
RIVISTA ITALIANA DI GEOTECNICA 3/2017DOI:10.19199/2017.3.0557-1405.022

Laboratory characterization of the chemo-hydro-
mechanical behaviour of chemically sensitive clays
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Summary
This paper focuses on the chemo-hydro-mechanical behaviour of active soils, with special reference to the effects of pore water 

salinity on the volumetric and shear strength behaviour. Fundamental coupled processes governing transport of solvent and solute in 
active materials are briefly recalled, together with a model for the volumetric behaviour at the macroscopic scale based on the evalu-
ation of the electrical interaction between clay particles and ions in the pore water at the particle level. Experimental procedures for 
the laboratory characterization of active soils are then discussed in light of these models and of other well-known phenomenological 
evidences. Both modified and conventional experimental apparatus can be used in the geotechnical characterization: interpretation 
of test results requires anyway referring to models accounting for the chemo-mechanical coupling. Experimental data discussed in 
the paper proceed from tests on bentonites used for waste containment and from tests on a natural illitic-smectitic soil from a marly 
clay formation in the Langhe area.
keywords: laboratory characterization, chemo-hydro-mechanical processes

1. Introduction

Clayey soils with a relevant smectite content in 
their mineralogical composition are characterized 
by a high value of the specific surface (i.e. the total 
surface area of all clay particles in unit mass). Since 
the surface of smectite particles carries a net nega-
tive electrical charge which originates from the iso-
morphic substitution of higher valence cations with 
lower valence cations in the crystalline lattice, elec-
tric repulsive forces rise between soil particles in ad-
dition to their self-weight. These superficial electri-
cal forces take a great importance in such soils as 
their magnitudes are proportional to the surface ar-
eas of the grains, if compared to self-weight forces 
that are proportional to the particle volumes [MITCH-
ELL and SOGA, 2005]. 

Interactions at the micro-scale between the neg-
ative electric charge of clay particles and the electric 
charge of ions that are dissolved in the pore solution 
determine several effects at the macro-scale, which 
affect both the mechanical behaviour and the trans-
port properties of smectitic soils.

A macroscopic swelling pressure, whose magni-
tude depends on the clay void ratio and the chem-
ical composition of pore solution, is generated by 

the microscopic repulsive electric forces that occur 
between clay particles. Such a pressure has a signifi-
cant role in determining the true effective isotropic 
stress, which controls the soil shear strength [OLSON 
AND MESRI, 1970; SRIDHARAN AND VENTAKAPPA RAO, 1979; 
DORMIEUX et al., 1995; DORMIEUX et al., 2003; DOMINI-
JANNI AND MANASSERO, 2012a and 2012b].

Changes in pore water composition can induce 
not only changes in the swelling pressure, but also 
fabric modifications, due to a different arrangement 
of soil particles, which can form aggregated or dis-
persed structures. Such fabric modifications pro-
duce variations in soil stiffness and hydraulic con-
ductivity, with relevant consequent effects for practi-
cal applications [MUSSO et al., 2003; MANASSERO et al., 
2016].

Moreover, water can flow through smectitic soils 
not only in response to a gradient in total hydraulic 
head but also in response to gradients in chemical 
composition (chemico-osmosis). Similarly, when the 
volumetric flow is hindered, a pressure difference is 
generated at the boundaries of such soils. The cou-
pled phenomenon is observed when salt concentra-
tion changes are produced by a pressure-driven flow 
that is imposed through such clay soils. These flow 
processes typically are referred to as coupled flow 
processes in order to distinguish them from the di-
rect flow processes represented by advection and dif-
fusion [MITCHELL et al., 1973; MANASSERO AND DOMINI-
JANNI, 2003; DOMINIJANNI et al., 2013].

All these phenomena require a suitable theoret-
ical modelling and a specific experimental charac-

* Department of Structural, Geotechnical and Building 
Engineering, Politecnico di Torino, Italy

** Department of Civil Engineering and Architectural, 
University of Pavia, Italy



23

LUGLIO - SETTEMBRE 2017

LABORATORY CHARACTERIZATION OF THE CHEMO-HYDRO-MECHANICAL BEHAVIOUR OF CHEMICALLY SENSITIVE CLAYS

terization, in order to assess the coupled chemo-hy-
dro-mechanical behaviour of smectitic soils under 
different environmental conditions. In view of such 
considerations, this paper is aimed at describing a 
procedure for the laboratory experimental charac-
terization of smectitic soils, which is based on an ad-
vanced theoretical framework.

2. Macroscopic evidences of chemo-hydro-me-
chanical behaviour of active clays

Electrical interactions between clay particles, 
leading to fabric rearrangement, impact on the 
hydro-mechanical behaviour of these materials at 
the macro-scale, in terms of compressibility, shear 
strength, permeability and transport properties 
[BOLT, 1956; KENNEY, 1967; MESRI and OLSON, 1970, 
1971a and 1971b; MITCHELL et al., 1973; DI MAIO, 
1996; MAGGIÒ et al., 2002; CALVELLO et al., 2005; MUSSO 
et al., 2013 among others]. The type and concentra-
tion of ions in the chemical solutions contained in 
the pores govern these interactions by affecting the 
electrostatic repulsive forces between particles, and 
chemistry related effects have then to be modelled 
through a proper theoretical framework. Conse-
quently, convenient experimental procedures must 
be also defined for the related geotechnical charac-
terization.

To clarify these aspects, theoretical and phenom-
enological aspects of the chemo-hydro-mechanical 
behaviour of active soils are outlined in the follow-
ing, together with some illustrative examples.

2.1. Swelling behaviour and compressibility

Exchangeable cations, contained in the pore 
solution, balance the permanent negative lattice 
charge that is typical of many clayey soils, and par-
ticularly smectitic clays. As a consequence of Cou-
lomb electrical attraction and thermal diffusion, ex-
changeable cations give rise to diffuse double lay-
ers around clay particles, whose interaction pro-
vides an explanation for the swelling properties ob-
served at the macro-scale. DOMINIJANNI et al. [2013], 
on the basis of the phenomenological [DOMINIJAN-
NI and MANASSERO, 2012a] and physical [DOMINIJAN-
NI and MANASSERO, 2012b] approaches describing 
the coupled chemo-hydro-mechanical behaviour 
of active clays, have proposed an expression for de-
termining the swelling pressure, usw, of an electri-
cally charged porous medium, in equilibrium with 
an external bulk solution containing the same ions 
that are present in the pore solution. When a sin-
gle salt constituted by monovalent ions is complete-
ly dissolved (e.g. NaCl or KCl), under the hypothesis 
that the microscopic deviations of the pore solution 

state variables from their average values are negli-
gible [DONNAN, 1911], the following relation is de-
rived:

  (1)

where R is the universal gas constant (8.314 J/
(mol·K)), T is the absolute temperature of the exter-
nal bulk solution. The swelling pressure increases as 
the void ratio, e, and the salt concentration, cs, de-
crease, and the reference concentration of the char-
ge of solid particles per volume of solid,  c sk,0  , increa-
ses [DOMINIJANNI and MANASSERO, 2012b].

The solid skeleton electric charge concentra-
tion,  c sk,0  , represents the only macroscopic material 
parameter introduced into the model, in order to ac-
count for the electro-chemical phenomena related 
to the microscopic surface forces. It increases in the 
case of dispersed structures of separated clay lamel-
lae, while it is expected to decrease in the case of 
aggregated structures formed by packets of lamellae 
organized in a parallel face-to-face array, according 
to the following equation [DOMINIJANNI and MANASSE-
RO, 2012b]:

  (2)

where F is the Faraday’s constant (96.485 C/mol), 
σ is the surface charge of the single lamella, fStern is 
the fraction of electric charge compensated by the 
cations specifically adsorbed in the Stern layer, ρsk 
is the solid density of the soil, and S’ is the exter-
nal specific surface of the clay particles, which corre-
sponds to the ratio of the total specific surface, S, of 
lamellae and the number of lamellae per clay parti-
cle (also called tactoid), Nl.

Since the determination of the basic physical 
and chemical properties of clay particles (i.e. σ, 
fStern, S’) is affected by significant uncertainties, the 
evaluation of the parameter  c sk,0   can only be based 
on the interpretation of experimental tests aimed at 
measuring macroscopic quantities, such as the swell-
ing pressure and the chemico-osmotic efficiency co-
efficient.

The stiffness of active soils can increase with sol-
ute concentration. This is the case with smectitic soils 
having relatively low density (high void ratios) with-
out a well developed fabric (e.g. for pure Montmoril-
lonite in MESRI and OLSON [1971a] or Ponza Benton-
ite in DI MAIO et al. [2004]), for which the chemo-me-
chanical interaction can be modelled with the con-
ceptual scheme adopted for equation 1 and 2. Stiff-
ness increase has been documented also when the 
soil is not purely smectitic (e.g. Bisaccia clay, DI MAIO 
et al. [2004]) and for compacted bentonites, whose 
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fabric is characterized by clay aggregates which re-
quires a more complex description than the one pre-
sented here (e.g. FEBEX bentonite, CASTELLANOS et al. 
[2008]). In general, soils with high specific surface 
and cation exchange capacity are more sensitive to 
pore fluid chemistry effects, and chemistry-related 
changes in stiffness might be irrelevant in materials 
having moderate percentages of smectite (e.g. Mari-
no clay, DI MAIO et al. [2004]).

