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Influence of the dielectric constant, electrolyte 
concentration and pH of the pore fluids on the 
shear strength of monomineralic clays

Giovanni Spagnoli,* Tomás Fernández-Steeger,** Martin Feinendegen,*** 
Rafig Azzam,**** Helge Stanjek***** 

Summary
Due to chemo-mechanical reactions with the clay minerals, the mechanical response of fine-grained soils like clays, may

change if the chemistry of pore fluids changes. Several shear tests on monomineralic clays have been performed. Pure kaolinite,
illite and Na-smectite have been mixed with pore fluids with different dielectric constant, electrolyte concentration and pH.
While for kaolinite and illite no particular changes in shear strength are observed, Na-smectite is highly sensitive to the chem-
istry of pore fluids. The results show that the mineralogy of clays and the composition of the pore fluid interact and are very
important regarding the shear strength of swelling clays.
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1. Introduction

Mineralogy and pore fluids have a strong influ-
ence on the chemo-electrical properties of clays and
subsequently their shear resistance. Since clays are
per definition colloidal in size, and at the contact
among particles, other forces may act and become
relevant. These forces depend on the type of miner-
alogy and pore fluids. Chemo-mechanical coupling
refers to a change in mechanical properties of a me-
dium subjected to chemical changes [SANTAMARINA et
al., 2002]. In engineering, chemo-mechanical inter-
actions are important for fields such as petroleum
engineering, geo engineering or tunnelling. Various
authors have investigated the chemo-mechanical be-
haviour of clays subjected to different fluids under
different conditions [WARKENTIN and YONG, 1960;
MESRI and OLSON, 1970; OLSON, 1974; SRIDHARAN and
VENKATAPPA, 1979; SONDEREGGER, 1985; MÜLLER-VON-
MOOS and LØKEN, 1988; DI MAIO and FENELLI, 1994;
ANANDARAJAH AND ZHAO; 2000, CALVELLO et al., 2005;

WANG and SIU, 2006; GAJO and MAINES, 2007;
GRATCHEV and SASSA, 2009]. However, the results do
not always accord with one another. In fact, in geo-
technical engineering, there is often confusion about
the chemo-mechanical properties of clays as they dif-
fer in their geotechnical response. This is due to the
different clay types (e.g. different grain size distribu-
tion, specific area, cation exchange capacity, dimen-
sion of the clay particles). Although clay particles are
assumed to have a permanent negative charge, this is
correct for smectite, but it is not the case of illite and
kaolinite. In fact, the cation exchange capacity of
these clays is very low. This false approach thus leads
to false interpretation of the data.

For instance, MESRI and OLSON [1970] per-
formed several drained and undrained triaxial
shear tests on clay with different electrolyte concen-
tration of pore fluid. They stated that the failure en-
velope of Na and Ca-smectite is insignificantly af-
fected by pore water electrolyte concentration. OL-
SON [1974] also carried out triaxial compression
tests on pure clays with different pore fluids. He
concludes that, despite the expectations, the
strengths depend mainly on the strengths of indi-
vidual particles. SRIDHARAN and VENKATAPPA [1979]
performed several direct shear tests with eight or-
ganic fluids of differing dielectric constant. They
conclude that for kaolinite and montmorillonite
there is a decrease in strength with an increase in di-
electric constant (i.e. polar fluids). The variation of
drained cohesion (c’) and the drained friction angle
(ϕ’) with dielectric constant is more significant for
kaolinite when compared with that of montmorillo-
nite. ANANDARAJAH and ZHAO [2000] studied the und-
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rained shear behaviour of a kaolinite with various
pore fluids by means of a triaxial cell. They con-
clude that the lower the dielectric constant of pore
fluids, the higher the overconsolidation ratio of the
clays. DI MAIO and FENELLI [1994] analyzed the re-
sidual strength of kaolinite and bentonite mixed
with sodium chloride solutions. The authors con-
clude that the shear strength of kaolinite is not af-
fected by the solutions used whereas bentonite is
highly affected. GAJO and MAINES [2007] studied the
influence of pH and salt concentration of pore flu-
ids on the residual strength of bentonite. They con-
clude that the residual shear strength/normal effec-
tive stress ratio with HCl, NaOH and NaCl solutions
with different molarities is larger than with pure wa-
ter. GRATCHEV and SASSA [2009] studied the influence
of pH on the liquefaction of sand/clay mixture un-
der cyclic loads. They conclude that changes in pH
can affect the liquefaction susceptibility of fine-
grained soils which is, however, highly dependent
on the mineralogy. SPAGNOLI et al. [2010a] studied
the impact of fluid with different dielectric constant
and electrolyte concentration on the undrained
shear strength of sodium and calcium smectite. The
geotechnical response was different, dependent on
the interlayer cation.

