unsaturated soil mechanics, resistance anchumber of lamellager tactoid V;, av, with experimental results

deformability of a given fine gined soil are governed primarily  obtained from both direct (Nu=hr Magnetic Resonance, X-ray

by two basic state parameters, i.e. void ratio and effectivediffraction, Small Angle X-rg Spectrometry, Transmission

confining stress. Neverthelessettegree of saturation and the Electron Microscopy) and indirect (Hydraulic Conductivity,

related soil micro fabric or structrure also play an even moresyelling, Osmosis, Anion Available Pore Volume) experimental

impo_rtant ro_Ie in d(_etem_ining ¢hmechanical behaviour of the techniques.

considered fine grainedis¢Alonso et al., 1990). ) The first two series of experimaresults refer to six different

In a very similar way, the performances of a bentonite basedsodium bentonites with smectiteontents higher than 70%,

barrier used fp!' subsoil pollutant control, refe_rring to fu!ly_ which were used to define the three parameters that characterize
saturated conditions, are governed, beyond density and conflnlng1e simplified version of the FSEe. the ideal average minimum

effective stresses, by the ion valence and concentration of soluter§umber of lamellae per tactoit the coefficient Orelatin
in the pore solution and the related micro fabric or structure. In P AV, Y

this case the barrier performances can be expressed in terms Of4vand eémwhencs=0 and the constriction coefficientthat
hydraulic conductivity, diffusivity, osmotic efficiency and takes accounts for the possmle movements of Iamellae versus
swelling properties (Manasseroat, 2016; Dominijanni et al., void ratio plue Fo mechanlcall cclraans.l Moreover, éllthll’.d series
2017). of tests with nine other sodiubentonites, but again with more
Since bentonite particles can nsidered as infinitely ~ than 64% of smectite content, was used for the final validation of

extended platy particles (platelets or lamellae), they can have #e proposed theetical model.
dispersed structure or fabric Wwhich clay particles are present ~ Before commenting on the obtained results, it is worth
as well separated units, or as an aggregated structure that consigggntioning that the proposed FS®sld, in principé, be defined
of packets of particles, or taids, within which several clay for each bentonite type through a specific series of laboratory
platelets are in a parallel array. The formation of tactoids has thdests as described in section Nevertheless, considering the
net result of reducing the surface area of the montmorillonite,relative similarity of the bentonites analysed within this paper,
which then behaves like a much larger particle with the negativebetter fittings have been sacrificed for the greater statistical
electrical charges being fully manifested on the outside surfacesepresentativeness, that, today, can be obtained only from the
and, therefore, the only charges capable of interacting with theyreater number of experimentabudts that are available when
mobile portion of the pore fluid and related ions in solution. all the aforementioned bentonites are considered together.
Referring to this very simple but fully realistic geometry, an  Apart from a small segment of the test results, that are suspect
effective fabric state parameteferred to as the average number due to a series of uncertainties resulting from the questionable
of lamellae per taCtOidV/,Al/, has been defined. This fabric state re||ab|||ty of the experimeta| technique and related
parameter allows quantification in a very direct and clear mannefinterpretation procedure, in particular, when reference is made to
of the micro fabric or structure pf the can|dered bentonite. he specific parameter that we are looking for, the large majority
Moreover, N4y can be directly linked with the external or qf the experimental results are in a more than satisfactory
effective specific surface of the tactoidSy, through the total  55reement with the theoretical predictions, also considering the
specific sgrface of the single Iamellaﬁ,and in turn with the jiggarent experimental techniga (i.e. direct and indirect
average dlstanqes between t_act0|ds and betv_veen the lamellae ethods), the different kind of mameters to be assessed, the
the S|_ngle _tact0|d together with the related miaxg,and nano, different laboratories and reseamgtoups and the different time
é, void ratios. periods associated with the considered test results.
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When the parameters characterizing the FSS of a singléAltmann S. 2008 Geochemical reseamhey building block for nuclear
bentonite and/or GCL, were datgined on the basis of only tests \(/gaS;e diSpOSg' safety casdsurnal of Contaminant Hydrologl02
conducted on the specific material, such as has been done in t -4), 174-179. ) N
case of the numerous serieshgtiraulic conductivity tests on a Hiomann S., Tournassat C., Gouteld., Pameix J.-C., Gimmi T. and