2.2. Hydraulic conductivity

A large number of studies provide experimen-
tal evidence that the hydraulic conductivity of active 
soils is influenced by pore fluid chemistry [MANASSE-
RO et al., 2016]. Among others, FERNANDEZ and QUIG-
LEY [1988] found a marked increase of the soil per-
meability with the decrease of the dielectric con-
stant of the pore-fluid. MESRI and OLSON [1971b] 
measured the hydraulic conductivity of a smectitic 
clay, an illitic clay and a kaolinitic clay saturated with 
different polar liquids and electrolytes. The hydrau-
lic conductivity of these three materials was found 
to increase with solute concentration, particularly 
in the case of illite and smectite. According to the 
model proposed by HUECKEL et al. [1997], permea-
bility variations are due to pore size changes associ-
ated with the withdrawal of the adsorbed or interlay-
er water, particle removal, migration and deposition 
leading to pore clogging, changes in connectivity, 
and flocculation. Pore size distribution of FEBEX 
bentonite samples, both reconstituted and statical-
ly compacted and then saturated with NaCl and Ca-
Cl2 solutions with different molarity, are published 
in MUSSO et al. [2003] and MUSSO et al. [2013]. These 
data show that although under a given stress the 
void ratio decreases with salinity, larger pores (mac-
ro-pores) increase in size and in frequency, justify-
ing the measured higher values of hydraulic con-
ductivity with fabric changes is induced by salinity 
increase.

2.3. Volume strains due to changes in the concentration 
and chemical composition of the pore fluid

According to the Derjaguin-Landau-Verwey-Over-
beek theory (e.g. VAN OLPHEN, 1977), distance be-
tween two electrically charged plates might be eval-
uated through a balance between the electrostatic 
repulsion forces and van der Waals attraction forces. 
Repulsion forces are due to the existence of a Diffuse 
Double Layer, whose thickness decreases with the va-
lence and the concentration of the ions dissolved in 
the pore water, while van der Waals attraction is unre-
lated to the chemical composition of the fluid. Aggre-
gation of particles increases with the concentration 

of the pore fluid and with the valence of the ions that 
are dissolved in it. Although according to GUIMARÃES 
et al. [2013] at the void ratios of interest in many geo-
technical problems the double layer might be not ful-
ly developed, active soils actually reduce their volume 
upon an increase of the concentration of the pore 
fluid – according to the terminology used by BARBOUR 
and FREDLUND [1989] this is an osmotic consolidation.

Further volume strains might occur when the 
type of cations in solution changes. The attraction of 
cations by negatively charged clay particles depends 
not only on their valence, but also on their size: 
some cations might end up more easily ‘entrapped’ 
into the mineral structure than others – this is the 
case for instance of potassium ions within the lattice 
of smectite minerals [MITCHELL and SOGA, 2005]. Cat-
ion exchange phenomena add a further contribu-
tion to volume strains induced by chemical changes, 
as detected for instance by DI MAIO [1996] exposing 
bentonite samples sequentially to different electro-
lytes.

Modified expressions for effective stress ac-
counting for the role of chemical composition and 
concentration of the pore fluid for active clays have 
been proposed sometimes in the past [BOLT, 1956; 
SRIDHARAN and VENTAKAPPA RAO, 1979; FAM and SAN-
TAMARINA, 1996; GUIMARÃES et al., 2013]. Neverthe-
less, due to the complexity of the physico-chemical 
interaction in real soils, these expressions mostly 
had limited application and the effects of hydro-me-
chanical and chemical loads are usually treated sep-
arately.

DELLA VECCHIA and MUSSO [2016] adopt the fol-
lowing relationship to relate microstructural volume 
strain increments to osmotic suction changes, simi-
lar to the one proposed by ALONSO et al. [1994] for 
matric suction changes in unsaturated soils:

  (3)

where εv is the volume strain, β is a parameter that, 
according to GUIMARÃES et al. [2013], depends on the 
exchangeable cations, α is a constant. π is the osmo-
tic suction, which in dilute solutions can be expres-
sed through the Van’t Hoff relation π = i c R T where 
i is the number of constituents into which the mole-
cule separates upon dissolution and c is the molar 
concentration.

Data from DI MAIO [1996] show that, in normally 
consolidated soils, volume strains induced by chem-
ical changes depend on the stress state – the ampli-
tude of the volume strains caused by chemical chang-
es reducing as the effective stress increases. Loading 
history is also relevant and salinization – desalini-
zation cycles often show permanent strains, which 
might be modelled according to an elasto-plastic 
framework such as the one introduced in LORET et 
al. [2002].
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2.4. Transport processes and osmotically induced defor-
mations

As far as the transport of solute and solvent 
across active clays is concerned, it must be stressed 
that the flux equations for porous media can be cou-
pled, depending on whether the soil behaves as a 
semipermeable membrane or not [GROENEVELT and 
BOLT, 1969; MANASSERO and DOMINIJANNI, 2003; MITCH-
ELL and SOGA, 2005]. For instance, if a clay layer char-
acterised by a permanent negative lattice charge is 
interposed between two electrolyte solutions with 
different salt concentrations, a volumetric flux of 
water can be observed, even under a condition of 
null hydraulic gradient (i.e. membrane behaviour). 
In particular, the movement of solute in response 
to hydraulic or ion concentration gradients is unre-
strained if the soil doesn’t show membrane behav-
iour; otherwise, the transport of solute is partially 
(i.e. real membrane) or completely hindered (i.e. 
ideal membrane). The chemico-osmotic properties 
of active clays arise from the interaction of diffuse 
double layers of adjacent particles: when the pore 
sizes of the soil are sufficiently small, the overlap-
ping negative electrical potentials prevent anions 
from entering the pores, and the cations within the 
electrolyte solution are similarly restricted from mi-
gration due to the requirement for electroneutrality 
in solution [KEMPER and ROLLINS, 1966; KEMPER and 
QUIRK, 1972; FRITZ, 1986; SHACKELFORD et al., 2003; 
SHACKELFORD, 2013].

In the frame of the theoretical approach devel-
oped by DOMINIJANNI and MANASSERO [2012a,b] with 
the aim of modelling the simultaneous migration of 
water and solutes, membrane behaviour is quanti-
fied in terms of an efficiency coefficient represent-
ing the relative degree of solute restriction. This effi-
ciency coefficient is designated by the symbol ω, and 
referred to as the “reflection coefficient” or “chemi-
co-osmotic efficiency coefficient”. In general, the val-
ue of ω ranges from zero (ω = 0) in the case of ab-
sence of membrane behaviour, to unity (ω = 1) in 
the case of an ideal membrane where all migrating 
solutes are restricted.

If the pore solution contains a single salt that is 
completely dissociated into monovalent ions (e.g. 
NaCl or KCl), under the assumption that the mi-
croscopic deviations of the ion concentrations from 
their average values are negligible [DONNAN, 1911], 
the following flux equations can be derived from lin-
ear momentum balance equations of the fluid com-
ponents, as described in detail in DOMINIJANNI et al. 
[2013]:

  (4a)

  (4b)

where q is the pore solution volumetric flux, Js is the 
salt molar flux, k is the hydraulic conductivity, γw is 
the water specific weight, n is the soil porosity and π 
is the osmotic suction. In the previous relations, two 
state variables of the equilibrium bulk solution are 
introduced, and precisely the hydraulic pressure, u, 
and the salt concentration, cs.

The reflection coefficient, ω, and the osmotic ef-
fective diffusion coefficient, D*ω, are expressed as 
follows:

  (5a)

  (5b)

where   c sk,0   is the molar concentration per unit solid 
volume of the solid skeleton electric charge, e is the 
void ratio, t1 is the cation transport number, D*s is 
the salt effective diffusion coefficient, DS,0 is the free 
solution diffusion coefficient of the salt, and τm is 
the dimensionless matrix tortuosity factor which ac-
counts for the tortuous nature of the actual diffusive 
pathway through the porous medium [MALUSIS and 
SHACKELFORD, 2002b].

Mass balances of both water and solute compo-
nents of pore solution can be expressed as follows:

  (6a)

  (6b)

where ρw is water density, ms is the solute concentra-
tion within the soil and f is the rate of solute mass 
transfer from the liquid to the solid phase.

The model accounts also for transient process-
es. The assumptions of water incompressibility (ρw 
= const) and infinitesimal strains can be introduced: 
the last one implies the correspondence between in-
cremental volume strains and porosity changes dεv = 
−de/(1+e) ≅ −de/(1+e0).

Keeping the effects of osmotic suction changes 
and effective stress changes separated, the constitu-
tive equations can be expressed as follows:

  (7a)

  (7b)

where p’ is the effective isotropic stress, K is the bulk 
stiffness to effective stress changes, Kπ is the bulk 
stiffness to osmotic suction changes, H and Hπ are 
the solute mass coefficients. Both K and Kπ shall be 
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evaluated taking into account the effects of the cur-
rent stress, concentration and load history. A pheno-
menological expression for Kπ is proposed in equa-
tion 3.

As an alternative, equation 7a can be expressed 
in terms of swelling pressure as follows:

  (8)

where:

  (9)

From equation 9, a phenomenological equation 
for the swelling pressure can be obtained and com-
pared with equation 1, which has been derived from 
a physical model that takes into account the electric 
interaction occurring at the micro-scale between sol-
id particles and ions contained in the pore solution 
[DOMINIJANNI and MANASSERO, 2012b; DOMINIJANNI et 
al., 2013].

According to the coupled flux equations, expo-
sure of a sample to a solution with a chemical com-
position different from the original causes transport 
of both water phase and dissolved ions. Water will 
flow along the gradient of osmotic suction (from 
lower osmotic suction to higher osmotic suction – 
which means from lower concentrations towards 
higher concentrations) resulting in an osmotic flow. 
If the concentration of the solution to which the soil 
is exposed is higher than the original one, water will 
tend to flow outside of the material. While this oc-
curs, the pore pressure tends to decrease and, ac-
cording to the definition provided by BARBOUR and 
FREDLUND [1989] the soil experiences an osmotically 
induced consolidation (Fig. 1). Pore pressure chang-

es related to osmotically induced consolidation were 
measured by FAM and SANTAMARINA [1996].

When the soil is exposed to a dilute solution, 
osmotic flow points from the boundary towards 
the soil. This boundary condition should cause an 
increase in the pore pressure within the soil mass, 
and therefore an osmotically induced swelling. Pore 
pressure changes are inherently transient and in the 
long term they might not have a permanent effect 
on the soil volume if its behaviour is elastic.