The aim of the research described in this paper
is to better understand the chemical/physical inter-
action of clays under drained conditions. About 200
direct shear tests with different consolidation pres-
sures have been performed. Pure clays such as kao-
linite, illite and sodium smectite have been mixed
with pore fluids with different dielectric constant,
electrolyte concentration and pH values. The sam-
ples ware prepared with consistencies ranging from
0.65 (soft) to 0.85 (stiff) according to the German
Standard DIN 18122.

Additionally, the Atterberg limits with different
fluids have been determined for the clays. In some
cases, the various pore liquids showed a strong var-
iation of the liquid limit.

2. Experimental Tests

Three industrial clays were used for the experi-
ments. A kaolinite from Bavaria, an illite from Aus-

tria and a Na-smectite from India have been used as
delivered. Figure 1 shows the grain size distribution
of the samples. In Table I, the physical parameters
are listed. Liquid limit (LL), grain density, cation
exchange capacity (CEC), specific surface area (SSA)
and water uptake have been measured. The LL was
obtained according to the German Standard DIN
18122 with the Casagrande device by mixing the
powdered clay with deionised water (and other pore
fluids). The values shown in Table I were obtained
with water as pore fluid. The grain size distribution
was obtained according to the German Standard
DIN 18123-7. 10 g dry material was placed in a
1000 ml cylinder with water. The density and the
temperature of the aqueous suspension of particles
were periodically measured by a hydrometer and a
thermometer. The grain size was then computed by
means of Stokes’ Law. The specific surface area
(SSA) of the clays was determined by means of the
nitrogen adsorption method using a multi-point
BET analyzer (Micromeritics Tristar). Cation ex-
change capacity was determined by the Cu-Triethyl-
entetramin (Cu-TET method) [MEIER and KAHR,
1999]. X-ray diffraction analyses were carried out to
confirm the nature of the clays with a Bruker AXS
D8-Advance diffractometer using CuKα radiation.
XRD data were collected between 2 and 92º 2α and
measurements were made using a step scanning
technique with a fixed time of 3 s per 0.02 ºα. Min-
eralogical analysis showed that kaolinite has some
impurities (K-feldspar 8% and quartz 2 %). The wa-
ter uptake has been obtained according to the Ger-
man Standard DIN 18132. 1 g dry material was
weighed and put on a permeable membrane above
a water level held at a suction of 5 cm. The water up-
take was checked periodically over 24 h.

Additionally, several direct shear tests according
to the German Standard DIN 18137 were per-
formed. The samples were first dried in the oven at
a temperature of 60° for 24 hours. They were subse-
quently mixed as powder with the pore fluids and
adjusted to the desired consistency. The consisten-
cies (IC) used for the tests were 0.65, 0.75 and 0.85.
Consistency is defined according to the German
Standard DIN 18122-2 as:

(1)

Tab. I – Physical parameters of the investigated clays.
Tab. I – Parametri fisici delle argille testate.

Clay LL Grain density CEC SSA C.F. Water uptake

(%) (Mg/m3) (meq/100g) (m2/g) (%) (%)

Kaolinite 57 2.62 6 8 48 83

Na-Smectite 455 2.42 96 73 85 334

Illite 57 2.80 8 11 48 84
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Where:
LL = Liquid limit;
PL = Plastic limit;
w = Natural water content

The paste was made by mixing the clay powder
with the fluids. It was then kept for 24 h in a closed
bucket, in part to avoid water loss, but also to leave
the fluids and clays in contact for a relatively long
period of time. The water (or fluid) content was then
measured to determine the consistency value. These
consistencies have been used as clay displays stiff
characteristics for IC = 0.85, soft characteristics for
IC = 0.65 and a state between the two for IC = 0.75.
The investigated pore fluids had different dielectric
constants (ε), electrolyte concentrations and pH val-
ues.

To change the dielectric constant of the pore
fluids deionised water, pure ethanol and three mix-
tures with different water/ethanol ratios (75%:25%;
50%:50%; 25%:75%) were used. The values of the
dielectric constant for the pure fluids and the mix-
tures are extracted from WOHLFARHT [2008] and
listed in Table II.