- Maes N. 2012. Diffusion-driven transport in clayrock formations.
GCL from Petrov and Rowe (1997), the theoretical results  4,5je0 Geochemistyz (2), 463_478.p Y

predicted by the proposed model can be considered very good. Andra 2005.Référentiel du comportement des radionucléides et des
In summary, the proposed theoretical framework and related  foxigues chimiques dh stockage dans le Callovo-Oxfordien
hydro-chemico-mechanical models seem to be able to estimate /usqua /'Homme Dossier 2005 Argile. Agence Nationale pour la

the performances of bentonitesea barriers for subsoil pollutant __gestion des déchets radioactifs, Chatenay-Malabry, France.
Birgersson M., and Karnland O2009. lon equilibrium between

control in terms of hydraulic conductivitk, osmotic efficiency, S T X

. . o montmorillonite interlayer space and an external solution —
4 and osmotic swelling pressuresy once the intrinsic Consequences for diffusional transportGeochimica et
chemico-physical parameteig., the solid phase densigys), Cosmochimica Actdr3, 1908-1923.
the total specific surfaceS), and the fixed negative electric Bock H., Dehandschutter B., Martin C. D., Mazurek M., De Haller A.,
surface charge ¥ are known together with the following Skoczylas F. and Davy C. 201QSelf-sealing fractures in

chemico-mechanical state parameters, i.e., the maioand argillaceous formations in the context of geological disposal of
o radioactive waste Nuclear Energy Agency, Organisation for

nano &) vqld ratios, the average nlumber of p.latellets orlamellae £ omic Co-operation and Development.

per taCtO!d Mav), the effective ele_Ct“C fixed-charge pBoffa G. 2016. Mechanical and transport phenomena in advanced

concentration ¢,,, ) and the Stern layer with reference to both pollutants containment systems. Ph.D. Thesis. Politecnico di Torino,

its thickness @swer) and fraction fseer). Torino (lfaly). . . -
Nonetheless, a lot of work must still be done in the future in Bolt G.H. 1956. Physico-chemical asit of the compressibility of pure

. . . . clays. Géotechniqueb, 86-93.
order to validate and, possibly, improve the aforementlonedch G.H. and de Haan F.A.M. 1982. Anion exclusion in sail. In: Bolt

theoretical prediCtionS together with the rel|ab|l|ty of the G.H. (Ed),SO//Chem/st/y B. Phys/co.c/]emjca/Modéﬁsevier’

experimental results. Amsterdam.
Within these areas, two issues are worth noting in particular: Borgia G.C., Brown R.J.S. and ritazzini P. 1998. Uniform-penalty
- From the experimental point of view, the improvement of inversion of multiexponential decay datdournal of Magnetic

et ; ; ; Resonancd 32 (1), 65-77.
the existing techniques and the implementation of neWBourg I.C., Sposito G. and Bourg A.C.M. 2006. Tracer diffusion in

methods for bentonite nanocamicro fabric determination compacted, water-saturated bentoni@ays and Clay Minerals

are needed. _ , 54(3), 363-374.
- From the point of view of the proposed theoretical model, Carman P.C. 19565/ow of gases through porous medgatterworths,
a better definition of the roles played on the bentonite nano  London.
and micro fabric by both thstress/strain history and the Delay J., Vinsot A., Krieguer J.-M., Rebours H. and Armand G. 2007.

electrolyte exposure history terms of concentration and Making of the underground scieritifexperimental programme at

ions valence is needed the Meuse/Haute-Marne underground research laboratory, North

. ; ) . Eastern France?hysics and Chemistry of the Earth, Parts A{BZ
Finally, extension of the theoretical framework and model to (1-7), 2-18.
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