2.5. Shear strength

Studies on the influence of pore solution type 
and concentration on the shear strength of clays 
point out the role of mineralogy. According to the 
double layer theory, a salinity increase reduces re-
pulsion forces, allows for thinner water films and 
then less effective lubrication between particles. At 
the level of interaction between different particles 
it is therefore expected that friction increases with 
ionic concentration [e.g. SANTAMARINA et al., 2001]. 
At the scale of laboratory tests, this increase in fric-
tion is more pronounced the higher the specific sur-
face of the clay minerals is, which makes the role of 
electrochemical forces more relevant, and the high-
er the anisometry is (the diameter to thickness ra-
tio), which favours face to face alignment during 
shearing. Beside from the ionic concentration of wa-
ter solutions, the thickness of the double layer also 
depends on the dielectric constant of the fluid that 
wets the particles. The residual friction of kaolinite 
and montmorillonite increases for decreasing die-
lectric constants, as documented by SRIDHARAN and 
VENTAKAPPA RAO [1979] and by CALVELLO et al. [2005]. 

Fig. 1 – Direction of osmotic flow and effects on transient volume changes induced on samples of active soils. Left: osmoti-
cally induced consolidation. Right: osmotically induced swelling.
Fig. 1 – Direzione del flusso osmotico ed effetti sulle variazioni transitorie di volume indotte nei campioni di terreni attivi. Sinistra: 
consolidazione provocata tramite osmosi. Destra: rigonfiamento provocato tramite osmosi.
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pH effects are relevant especially for kaolinite, whose 
electrical charge depends on the acidity of the wet-
ting solution and changes from negative to positive 
for pH values lower than about 4. The effects of pH 
on the residual shear strength of kaolinite are dis-
cussed by WAHID et al. [2011] Another chemical ef-
fect on residual shear strength is related to the type 
of cation adsorbed by the clay mineral, which is rele-
vant especially for smectite and illite. The following 
discussion will limit to literature data concerning the 
role of adsorbed cations and concentration of salt 
solutions. The interested reader can find evidences 
of the effects of the dielectric constant on the resid-
ual shear strength of kaolinite and montmorillonite 
in the works cited above. 

Results from the literature where the residual 
shear strength was measured through direct shear 
tests (precut samples) and through ring shear tests 
are mainly considered. The results of triaxial tests 
from OLSON [1974] and MESRI and OLSON [1970], 
on normally consolidated samples prepared by sedi-
mentation followed by consolidation in the pore wa-
ter used during shearing, are also discussed because 
of their clarity. The relatively small displacements 
imposed in triaxial tests do not allow full alignment 
of clay particles. On the other hand, results from di-
rect and ring shear tests refer to residual conditions 
into which maximum possible alignment of particles 
shall occur. The residual shear strength is expected 
to be smaller than the shear strength measured with 
triaxial testing, and independent of the original fab-
ric. As for illite and smectite, the triaxial tests from 
OLSON [1974] provide values which are comparable 
to the residual ones from direct shear tests in KEN-
NEY [1967]. With respect to this aspect, OLSON [1974] 
concluded that changes of fabric had imparted a 
negligible effect on shear strenght. However, this 
shall be referred strictly to the materials and type of 
structure investigated in that work.

Tests on homoionic clays (a single cationic spe-
cie adsorbed by clay minerals) allow appreciating the 
role of cations that are fixed, or tightly adsorbed, by 
the clay minerals, on the shear strength even when 
the saturating fluid is distilled water. 

Calcium and sodium forms of kaolinite (Ca-ka-
olinite and Na-kaolinite) were studied by OLSON 
[1974] (triaxial tests) and by MÜLLER-VONMOOS and 
LØKEN [1989] (ring shear tests). In both studies, nei-
ther the type of adsorbed cation nor the concentra-
tion in the pore solution was found to have an ef-
fect on the shear strength. Results of direct shear 
tests from DI MAIO and FENELLI [1994] and WAHID et 
al. [2011], for kaolinite samples that were not con-
ditioned to be homonionic, also suggest that NaCl 
concentration in the pore fluid does not influence 
residual shear strength, although a (limited) influ-
ence of NaCl and CaCl2 concentration is claimed by 
MOORE [1991]. It has to be remarked that the resid-

ual friction angle of the Georgia kaolinite [OLSON, 
1974 and MÜLLER-VONMOOS AND LØKEN, 1989] is ’r 
≅ 25°, significantly higher than the residual friction 
angle of the other studies, which ranges between 10° 
to 15°. The cause of this difference is very likely to be 
related to the grain size distribution (particles finer 
than 2 m are only 47% in Georgia kaolinite, 60 % 
in the Speswhite of WAHID et al. [2011] and 100 % 
in the kaolinite of DI MAIO and FENELLI [1994]) and 
consequently to the specific surface, which increases 
the finer the particles are.

Ca-illite and Na-illite were studied by OLSON 
[1974] and by MÜLLER-VONMOOS and LØKEN [1989]. 
In both cases and conditions, the shear strength 
of Ca-illite was found to be higher than the shear 
strength of Na-illite. According to OLSON [1974] the 
concentration of calcium ions in the pore solution 
has no influence on the shear strength of Ca-illite, 
while the shear strength of Na-illite increases with so-
dium concentration. On the other hand, the residual 
shear strength of the Na-illite tested by MÜLLER-VON-
MOOS and LØKEN [1989] does not depend on sodium 
concentration.

Smectitic clays show the highest influence of ad-
sorbed cation type and pore water concentration on 
shear strength. Both the shear strength from triaxial 
tests [MESRI and OLSON, 1970] and the residual shear 
strength from ring shear tests [MÜLLER-VONMOOS 
and LØKEN, 1989] of homoionic Wyoming bentonite 
strongly depend on the type of adsorbed cation. The 
residual shear strength follows the order ϕ'r (Th ben-
tonite) > ϕ'r (Al bentonite) > ϕ'r (Ca bentonite) > ϕ'r 
(Na bentonite), the shear strength from triaxial tests 
follows the order ϕ' (Ca-bentonite) > ϕ' (Na-benton-
ite). The noticeably lower shear strength of sodium 
bentonite with respect to other forms is explained 
by the fact that, differently from kaolinite and illite, 
smectite layers are held together by a bonding that 
involves the adsorbed cations. Cations with a higher 
valence provide a stronger bonding, while the bond-
ing associated to Na+ is quite weak and water can 
penetrate easily between layers. Thus, during shear-
ing, Na-bentonite particles can break down into very 
thin layers arranging into a smooth shear surface 
and causing very low residual shear strength angles 
(order of 4-5 degrees). Although potassium is a mon-
ovalent cation (K+), because of its size this cation is 
able to enter more firmly into the mineralogical 
structure [SPOSITO, 1984], avoiding particle break-
age. K-bentonite generally shows a quite high residu-
al shear strength, higher than the one of Ca-benton-
ite and Mg-bentonite, confirmed also at high stresses 
[BEHNSEN and FAULKNER, 2013]. 

Simple exposure to homonionic solutions hav-
ing a high molar concentration in principle does not 
ensure that clay minerals change to their homoion-
ic form. Nevertheless, it can have a significant effect 
on the residual shear of bentonite saturated with dis-
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tilled water, as found by DI MAIO [1996]. Samples of 
Ponza bentonite were either prepared with or ex-
posed to KCl, CaCl2 and NaCl solutions. They were 
then exposed to distilled water and sheared. Under 
this condition, the residual shear strength of the 
samples that were prepared or exposed to potassi-
um or calcium was noticeably higher than the resid-
ual shear strength of the samples prepared with dis-
tilled water, while the residual shear strength of the 
samples prepared or exposed to sodium was compa-
rable to the one of the samples prepared with dis-
tilled water. Exposure to potassium caused a higher 
increase of shear strength than exposure to calcium. 
The residual shear strength of Ponza bentonite al-
so increased with the concentration of the solutions 
used, which is in accordance with shrinkage of the 
double layer. 

Summing up, these data prove that the residu-
al shear strength of smectite and illite is sensitive to 
the type of adsorbed cation, while the residual shear 
strength of kaolinite is generally not. The residual 
shear strength of kaolinite is far less sensitive to the 
salinity of the pore fluid because of a low anisom-
etry, low cation exchange capacity and low specific 
surface [MÜLLER-VONMOOS and LØKEN, 1989]. A high-
er sensitivity of kaolinite on cation concentration in 
the pore fluid is anticipated for decreasing size of 
the particles, which causes an increase of the spe-
cific surface and of the relevance of electro-chemi-
cal interaction forces. The residual shear strength of 
smectite (any form) is also generally sensitive to cati-
on concentration in the pore fluid, while for pure il-
lite this sensitivity is evident in the Na form whereas 
it is not so evident in the Ca form. 

Natural clays normally do not have a uniform 
mineralogical composition. The effects of pore solu-
tion type and concentration on the single mineral-
ogical fractions are different and thus expected to 
determine a sensitivity to the chemical composition 
of the saturation fluid which is not easy to establish a 
priori and should be determined by proper laborato-
ry tests, as suggested by CALVELLO et al. [2005]. As for 
natural illitic soils, an important evidence of the role 
of pore solution type and concentration on shear 
strength and its evolution is given by quick clays. The 
liquid and plastic limit of these soils increase with sa-
linity, and so does the undrained shear strength both 
in undisturbed and remoulded conditions [e.g. BJER-
RUM, 1954]. Moreover, the sensitivity (ratio between 
undrained shear strength at undisturbed and re-
moulded conditions) increases noticeably with dilu-
tion of the pore water. Sedimentation of these clays 
occurred in marine water, which allowed for an open 
fabric, and dilution of the pore water causes a both 
a decrease of shear strength and an increase of the 
liquidity index. If remoulded, these clays can float in 
the pore water, becoming ‘quick’. Catastrophic land-
slides in quick clays are then a legacy of the meta-

stable condition of their fabric when the salinity of 
the saturating pore water decreases, and of the im-
portant reduction of the remoulded shear strength, 
which is also affected by salinity decrease. Studies cit-
ed in HELLE et al. [2015] showed that for relatively 
high concentrations the remoulded shear strength 
increases with salinity whatever the nature of the cat-
ion. A clear dependency on cation type is found in-
stead for salt contents lower than 5 g/l, and the fol-
lowing sequence gives increasing ability to increase 
the shear strength: Na+ < Fe2+ ≤ Mg 2+ ≤ Ca 2+ < Fe 3+ 
< K+ < Al3+. 