The variation of electrolyte concentration was
obtained by adding NaCl to deionised water of dif-

fering concentrations (i.e. 0.1 M and 1 M). No elec-
trolyte concentrated solution was mixed with illite
and kaolinite. To verify the pH, the clays were
mixed with 10-3 M HCl and 10-3 M NaOH solutions
with determined initial pH values (340i WTW
Portab pH-meter) of pH ≈ 3, and pH ≈ 8 for 10-3 M
HCl and 10-3 M NaOH, respectively, while deion-
ised water initial pH value was pH ≈ 6.5.
– They represent the pH values which may exist

in the groundwater under normal conditions;
– Lower (< 2) or higher (> 8) values of pH will

cause dissolution of the clay minerals, prevent-
ing a reasonable interpretation of the results.
However, the high solids content increases the

buffering capacity of the system through particle
dissolution, thereby neutralizing the pore fluid pH.
The values measured of the pH for smectite after
contact with the pH solution were always between
9.8 and 9.5, for kaolinite and illite 4.5 and 4.3, even
though the starting solution pH prior to mixing
with the solids ranges from 3 to 8.

After the clay was mixed with the pore fluid and
adjusted to the desired consistency, it was put on the
shear box (60×60 mm) and consolidated for 24

Fig. 1 – Grain size distribution of the clays.
Fig. 1 – Curva granulometrica delle argille.

Tab. II – Fluid property regarding their density and dielectric constant (after WOHLFARHT, 2008).
Tab. II – Proprietà dei fluidi in base alle loro densità e constanti dielettriche (tratto da WOHLFARHT, 2008).

Pore fluid Density (Mg/m³) Dielectric constant

Water 100% 1.000 79.5

Water 75% /Ethanol 25% 0.948 68.15

Water 50 % /Ethanol 50% 0.895 55.07

Water 25% /Ethanol 75% 0.843 38.28

Ethanol 100% 0.790 24.95
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hours. For the consistency 0.75, the pressures of
consolidation ranged from 15 to 200 kPa. While for
IC 0.65 and 0.85, the maximal consolidation pres-
sure was 50 kPa.

The material was sheared under drained condi-
tions using a low shear velocity (0.001 mm/min) as
suggested by the German Standard DIN 18137.
This velocity allows the shearing of the material
without any increase in pore pressure. In addition,
this shear rate is lower than the values used by
BUSELLI et al. [2009] to test the influence of the shear
velocity on the evaluation of soil strength parame-
ters on clays. During the shearing, the samples were
submerged in the same fluid with which the speci-
men was mixed. The experiment was stopped when
a displacement of 9 mm was reached. The satura-
tion degree (Sr) was calculated as:

(2)

Where:
w = Water content;
ρs = Grain density;
e = Void ratio;
ρfluid = Density of the pore solution.

Sr was always >95% for the materials for all consist-
encies and pore fluids, therefore, we assume the sys-
tem was fully saturated. The equipment used for the
shear tests was the model DKA type 2 from Wille Ge-
otechnik GmbH.

3. Results

First of all, the results of the Atterberg limits
with the clays mixed with different pore fluids are
shown. Kaolinite, smectite and illite were mixed
with different fluids with decreasing dielectric con-
stant, increasing NaCl concentration and different
pH values of the pore fluids (Fig. 2). It is clearly
observable that the variation of the LL occurs only
for smectite mixed with different pore fluids, while
kaolinite and illite do not react to the chemistry of
the pore fluids. The findings agree very well with
experimental results gathered by other authors (e.g.
SRIDHARAN, 2002; CALVELLO et al., 2005; GAJO and
MAINES 2007).

The shear results obtained in the laboratory
tests are presented in Figures 3-5. To better under-
stand the influence of the different pore fluids, the
shear strength/normal effective stress ratio, τ/σ, has
been plotted against the different pore fluid param-
eters (i.e pH value, dielectric constant and electro-

lyte concentration). In this ratio, the peak shear
strength has been taken into account and not the re-
sidual strength, which is beyond the scope of this pa-
per. In this way, three parameters can be shown con-
temporaneously on two axes. This approach was
also used by MOORE and LOCKNER [2007] to study the
shear strength of a smectite. To maintain a better
overview in the following, the results will be de-
scribed separately for the different clay types.

Fig. 2 – LL for kaolinite, smectite and illite for different
pore fluids.
Fig. 2 – LL per caolinite, smectite e illite per differenti liquidi 
interstiziali.
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3.1. Kaolinite

The results for kaolinite for different consisten-
cies show that kaolinite does not experience any rel-
evant change in the shearing behaviour. Except for
kaolinite mixed with various fluids with IC = 0.75,
the other tests were performed up to 50 kPa maxi-
mal load. The variations of shear stress are negligi-
ble. It seems, in fact, that the shearing behaviour of
kaolinite is controlled mainly by pure physical con-
tact on the interparticle level.