The residual shear strength of mixed clay soils 
having a relevant smectite content has been studied, 
among others, by DI MAIO and FENELLI [1994] and by 
MUSSO et al. [2008]. DI MAIO and FENELLI [1994] meas-
ured the effect of NaCl concentration on the residu-
al shear strength of kaolinite – Ponza bentonite mix-
tures, prepared at bentonite contents ranging from 
0% to 100%. They found that the influence of Na-
Cl concentration on residual shear strength increas-
es with bentonite content. Interestingly, the residual 
friction angle of the mixture having 25% bentonite 
saturated with distilled water is already quite close to 
the one of pure bentonite. At such a bentonite con-
tent salinity also influences the shear strength, but 
not yet as much as for pure bentonite. 

MUSSO et al. [2008] studied the behaviour of 
Monastero Bormida clay, a natural soil with domi-
nant smectitic and illitic fractions. The index proper-
ties of this clay are moderately low (see following par-
agraphs) and the residual friction angle in distilled 
water is ‘high’ with respect to that of pure smectite 
(ϕ’r = 13° in MUSSO et al. [2008] against ϕ’r ≈ 4° for 
bentonite in DI MAIO and FENELLI [1994]). Despite 
these properties, MUSSO et al. [2008] found a signifi-
cant increase of the residual shear strength with Na-
Cl concentration. It has to be observed anyway that 
no chemical effects occurred in samples having a cal-
cite content equal to or greater than 15%. 

DI MAIO et al. [2015] also have shown how the ex-
posure to 1 M KCl solution of “Costa della Gaveta” 
clay (percentage of expansive minerals of about 5 – 
10%, percentage of illite of about 10 – 20%) carried 
out by simply replacing the cell water during a shear 
test, causes dramatic shear strength increase, while 
on the following re-exposure to distilled water, the 
shear strength exhibits negligible decrease. On the 
basis of these results, an experimental test field was 
prepared with wells filled with KCl, so to deliver K+ in 
the clay formation [DI MAIO et al., 2017]. 

3. Chemo-mechanical laboratory tests

The study of chemo-mechanical behaviour of 
active soils requires a specific and suitable labora-
tory experimental programme. Generally, the tests 
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are performed with standard apparatus but follow-
ing non standard procedures. The main procedures 
adopted to perform oedometer tests, ring shear 
tests and chemico-osmotic tests are described here. 
Clarifying examples of the expected results are al-
so provided. Examples refer to tests performed 
on three different soils, whose physical and index 
properties are listed in table I: Monastero Bormida 
clay, FEBEX bentonite and an Indian sodium ben-
tonite.

One of the several plane slope failure events 
that took place in the Langhe area in 1994 oc-
curred at Monastero Bormida. The main mineral 
constituents of the marly clay layers affected by this 
landslide are smectite, chlorite, illite and calcite at 
varying contents [MUSSO et al., 2008]. The dissolu-
tion of calcite due to the local hydrogeochemical 
conditions was recognized to be an important fac-
tor predisposing the landslide. According with de-
tailed inspections resumed in BOTTINO et al. [2011] 
and CASTELLI et al. [2014], the calcite content of the 
soil in the sheared zones was smaller than in the 
surrounding soil mass. The soil from the sheared 
zones also had a higher specific surface and smec-
titic fraction (e.g. CHIAPPONE [1999]). The results 
presented in the following have been obtained on 
Monastero Bormida clay samples where the calcite 
fraction was removed by washing the soil dried pow-
der with a diluted HCl solution. To avoid a sharp 
pH drop, which could affect clay mineralogy, the 
quantities of HCl used were evaluated according to 
the stoichiometric relationships of the dissolution 
reaction and calibrated on the quantity of calcite 
to be dissolved. After the treatment the soil powder 
was washed four times in distilled water to remove 
all reagents.

FEBEX is a natural mixed bentonite (Cortijo de 
Archidona deposit, Almería, South-eastern Spain), 
studied as an engineered barrier for radioactive 
waste disposal (ENRESA [2000]). It is composed of 
montmorillonite (around 90%), and small quanti-
ties of quartz, plagioclase, cristobalite, K-feldspars, 
trydimite and calcite.

The Indian sodium bentonite, used for the pro-
duction of a needle-punched GCL, is characterised 
by a cation exchange capacity of 105 meq/100 g. 
The mineralogical composition, evaluated through 
X-ray diffraction analysis, indicates a clayey soil that 
is composed primarily of smectite (> 98%), with 
traces of calcite, quartz, mica and gypsum. The ben-
tonite is characterised by a hydraulic conductivity of 
8×10-12 m/s, measured at a 27.5 kPa confining ef-
fective stress using deionised water as the permeant 
liquid [DOMINIJANNI et al., 2013]. It must be empha-
sized that, prior to laboratory testing, the material 
was subjected to a process with the aim of removing 
the soluble salts (mainly sodium) that are natural-
ly present inside the soil, owing to its marine ori-
gin. The treatment, known as squeezing, prevents 
soluble salts from interfering with the determina-
tion of the osmotic properties, and consists of a se-
ries of subsequent phases of powder bentonite hy-
dration with deionised water, at a higher water con-
tent than the liquid limit, and drained consolida-
tion performed in a consolidometer.

3.1. Sample preparation

Three types of samples can be tested when an in-
vestigation on the chemo-hydro-mechanical behav-
iour of an active soil is carried out, namely recon-

Monastero
Bormida

FEBEX
bentonite

Indian
bentonite

Clay fraction (%) 26 ∼ 100 ∼ 100

Silt fraction (%) 71

Sand fraction (%) 3

Liquid limit in distilled water, 
wL (%)

47 102 525

Plastic limit in distilled water, 
wP (%)

31 53 63

Specific surface (m2/g) ∼ 90
725 (total)

65 (external)
760

Mineralogical composition
Size of X-ray diffraction peaks in 
the following decreasing order: 

Smectite, Illite, Lizardite, Quartz

Montmorillonite ∼ 
90%

Montmorillonite ∼ 
98%

Tab. I – Main physical and index properties of the tested soils.
Tab. I – Principali caratteristiche fisiche e proprietà indice dei terreni analizzati.

Grain sizes: clay: d < 2 µm; Silt: 2 µm ≤ d < 60 µm; sand: 60 µm ≤ d < 2 mm



RIVISTA ITALIANA DI GEOTECNICA

30 MUSSO - COSENTINI - DOMINIJANNI - GUARENA - MANASSERO

stituted samples, undisturbed samples and compact-
ed samples. Reconstituted samples are generally pre-
pared at an initial water content higher than the liq-
uid limit – typically w  1.1 ÷ 1.2 wL. When preparing 
a reconstituted sample, it must be taken into account 
that the liquid limit depends on the type of electro-
lyte and concentration used (Fig. 2). In this case, the 
water content is defined as the weight of water divid-
ed by the weight of solid phase plus salt.

Specimens of undisturbed samples can be in-
troduced in the experimental cells and be exposed 
to the target solution. Flushing of the specimens al-
lows faster control on the composition of the pore 
solution than simple exposure. Volume changes are 
expected anyway if the composition or concentra-
tion of the external solution is different from the 
original one of the soil. The stress imposed from 
the cell might be controlled and changed during 
flushing or exposure to the solution to guarantee 
a constant volume condition reducing effects that 
could significantly impact on the fabric of the spec-
imen.

Compacted specimens can be loaded and soaked 
with the target solution. In this case, swelling or col-
lapse strains upon saturation are controlled not only 
by the sample density and Over Consolidation Ratio, 
but also by the composition of the solution, as shown 
in figure 3 for decalcified samples of Monastero Bor-
mida clay.

Fig. 2 – Relationship between liquid limit and concentration of the permeant. Left: highly active smectites. Right: active soils 
from the Langhe area.
Fig. 2 – Relazione tra il limite liquido e la molarità della soluzione permeante. Sinistra: smectiti ad elevata attività. Destra: terreni attivi 
dalla zona delle Langhe.

Fig. 3 – Influence of loading conditions and solution con-
centration on swelling upon saturation of decalcified Mo-
nastero Bormida samples, statically compacted at an initial 
void ratio e0=0.63 and initial water content w = 2%.
Fig. 3 – Influenza delle condizioni di carico e della 
concentrazione della soluzione sul rigonfiamento per idratazione 
di campioni decalcificati dell’argilla di Monastero Bormida, 
compattati staticamente a un indice dei vuoti e0=0.63 e 
contenuto d’acqua w = 2%.
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3.2. Strain-controlled oedometer tests

The swelling pressure apparatus, as shown in fig-
ure 4, consists primarily of a stainless steel oedom-
eter cell, a water supply tank, a displacement trans-
ducer connected to the cell top piston, which is 
used to measure the axial strains of the specimen, a 
load cell, and a data acquisition system. The sample 
is confined inside a rigid cell (i.e. the oedometer), 
which allows access to the water through both po-
rous stones. The cell is connected to a pressure pan-
el that allows the specimen to be back-pressurised. 
The rigid piston above the upper porous stone is 
connected to the load cell, which measures the pres-
sure that has to be applied in order to hinder the ax-
ial strain of the specimen.

The test procedure requires a known amount of 
dry material to be dusted inside the oedometer ring, 
the cell to be assembled, and an aqueous solution to 
be supplied. The piston is blocked at a given height 
after a transitional free-swelling phase, and the sam-
ple is back-pressurised. Since the clay that is initially 
dusted inside the oedometer is dry, the pressure in-
creases for a number of days during hydration, and 

the steady-state swelling pressure is reached when hy-
dration has been completed.

With the aim of highlighting the capability of 
the proposed theoretical approach to interpret the 
experimental data, the results of two strain-con-
trolled oedometer tests are presented. As described 
in BOFFA [2016], steady-state swelling pressure val-
ues were measured on specimens prepared with ov-
en-dried sodium bentonite, previously subjected to 
the squeezing process. The tests were carried out by 
hydrating two samples at different final void ratios 
(i.e. e = 3.98 and e = 3.32), using a NaCl 10 mM con-
centrated solution as permeant fluid. At the end of 
hydration, the specimen volume change was inhib-
ited, and the value of the swelling pressure was re-
corded after a short transitional phase, as illustrated 
in figure 5.

By way of comparison, the results obtained by 
DOMINIJANNI et al. [2013] are shown in table II. These 
data are referred to the same squeezed sodium ben-
tonite, and the test procedures follow the scheme 
previously outlined. Steady-state swelling pressure 
values were measured in equilibrium with five differ-
ent NaCl solutions, characterized by increasing con-

Fig. 4 – Schematic view of the swelling pressure apparatus.
Fig. 4 – Rappresentazione schematica dell’attrezzatura per la misura della pressione di rigonfiamento.
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centrations (i.e. 5, 10, 20, 50 and 100 mM). The final 
hydrated volume of the specimens corresponds to a 
void ratio e = 4.26. Bearing in mind that the swell-
ing pressure depends on the solid skeleton electric 
charge through Equation 1, from the best-fitting of 
the theoretical curve with the experimental data, a 
value of  c sk,0   equal to 90 mM was found (Fig. 6). This 
theoretical curve fits very well the experimental data, 
with the only exception of the data corresponding 

to the lowest and highest equilibrium salt concentra-
tions. At least for the result obtained with the highest 
equilibrium concentration, a possible explanation of 
this disagreement can be attributed to a change of 
the bentonite fabric (i.e. an increase of the number 
of lamellae per tactoid), which determines an appre-
ciable reduction of the solid skeleton electric charge 
with respect to its average value within the investigat-
ed salt concentration range.

Furthermore, if the experimental results ob-
tained for e = 3.98 and e = 3.32 are plotted in the 
plane e – usw together with the swelling pressure 
datum given by DOMINIJANNI et al. (2013), referred 
to a salt concentration cs = 10 mM and a void ra-
tio e = 4.26, a value of   c sk,0   equal to 95 mM, which 
is very close to the  c sk,0   of 90 mM derived by the 
same authors, provides a theoretical fitting curve 
in good agreement with the experimental data 
(Fig. 7).

The solid skeleton electric charge concentra-
tion,   c sk,0  , is expected to assume different values as 
a function of void ratio and salt concentration due 
to the bentonite fabric changes [MANASSERO et al., 
2016]. Nevertheless, considering the low concentra-
tion of the adopted salt solutions, the obtained data 
have been interpreted, as a first approximation, with 
a constant value of   c sk,0  . Despite this simplification, 
experimental results are quite well fitted by the the-

Fig. 5 – Swelling pressure as a function of time, measured at different void ratios on a sodium bentonite specimen in equili-
brium with a NaCl 10 mM concentrated solution.
Fig. 5 – Pressione di rigonfiamento in funzione del tempo, misurata a diversi indici dei vuoti su un campione di bentonite sodica in 
equilibrio con una soluzione di cloruro di sodio a concentrazione 10 mM.

cs
(mM)

usw (ei)
(kPa)

5 25

10 22,4

20 12,5

50 4,8

100 0

Tab. II – Measured swelling pressures of a sodium benton-
ite specimen subjected to a strain-controlled oedometer 
test, at a void ratio e = 4.26 [DOMINIJANNI et al., 2013].
Tab. II – Pressioni di rigonfiamento misurate su un campione 
di bentonite sodica in una cella edometrica a deformazione 
impedita, a un indice dei vuoti e = 4.26 [DOMINIJANNI et al., 
2013].
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oretical curves using the parameter   c sk,0   as the only 
fitting parameter.

Anyway, in order to point out the possible range 
of variation of the parameter   c sk,0   within the inves-

tigated range of void ratio, the theoretical curves 
for   c sk,0  =85mM and csk,0=105mM, which envelop all 
the experimental data, have been also plotted in 
figure 7.

Fig. 6 – Measured swelling pressure reported by DOMINIJANNI et al. [2013], as a function of sodium chloride (NaCl) equili-
brium concentration for e = 4.26, with the best-fitting theoretical curve obtained for  c sk,0   = 90mM  (continuous line).
Fig. 6 – Misure di pressione di rigonfiamento riportate da DOMINIJANNI et al. [2013], in funzione della concentrazione di equilibrio di 
cloruro di sodio (NaCl) per e = 4.26, con la migliore curva teorica interpolante ottenuta per  c sk,0   = 90mM (linea continua).

Fig. 7 – Swelling pressure as a function of void ratio for cs = 10 mM, with the best-fitting theoretical curve obtained for   c sk,0   
= 95mM (continuous line).
Fig. 7 – Pressione di rigonfiamento in funzione dell’indice dei vuoti per cs = 10 mM, con la migliore curva teorica interpolante ottenuta 
per   c sk,0   = 95mM (linea continua).
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3.3. Conventional oedometer tests: swelling pressure

As an alternative to the strain-controlled oedom-
eter test, the swelling pressure developed by the clay 
sample can be measured by means of a conventional 
oedometer test, which allows to study the mechanical 
and the volume change behaviour of the soil. This 
test is carried out partially in accordance with ASTM 
D 2435-96 (Standard Test Methods for One-Dimen-
sional Consolidation Properties of Soils).

A test was performed following the standard 
loading schedule, in equilibrium with a NaCl 10 mM 
concentrated solution. The specimen was prepared 
by dusting a known amount of squeezed oven-dried 
sodium bentonite inside the steel ring, and then 
hydrating the dry material with the test electrolyte 
solution under a total axial stress of 12.3 kPa. Satu-
ration of the specimen has been verified by compar-
ing the water content that has been calculated from 
the known dry mass and total volume of the spec-
imen with the measured water content at the end 
of the test. The clay was allowed to swell for sever-
al days and later loading, unloading and reloading 
phases were conducted, with a load increment ratio 
of one (obtained by doubling the pressure on the 
soil), whereas in the unloading phases each load was 
one-fourth as large as the preceding load.

Figure 8 represents the axial displacement, re-
ferred to the initial height of the specimen and meas-

ured by LVDT transducer, as a function of time, and 
figure 9 shows the compression curves for the exam-
ined bentonite. The test duration was about 90 days 
and each load step was maintained long enough to al-
low complete dissipation of the pore water overpres-
sure. Upon unloading and reloading the clay speci-
men, a sort of hysteresis was observed from non-line-
ar unloading/reloading paths. Similar trends of un-
loading/reloading loops in conventional oedometer 
tests were noticed in clayey soils [HOLTZ et al., 1986], 
in bentonites [BORGESSON et al., 1996], in bentonite/
sand mixtures [TONG and YIN, 2011], in kaolin/ben-
tonite mixtures [DI MAIO et al., 2004] and in stiff clays 
[CUI et al., 2013].

These observations can be explained by making 
an hypothesis about the microscopic mechanisms 
which govern the overall deformational behaviour. 
When unloading starts, the interparticle stresses 
are decreased and, owing to a relatively high stiff-
ness of the solid skeleton, the void ratio slightly var-
ies. Therefore, the swelling pressure, which is con-
trolled by the porosity, is expected to remain almost 
unvaried. As soon as the total vertical stresses equal 
the swelling pressure, the electro-chemical effect 
becomes more important and leads to a larger soil 
swelling; thus, for the last segment of the unloading 
path, a given variation of the external load results in 
an equal variation of the swelling pressure. Through-
out this stage, the microstructure pattern of the soil 

Fig. 8 – Axial displacement measures as a function of time during conventional oedometer test.
Fig. 8 – Misure di spostamento assiale in funzione del tempo durante la prova edometrica convenzionale.
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undergoes significant alterations, which could be re-
lated to an increase of the face-to-edge with respect 
to the face-to-face particle contacts.

Even if the unloading paths of oedometer tests 
are curvilinear for most active clays, it is possible to 
simplify them in two linear segments and derive a 
swelling pressure value through their intersection, 
as illustrated by CUI et al. [2013]. In such a way, the 
unloading paths are subdivided into two distinct 
zones: the threshold stress separates the zone char-
acterized by a more pronounced electro-chemical 
effect (σv < usw) from that with predominant me-
chanical effect (σv > usw). The values of swelling 
pressure identified from figure 9 are resumed in ta-
ble III, as a function of the void ratio, ei, just before 
each unloading.

3.4. Conventional oedometer tests: compressibility and 
hydraulic conductivity

Standard oedometers are used to evaluate the 
compressibility of active clays not only under the ac-
tion of mechanical loads, but also under the effect 
of the variations in pore-fluid ionic concentration or 
cation exchange between clay particles and pore-flu-
id. There are two main procedures followed in the 

literature to perform these tests, adopted e.g. by DI 
MAIO [1996] and by CASTELLANOS et al. [2008].

Different slurries of the material, each of them 
with a given solution of known composition and con-
centration, allow investigating the effect of pore flu-
id chemistry on the stiffness. Slurries are prepared 
mixing a mass of dry powder of clay with a mass of 
solution sufficient to ensure saturation (w ≈ 1.1 wL). 
They are then placed in the oedometer and a se-
quence of vertical stress is imposed, following e.g. a 
standard procedure based on a loading time of 24 h.