From the results obtained, it is possible to state
that the mechanical behaviour of kaolinite is not de-
pendent on the chemistry of pore fluids. Therefore,

the results agree with those of OLSON [1974] and DI

MAIO and FENELLI [1994].

3.2. Illite

As in the case of kaolinite, illite was only mixed
with pore fluids of differing dielectric constant and
pH. The results are presented in Figure 4. As for ka-
olinite, illite also experiences no relevant variation
of mechanical properties for different pore fluids
and different consistencies. It seems, however, that
for different acid and alkaline pH, the material be-
comes slightly softer with respect to deionised water,
independent of the consistency.

Fig. 3 – Ratio shear strength / normal effective stress for kaolinite mixed with pore fluids with different dielectric constant
and pH for IC 0.65 (A), 0.75 (B) and 0.85 (C).
Fig. 3 – Rapporto resistenza al taglio / pressione normale della caolinite mescolata con liquidi interstiziali con differenti costanti 
dielettriche e pH per IC 0.65 (A), 0.75 (B) and 0.85 (C).
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Unlike for kaolinite, fewer studies have been
published for illite. A comparison and a classification
of the results are therefore not possible. However, it
is possible to state that, from the results obtained, il-
lite shows a behaviour very similar to that of kaolinite.

3.3. Na-smectite

If smectite gets in contact with water, the inter-
layer hydrates and arranges in a defined manner. In
any case, the interlayer distance increases. Through
this mechanism, the volume of smectite can double.
The hydratation energy is greater than the strength
of the interlayer and an osmotic pressure of 100

Nmm-2 can occur [MADSEN and MÜLLER-VONMOSS,
1988]. Therefore, the results presented in Figure 5
show a different behaviour to those observed with
kaolinite and illite. If, for example, smectite is
mixed with fluids having a lower dielectric constant
than water, their shear strength/normal effective
stress ratio increases strongly. However, these ef-
fects no longer occur if the consolidation pressure is
increased (see Fig. 5). Unlike kaolinite and illite,
smectite shows an increase in strength, for pore flu-
ids with lower pH (or higher pH) values. For fluids
with high electrolyte concentration, the shear
strength/normal effective stress ratio also increases.

It can be briefly stated that Na-smectite reacts in
a highly sensitive manner to the chemistry of pore

Fig. 4 – Ratio shear strength / normal effective stress for illite mixed with pore fluids with different dielectric constant and
pH for IC 0.65 (A), 0.75 (B) and 0.85 (C).
Fig. 4 – Rapporto resistenza al taglio / pressione normale dell’illite mescolata con liquidi interstiziali con differenti costanti dielettriche e 
pH per IC 0.65 (A), 0.75 (B) and 0.85 (C).
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fluids. The observed effects and results agree with
those of DI MAIO and FENELLI [1994].

Figure 6 summarises the results of the shearing
tests, by plotting the τ-5’ diagram for IC 0.75 for the
different clays and pore fluids. The results confirm

the fact that kaolinite and illite do not react to the
chemistry of the pore fluids, while smectite does.
The shear strength increases considerably when the
pore fluids have low dielectric constant (or high
NaCl content).

Fig. 5 – Ratio shear strength / normal effective stress for Na-Smectite mixed with pore fluids with different dielectric con-
stant, electrolyte concentration and pH for IC 0.75.
Fig. 5 – Rapporto resistenza al taglio / pressione normale della smectite sodica mescolata con liquidi interstiziali con differenti costanti 
dielettriche, concentrazione elettrolitica e pH per IC 0.75

Fig. 6 – Evolution of the shear strength for different/ normal effective stress for kaolinite (A), illite (B) and smectite (C) for
different pore fluids for IC 0.75.
Fig. 6 – Evoluzione della resistenza al taglio per differenti pressioni normali per caolinite (A), illite (B) e smectite (C) per differenti fluidi 
interstiziali per IC 0.75.