Fig. 9 – Conventional oedometer test performed on a sodium bentonite specimen in equilibrium with a NaCl 10 mM con-
centrated solution (in the same graph, unloading regression lines are displayed).
Fig. 9 – Prova edometrica convenzionale eseguita su un campione di bentonite sodica in equilibrio con una soluzione di cloruro di sodio a 
concentrazione 10 mM (sullo stesso grafico, è visualizzata la linearizzazione dei rami di scarico).

ei

(-)
usw (ei)
(kPa)

1° Unloading Path 3,10 49,0

2° Unloading Path 1,45 120,7

3° Unloading Path 0,60 310,0

Tab. III – Measured swelling pressures of a sodium bento-
nite specimen subjected to a conventional oedometer test, 
in equilibrium with a NaCl 10 mM concentrated solution.
Tab. III – Pressioni di rigonfiamento misurate su un campione 
di bentonite sodica sottoposto a una prova edometrica 
convenzionale, in equilibrio con una soluzione di cloruro di 
sodio a concentrazione 10 mM.
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Based on previous studies, laboratory experi-
ments were set up in order to highlight the mechan-
ical sensitivity of Monastero Bormida marly clay to 
hydro-chemical processes at the decalcified state. 
Pore fluid composition has a minor effect on the 
compression curves of this natural material (Fig. 10, 
left), although at low axial stress the stiffness increas-
es very slightly with concentration. Interestingly, the 
oedometer curves obtained using 4 M KCl and a 4 
M NaCl solution are completely overlapping along 
first time compression. The pore fluid chemistry in-
duces far more evident effects when the soil has a 
very abundant smectitic fraction (FEBEX bentonite, 
right side of Fig. 10).

Figures 11 shows the influence of the ionic con-
centration of NaCl solutions on the relation between 
permeability and void ratio evaluated through oed-
ometer compression tests on reconstituted samples. 
Chemical changes severely impact on the hydraulic 
conductivity of the FEBEX bentonite, which increas-
es of several orders of magnitude when a 5.5 M NaCl 
solution is used. Impact on the hydraulic conductiv-
ity of Monastero Bormida clay is smaller, although 
the hydraulic conductivity increases between 2 and 
3 times when a 1 M NaCl solution is used instead of 
distilled water as saturating fluid.

3.5. Conventional oedometer tests: chemically induced 
strains

Chemically induced strains are studied by induc-
ing changes in the concentration (or composition) 
of the pore-fluid while the axial stress is maintained 
constant. The desired pore fluid is poured into the 
reservoirs of the oedometer cell: gradients of con-

centration between the species dissolved in the cell 
reservoirs and the soil volume induce transport pro-
cesses for water and ions. The chemical composition 
imposed at the boundary of the specimen must re-
main constant: to do so, the solution in the cell res-
ervoirs is frequently renewed. The chemical compo-
sition of the pore fluid is assumed to be the same of 
the solution in the cell reservoirs when no volume 
changes occur during various days.

Figure 12 (left) shows the history of strains expe-
rienced by a reconstituted sample of Monastero Bor-
mida clay initially saturated with water. The sample 
was exposed to a 4 M KCl solution under a constant 
vertical stress σ’ = 98.1 kPa. During the following days 
chemo-mechanical consolidation occurred, possibly 
due to both the increase in the osmotic suction of the 
pore fluid within the sample and to cation exchange 
processes. Shrinkage strains associated to chemical 
changes were quite small, but they proved to be ir-
reversible with respect to the subsequent desaliniza-
tion induced by steps (1 M KCl solution and then 
distilled water). According to the data from DI MAIO 
[1996] and to the model by GUIMARÃES et al. [2013] 
strains proceeding from cation exchange processes 
involving adsorption of K+ in smectitic clays cannot 
be completely recovered simply by exposure to dis-
tilled water. On the contrary, they are largely recov-
ered through exposure to a high NaCl solution fol-
lowed by final exposure to distilled water. Different 
reasons are claimed to cause this behaviour – either 
a stronger bonding of K+ within the crystal structure 
of the smectite, where K+ ions can be displaced only 
with high concentration of other cations, or the po-
tassium clay being stiffer than the sodium clay. Chem-
ically induced strains of pure smectitic soils are usu-
ally far larger than those evidenced for Monastero 

Fig. 10 – Compression curves of reconstituted samples saturated with different solutions. Left: Monastero Bormida clay. 
Right: FEBEX bentonite.
Fig. 10 – Curve di compressione di campioni ricostituiti saturati con diverse soluzioni. Sinistra: argilla di Monastero Bormida. Destra: ben-
tonite FEBEX.
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Bormida clay. Figure 12 (right) provides data origi-
nally published by DI MAIO [1996] for Ponza Benton-
ite: it can also be appreciated that chemical consol-
idation requires shorter times than chemical swell-
ing. This different timing can be explained through 
a double-porosity hydro-chemo-mechanical formula-
tion, described by MUSSO et al. [2013] and DELLA VEC-

CHIA and MUSSO [2016]. As a matter of fact, interpre-
tation of salinization – desalinization cycles in light 
of coupled hydro-chemo-mechanical models allows 
the determination of transport parameters governing 
ion diffusion, osmotic flow and cation exchange pro-
cesses. These parameters are required to foresee the 
times required to impose the desired pore fluid com-

Fig. 11 – Hydraulic conductivity of Monastero Bormida clay (left, modified from MUSSO et al., 2008) and of FEBEX bentonite 
(right, modified from MUSSO et al., 2013) as a function of void ratio and permeant concentration. Specimens were prepared 
with the testing solution.
Fig. 11 – Conducibilità idraulica dell’argilla di Monastero Bormida (sinistra, modificato da MUSSO et al., 2008) e della bentonite FEBEX 
(destra, modificato da MUSSO et al., 2013) in funzione dell’indice dei vuoti e della soluzione permeante di preparazione.

Fig. 12 – Chemically induced strains. Left: Chemical consolidation followed by (negligible) swelling of Monastero Bormida 
clay exposed to KCl solutions and then to distilled water. Right: Chemical consolidation and swelling of Ponza bentonite ex-
posed to saturated NaCl solution and then to distilled water (data from DI MAIO, 1996, simulations from DELLA VECCHIA and 
MUSSO, 2016).
Fig. 12 – Deformazioni indotte per via chimica. Sinistra: consolidazione chimica seguita da un rigonfiamento (trascurabile) dell’argilla di 
Monastero Bormida esposta a soluzioni di KCl e successivamente ad acqua distillata. Destra: consolidazione chimica e rigonfiamento della 
bentonite di Ponza esposta a una soluzione satura di NaCl e successivamente ad acqua distillata (dati sperimentali da DI MAIO, 1996, 
simulazioni da DELLA VECCHIA e MUSSO, 2016).
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position from wells aimed at increasing the safety fac-
tor of landslides prone to instability, for interventions 
such as the one described in DI MAIO et al. [2017].

3.6. Conventional oedometer tests: hardening induced by 
chemical loadings

Permanent strains occurring after saliniza-
tion-desalinization cycles can promote hardening of 
the soil. Relevance of such hardening can be veri-
fied by applying small stress increments after salini-
zation-desalinization, once that the oedometer sam-
ple is saturated again with distilled water. Results of 
such a kind of experiment for the Monastero Bormi-
da clay are presented in figure 13: chemical cycles, 
indicated by arrows, were applied at different stress 
levels and degrees of over consolidation. When the 
chemical cycle is imposed from a normally consoli-
dated condition, the stress strain curve for the first 
following stress increments has about the same slope 
of the unloading-reloading line. At a higher stress 
the virgin compression curve is met again and the 
slope of the virgin compression line is recovered. As 
a matter of fact, chemical cycling in normally consol-
idated condition appears to increase the preconsol-
idation stress and to induce some kind of over-con-
solidation. The (apparent) Over Consolidation Ra-
tio obtained in the test of figure 13 depends on the 
stress level and ranges approximately between 1.3 
(cycling at σ’ = 3139 kPa) and 1.5 (cycling at σ’ = 98 
kPa). No significant chemical strains occurred under 
Over Consolidated condition.

3.7. Chemico-osmotic tests

The testing apparatus used to measure the glob-
al reflection coefficient and the global osmotic ef-
fective diffusion coefficient is described in detail 
in MALUSIS et al. [2001]. The main components of 
the apparatus, shown in figure 14, are the osmotic 
cell, the flow pump system, the pressure transduc-
er, which is used to measure the differential pressure 
that develops across the specimen during the test, 
and the data acquisition system.

The cell consists of a modified rigid-wall per-
meameter, in which the top piston and the bottom 
pedestal are equipped with three ports each: two ena-
ble the different saline solutions to circulate through 
the top (higher electrolyte concentration) and the 
bottom (lower electrolyte concentration) porous 
stones, with the aim of establishing a constant con-
centration gradient across the specimen. The third 
port is installed in both the top piston and the bot-
tom pedestal to allow the differential pressure across 
the specimen to be measured. The flow pump system, 
which consists of a dual-carriage syringe pump and 

two stainless steel accumulators, prevents volumetric 
flux through the specimen by simultaneously inject-
ing into and withdrawing from the porous stones the 
same volume of solution. In order to obtain this re-
sult, the syringes have to move at the same rate.

The results of a chemico-osmotic test are analysed 
in light of the proposed theoretical approach. The 
specimen was prepared by rehydrating the squeezed 
sodium bentonite with de-ionized water at a lower wa-
ter content than the liquid limit value, and then by 
statically compacting the material in a drained com-
paction mould, at a porosity n = 0.91 (e = 10.37). Af-
ter the preparation phase, the bentonite sample was 
transferred to the cell for the osmotic test.

The test was performed according to the proce-
dure described by MALUSIS et al. [2001]: a solution 
containing a known electrolyte concentration (sodi-
um chloride) was circulated in the top porous stone, 
while de-ionized water was circulated in the bottom 
porous stone. The concentration difference across 
the specimen was maintained constant by continu-
ously infusing the two liquids at the boundaries of 
the specimen. As the specimen was first squeezed 
with de-ionized water to remove the soluble salts, 
the electrical conductivity of the saline solutions in 
the flux exiting from the porous stones at the steady 
state was induced solely by the contributions of Cl- 
and Na+ ions. As a consequence of the linear rela-
tion existing between electrical conductivity and 
solution molarity over the concentration range ex-
amined in the study, it was possible to monitor the 
sodium chloride molar concentration of the with-

Fig. 13 – Effects of chemical cycling at different stress le-
vels and degrees of over-consolidation on the mechanical 
behaviour of Monastero Bormida clay under oedometer 
conditions.
Fig. 13 – Effetti dei cambiamenti ciclici di composizione chimica 
a differenti livelli tensionali e gradi di sovra-consolidazione sul 
comportamento meccanico dell’argilla di Monastero Bormida in 
condizioni edometriche.
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drawn fluxes (i.e. from the top and bottom porous 
stones) by sampling the solution contained in the 
pistons.

Since the volumetric flux through the specimen 
is hindered (q = 0), the global or averaged values 
of the reflection coefficient, ωg, and the osmotic ef-
fective diffusion coefficient,  D ωg

* , can be measured. 
These averaged values are defined as follows [AU-
CLAIR et al., 2002]:

  (10a)

 

  (10b)

where ct and cb represent the salt concentrations at 
the top and the bottom boundaries of the clay sam-
ple respectively, ∆cs = ct - cb is their difference, and 
the parameters Z1 and Z2 are given by:

  (11a)

  (11b)

The same global coefficients can be determined 
experimentally by means of the following relations 
under steady state conditions:

  (12a)

  (12b)

where ∆u=ut –ub and ∆π=πt –πb represent the differen-
ces between the hydraulic pressure and the osmotic 
suction at the boundaries of the specimen, n is the 
soil porosity, and L is the clay thickness.

The diffusive solute flux through the specimen is 
calculated for the nth sampling interval according to:

  (13)

where cm
s  is the solute molar concentration measu-

red by sampling the solution coming out from the 
bottom porous stone, ∆V  m is the volume of the solu-
tion circulating in the porous stones in the interval 
∆tm, As is the cross-section of the specimen, and ∆Qn 

Fig. 14 – Schematic view of chemico-osmotic test apparatus.
Fig. 14 – Rappresentazione schematica dell’attrezzatura per la misura dell’efficienza chimico-osmotica.
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is the cumulative salt molar mass per unit area that 
passed through the specimen.

The multiple-stage chemico-osmotic test was 
conducted by sequential circulation of chemical 
solutions containing 10.82, 20.99 and 52.78 mM so-
dium chloride concentrations at a constant flow rate 
of 0.05 ml/min. The global reflection coefficient val-
ues, ωg, shown in figure 15 as a function of time, are 
determined using equation 12a on the basis of the 
differential pressure, ∆u, measured during the test 
with a time step of 10 min, and the osmotic suction, 
∆π, calculated from the average of the top and bot-
tom sodium chloride concentrations. The steady-
state values of the chemico-osmotic efficiency are re-
ported in table IV for each concentration stage, to-
gether with the values of the global osmotic effective 
diffusion coefficient,  D ωg

* .
From the best-fitting of the experimental da-

ta with the theoretical curve, depicting the trend 
of the parameter ωg as the average electrolyte con-
centration at the top boundary increases, a value of 
 c sk,0   equal to 80 mM was found (Fig. 16). The ad-
vantage of interpreting the test results with the pro-
posed mathematical model is that, when the single 
unknown parameter,  c sk,0  , has been calibrated on a 
restricted experimental dataset, the global reflection 
coefficient values can be estimated for different soil 

porosities and salt concentrations through Equation 
10a, at least in a range of conditions within which ap-
preciable variations of bentonite fabric are not ex-
pected. Indeed, as previously outlined in paragraph 
3.2, the parameter  c sk,0   depends on the bentonite 
microstructure (e.g. the number of lamellae per tac-
toid), which can undergo modifications in response 
of large variations in void ratio and pore solution salt 
concentration [MANASSERO et al., 2016].

The tortuosity factor was determined by plotting 
the measured values of  D ωg

*  as a function of the cor-
responding values of the complement to 1 of ωg - 
that is, (1- ωg) - and finding the intercept of the lin-
ear regression with the ordinate axis at (1- ωg) = 1 - 
that is, ωg = 0 (Fig. 17). The tortuosity factor in equa-
tion 10b is in fact given by:

  (14)

A value of τm equal to 0.29 was obtained from 
the data plotted in figure 17.

Finally, the results in terms of chemico-osmot-
ic efficiency and osmotic effective diffusion coef-
ficient presented by DOMINIJANNI et al. [2013] are 
summarised in table V. This last chemico-osmotic 

Fig. 15 – Global reflection coefficient as a function of time during multiple-stage chemico-osmotic test performed on a so-
dium bentonite specimen (e = 10.37).
Fig. 15 – Coefficiente globale di riflessione in funzione del tempo durante una prova chimico-osmotica multiple-stage eseguita su un 
campione di bentonite sodica (e = 10.37).
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test was composed of five stages, characterized by 
different molarities of sodium chloride solutions 
circulating in the top porous stone: 5.16, 10.27, 
20.24, 51.94 and 109.31 mM. The clay sample was 
constituted by the mentioned squeezed sodium 
bentonite, and the test was carried out following 
the procedures previously outlined, at a porosity 
n = 0.81 (e = 4.26). It is possible to verify again the 
effectiveness of the model proposed by DOMINIJANNI 
and MANASSERO [2012b], since these experimental 
data can be successfully interpreted if the macro-
scopic parameters  c sk,0   and τm are respectively set 

equal to 90 mM and 0.31, as shown in figure 16 and 
figure 17.

3.8. Torsional ring shear tests

The chemical composition of pore-fluid plays an 
important role on the shear strength, as well. Sev-
eral studies have shown an important increment of 
shear strength when the ionic concentration of the 
pore-fluid increases or when the dielectric constant 
decreases. This is mostly evident for smectitic clays 
but holds also for illitic clays and clays with a mixed 

ct,ref 
(mM)

ct,exit 
(mM)

cb,exit 
(mM)

ct,avg 
(mM)

cb,avg 
(mM)

∆u
(kPa)

∆π
(kPa)

ωg
(-)  

(m2/s)

10,82 10,08 1,12 10,45 0,56 9,25 48,70 0,19 4,05 × 10-10

20,99 19,77 2,07 20,38 1,03 10,47 95,22 0,11 4,21 × 10-10

52,78 48,62 5,39 50,70 2,64 4,25 236,30 0,02 4,37 × 10-10

Tab. IV – Steady-state values of variables involved in multiple-stage chemico-osmotic test on a sodium bentonite specimen, 
at a void ratio e = 10.37.
Tab. IV – Valori stazionari delle variabili misurate in una prova chimico-osmotica multiple-stage su un campione di bentonite sodica, a 
un indice dei vuoti e = 10.37.

Fig. 16 – Global reflection coefficient as a function of average sodium chloride (NaCl) concentration at top boundary of the 
sodium bentonite specimen, with the best-fitting theoretical curve obtained assuming   c sk,0  = 90mM for e = 4.26 (dotted line 
[DOMINIJANNI et al., 2013]) and   c sk,0   = 80mM for e = 10.37 (continuous line).
Fig. 16 – Coefficiente globale di riflessione in funzione della concentrazione media di cloruro di sodio (NaCl) all’estremità superiore del 
campione di bentonite sodica, con la migliore curva teorica interpolante ottenuta assumendo  c sk,0   = 90mM per e = 4.26 (linea a tratteggio 
[DOMINIJANNI et al., 2013]),   c sk,0   = 80mM per e = 10.37 (linea continua).
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composition [MESRI and OLSON, 1970; SHRIDARAN and 
VENTAKAPPA RAO, 1979; DI MAIO and FENELLI, 1994; 
MUSSO et al., 2008]. Strength increase seems to be a 
reversible effect of concentration changes for most 
electrolytes and minerals. Nevertheless, some previ-
ous tests suggest that strength increase might be at 
least partially irreversible when cation exchange pro-
motes adsorption of K+ ions within the clay minerals. 
DI MAIO et al. [2015] have shown how the exposure to 
1 M KCl solution of “Costa della Gaveta” clay (a nat-
ural clay rich in illite+muscovite and kaolinite), car-

ried out by simply replacing the cell water in a shear 
test, causes dramatic shear strength increase, while 
on the subsequent re-exposure to distilled water, the 
shear strength exhibits negligible decrease. HELLE 
et al. [2015] document that a persistent (more than 
forty years) increase of undrained shear strength, 
contributing to slope stabilization, was induced in a 
highly sensitive clay formation by K+ ions delivered 
from wells filled with KCl. A relevant contribution 
to the increase of undrained shear strength was very 
likely due to potassium ions replacing sodium ions in 

Fig. 17 – Global osmotic effective diffusion coefficient of the sodium bentonite as a function of the complement to 1 of the 
global reflection coefficient, with the theoretical linear relation (continuous line for e = 10.37 and dotted line for e = 4.26 
[DOMINIJANNI et al., 2013]).
Fig. 17 – Coefficiente globale di diffusione osmotica effettiva della bentonite sodica in funzione del complemento a 1 del coefficiente globale 
di riflessione, con la relazione teorica lineare (linea continua per e = 10.37, linea a tratteggio per e = 4.26 [DOMINIJANNI et al., 2013]).

ct,ref 
(mM)

ct,exit 
(mM)

cb,exit 
(mM)

ct,avg 
(mM)

cb,avg 
(mM)

∆u
(kPa)

∆π
(kPa)

ωg

(-)
 

(m2/s)

5,16 5,12 0,83 5,14 0,42 15,65 23,02 0,68 -

10,27 9,61 0,85 9,94 0,43 26,87 46,33 0,58 2,54 × 10-10

20,24 18,93 1,45 19,58 0,72 30,32 91,89 0,33 3,52 × 10-10

51,94 47,39 4,39 49,67 2,19 32,38 231,30 0,14 4,19 × 10-10

109,31 97,18 9,78 103,24 4,89 23,96 479,21 0,05 4,60 × 10-10

Tab. V – Steady-state values of variables involved in multiple-stage chemico-osmotic test on a sodium bentonite specimen, at 
a void ratio e = 4.26 [DOMINIJANNI et al., 2013].
Tab. V – Valori stazionari delle variabili misurate in una prova chimico-osmotica multiple-stage su un campione di bentonite sodica, a un 
indice de i vuoti e = 4.26 [DOMINIJANNI et al., 2013].
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the adsorbed positions on the mineral surface, since 
undrained shear strength increase was shown to be 
effective even after (partial) K+ dilution. 

The standard Bromhead ring shear apparatus 
may be used to determine the influence of the com-
position and concentration of the pore-fluid on re-
sidual shear strength of active soils. The test proce-
dure is standard and it is carried out in four stag-
es: consolidation, formation of shear plane, dissipa-
tion of excess pore pressure and shearing (ASTM D 
6467-13). These four stages are repeated at three dif-
ferent vertical stress levels. The same procedure de-
scribed for the oedometer tests is used to prepare 
specimens with different pore fluids, so that the in-
fluence of the saturating solution on the residual 
shear strength can be determined.

Because of possible remedial interventions for 
stabilization of slopes in the Langhe area by means 
of KCl wells, residual shear strength tests were car-
ried out on Monastero Bormida clay. The sensitivity 
of the residual shear strength on the concentration 
of KCl solutions was studied on reconstituted sam-
ples prepared with and exposed to distilled water 
and KCl solutions of different molarity. The possible 
irreversibility of the beneficial effects of the KCl solu-
tion was studied on reconstituted samples prepared 
with a 4 M KCl solution, replaced with a 1 M KCl 
solution and with distilled water before shearing. 
Since desalinization driven by concentration gradi-
ents alone might be a very slow process (order of few 
weeks for samples about 10 mm thick), a procedure 
different from simple exposure was used to control 
and reduce the KCl concentration within the pore 
fluid to the desired target value of 1 M - or to satura-

tion with distilled water. Reconstituted samples were 
prepared by mixing dry decalcified powder of clay 
with the 4 M KCl solution and left to homogenize for 
about one week. They were then inserted in a large 
diameter oedometer (to ensure that the mass of the 
sample was enough for later shear testing) allowing 
for pressure control at its bottom and top. In the oe-
dometer the samples were compressed and a hydrau-
lic gradient along the vertical direction was imposed. 
The solution entering the sample had the desired 
target concentration (1 M KCl or distilled water) and 
the electrical conductivity of the solution leaving the 
sample was monitored with a conductimeter. Pore 
fluid replacement was stopped once that the inflow-
ing and the outflowing solutions had about the same 
electrical conductivity.

Effects of KCl solution on residual shear strength 
for Monastero Bormida clay are presented in figure 
18. The angle of residual shear strength 'r for the dis-
tilled water condition obtained in this study is about 
17°, quite higher than the one of previous studies ('r 
≅ 13° in MUSSO et al. [2008]). Reconstituted samples 
of Monastero Bormida clay were prepared starting 
from block materials, mechanically grinded, decalci-
fied and then mixed to ensure the maximum repeata-
bility of experimental results. Although the same pro-
cedure was adopted in both studies, it is not possible 
to exclude that the original block used in the 2008 in-
vestigation had some slightly different mineralogical 
composition, reflected in a different value of 'r. 

Results of the present study show that the residu-
al shear strength of Monastero Bormida clay actually 
increases with KCl concentration (values of the resid-
ual friction angle being 'r ≅ 17° with distilled water 
and 'r ≅ 21° with the 1 M KCl solution, slightly high-
er values obtained with the 4 M KCl solution). Differ-
ently from what reported in previous studies on oth-
er clay soils, the increase of shear strength obtained 
with a KCl solution appears to be reversible, since the 
same original values of residual friction angle were 
obtained on samples tested after salinization – desa-
linization cycles. At the present state of the investi-
gation, it is not possible to explain this difference in 
the behaviour from the one of other clays that are 
sensitive to salt solution influence, although some hy-
potheses can be put forward. The increase in shear 
strength, for a Na-smectitic soil exposed to high con-
centrations of KCl, is due both to the reduced double 
layer thickness and to the exchange of lattice cations: 
the shear strength of K-smectite being higher than 
the one of Na-smectite even when saturated with dis-
tilled water. While concentration effects are easily re-
versible upon water dilution, cation exchange effects 
are not since they require substitution with another 
cation from the pore liquid (see e.g. DI MAIO, 1998; 
GUIMARÃES et al., 2013). For a pure Na-smectite, expo-
sure to KCl induces cation exchange: further expo-
sure to distilled water does not bring back the shear 

Fig. 18 – Effects of KCl concentration and concentration 
history on the residual strength of Monastero Bormida 
clay.
Fig. 18 – Effetti della concentrazione di cloruro di potassio e 
della storia di concentrazione sulla resistenza residua dell’argilla 
di Monastero Bormida.
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strength to the initial values since K+ remain fixed 
as lattice cations. A possible explanation for the ob-
served shear strength reversibility is thus that, for a 
cause which is not known at the moment, cation ex-
change in Monastero Bormida clay did not occur.

The overall mineralogical composition of Mon-
astero Bormida clay also suggests another possible 
reason. Monastero Bormida clay is a composite ma-
terial, with both smectite and illite, the latter not 
prone to exchange cations from its layers. Besides, 
it contains non clay minerals (quartz and lizardite), 
insensitive to pore water salinity. It shall be noticed 
that the residual shear strength of Monastero Bormi-
da is well above the one of pure smectite. The overall 
shear strength depends then on the interplay estab-
lished during shearing between particles of differ-
ent minerals. A higher molarity of the pore solution 
leads to shrinkage of the smectite fraction, besides 
increasing its friction. While the volumetric solid 
fraction of smectite decreases, the influence of other 
particles and minerals on the shear strength increas-
es: macroscopically, this is appreciated as an incre-
ment of the residual shear of the soil as a whole. Nev-
ertheless, the dilution of the pore solution induces 
swelling of the smectite fraction and brings back the 
residual shear strength to about the original value. 

4. Concluding Remarks

The chemical composition of the pore water in-
fluences many aspects of the chemo-hydro-mechan-
ical behaviour of active soils. Relevant effects are an-
ticipated for the swelling characteristics, for the hy-
draulic conductivity and transport parameters, for 
the stiffness and volumetric behaviour and for the 
shear strength. These effects affect the response of 
man built structures – such as engineering barriers 
for waste disposal – and also impact on the stability 
of natural slopes in geological formations rich in ac-
tive soils. In the latter case, remedial interventions 
based on wells delivering saline solutions of potas-
sium chloride have been proposed and realized as 
documented in the technical literature. Design of 
both engineering barriers and remedial wells re-
quires then a careful chemo-hydro-mechanical char-
acterization of the soil. Dedicated protocols are re-
quired for laboratory tests aimed at this characteri-
zation, while a theoretical framework is required to 
describe the coupled chemo-hydro-mechanical pro-
cesses associated to solute and solvent transport and 
the induced mechanical processes.

The proposed theoretical framework takes into 
account effects that are induced by both electrostatic 
interactions between clay particles and ions of inter-
stitial fluid, and fabric changes related to variations 
in chemical composition of pore solution. Such a 
framework allows the chemo-hydro-mechanical cou-

pling behaviour to be modelled on the basis of a lim-
ited number of material and/or phenomenological 
parameters, whose determination can be carried out 
by means of laboratory tests.

The procedures required to study relevant as-
pects of coupled chemo-mechanical behaviour (influ-
ence of salinity on soil stiffness and on shear strength, 
chemically induced strains and associated hardening) 
were discussed together with some relevant test results 
obtained for a bentonite and a natural illitic-smectitic 
soil from the Langhe area, the latter taken from marly 
clay layers where slope instability occurred. Chemical 
sensitivity of the illitic-smectitic soil is moderate with 
respect to the one of the bentonite, even though rel-
evant effects are found in terms of chemical harden-
ing and shear strength increase. Anyway, the shear 
strength increase obtained by replacing the original 
pore water with a potassium chloride solution did not 
persist when the soil was re-exposed to distilled water.
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LABORATORY CHARACTERIZATION OF THE CHEMO-HYDRO-MECHANICAL BEHAVIOUR OF CHEMICALLY SENSITIVE CLAYS

Caratterizzazione in laboratorio del 
comportamento chemo-idro-meccanico 
di argille sensibili all’azione chimica

Sommario
L’articolo tratta del comportamento chemo-idro-meccanico dei 

terreni attivi, e in particolare degli effetti della concentrazione 
ionica sul comportamento volumetrico e sulla resistenza al 
taglio. Dopo aver inquadrato i processi accoppiati che governano 
il trasporto di solvente e di soluto in questi materiali, viene 
brevemente descritto un modello per il comportamento volumetrico, 
formulato a partire dall’interazione elettrica che si sviluppa 

nell’acqua interstiziale tra ioni e particelle di argilla e quindi 
esteso alla scala macroscopica. 

Le procedure sperimentali per la caratterizzazione di 
laboratorio dei terreni attivi vengono discusse alla luce di 
questi modelli e di ben note evidenze sperimentali. Mentre la 
caratterizzazione può essere basata sull’utilizzo sia di attrezzature 
convenzionali che di attrezzature avanzate pensate per la ricerca, 
l’interpretazione dei risultati richiede comunque il riferimento 
a modelli come quelli discussi. Nell’ambito della discussione 
vengono presentati i risultati relativi a prove eseguite su 
bentoniti utilizzate per il contenimento dei rifiuti in discarica e 
a prove condotte su un terreno naturale a dominante frazione 
illitico-smectitica, prelevato nel territorio delle Langhe da una 
formazione marnoso-argillosa soggetta a ripetuti fenomeni di 
instabilità planare.