18 SPAGNOLI - FERNÁNDEZ-STEEGER - FEINENDEGEN - AZZAM - STANJEK

RIVISTA ITALIANA DI GEOTECNICA

4. Discussion of the results

To interpret the results, a chemo-mechanical
approach will be considered. In fact, a pure soil me-
chanical approach could not lead to an appropriate
interpretation of the results [MITCHELL and SOGA,
2005]. According to the Gouy-Chapman model
[HIEMENZ and RAJAGOPALAN, 1997] in the presence of
water, positive counter ions can build at the crystal
surface, which can freely move to a determined de-
gree (i.e. DDL). This layer contains an excess of
counter ions (ions opposite in sign to the fixed
charge), and has a deficit of co-ions (ions of the
identical sign as the fixed charge). For the following
discussion, it will be assumed that the DDL theory is
applicable. Clay particle systems are frequently con-
ceptualised as a series of parallel clay particles. The
Poisson-Boltzmann equation [MITCHELL and SOGA,
2005] for a single particle can be integrated to ob-
tain the mid-plane electrolyte concentration and
potential between two clay particles. An approxi-
mate indication of the influences of particle spacing
and pore fluid chemistry can be seen in terms of the
thickness of DDL as given by:

(3)

where  is the DDL thickness (in nm), T is the ab-

solute temperature given in K, n0 the ionic concen-
tration in the bulk solution in mol/l, ε0 and ε are the
electric permittivity of vacuum and the relative di-
electric constant of the pore fluid, respectively,
whereas v² is the valence of the prevailing cation.
The constants  are  the  e lementary  charge
(e=1.602·10-19 C) and the gas constant (R = 8.3145
J/mol·K) [ISRAELACHVILI, 1991]. The simplest picture
of the DDL is a physical model in which one layer of
the DDL is envisaged as a fixed surface charge, firm-
ly bound to the particle or solid surface, while the
other layer is distributed more or less diffusely with-
in the solution in contact with the surface [DELGADO

et al., 2007]. The expansion of the diffuse double
layer (DDL) depends strongly on valence and radius
of the counter ions, the dielectric constant and the
ion concentration in the surrounding fluid phase or
respectively the pore fluids. From this result, if the
electrolyte concentration lowers, the DDL extends
[MITCHELL and SOGA, 2005]. This process is mainly
relevant for soils with clay minerals which build up
a DDL, like expandable clay minerals, and counter-
actsaggregation or consistency.

However, in trying to explain the physical vari-
ation of clays in terms of change of the DDL, it is

necessary to state that the DDL does not play an im-
portant role in the build-up of clays from minerals
such as kaolinite or illite. Theoretically, for every
kind of clay, it is possible to compute the surface po-
tential and the potential at the outer Helmotz plane
at a distance d from the surface (e.g. SPAGNOLI et al.,
2010b). However, illite and kaolinite do not show
DDL expansion due to electrolyte concentration of
the fluids and subsequent modification of the
charge distribution.

Regarding the LL results, no variation occurs
for illite and kaolinite, while smectite shows a drop
of LL if the dielectric constant of the fluid is low or
the electrolyte concentration is high. As stated by
SRIDHARAN [2002], the impact on the base of a cup
filled with soil induces dynamic stresses in the ma-
terial which becomes a kind of shear stress at a cer-
tain water content so that the soils flows to close
the groove. The shearing (or viscous) behaviour of
smectite is controlled by the DDL, while for kaoli-
nite and illite, as the DDL expansion is almost ab-
sent, the shearing is controlled by interparticle
contacts. There is a sharp drop in the liquid limit
with a decreasing polarity of the pore fluid for the
Na-smectite. According to MITCHELL and SOGA

[2005], interlayer swelling is suppressed in the
presence of a high electrolyte concentration (or
with a low dielectricity) of pore fluids. According
to SRIDHARAN et al. [1986], the LL of swelling clays
is controlled by the thickness of the DDL. The LL
results correlate with experimental data gathered
by previous researchers (i.e. SRIDHARAN et al., 1986;
DI MAIO, 1996) and are attributed to the decrease
in DDL thickness [PALOMINO and SANTAMARINA,
2005] as well as to a decrease in repulsive forces.
As the DDL shrinks, the clay structure becomes
more compact so that less pore fluid is needed to

Fig. 7 – Schematic representations of the charges and po-
tentials at a positively charged interface.
Fig. 7 – Rappresentazione schematica delle cariche e dei 
potenziali di un’interfaccia positivamente caricata.
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induce particle mobilisation [PALOMINO and SAN-
TAMARINA, 2005].

As stated by MITCHELL and SOGA [2005], the sur-
face potential of a clay depends highly on the pH
value of the surrounding solution. It is believed that
variations of the pH value are of larger importance
for the geotechnical properties of kaolinites, less
relevant for illite and have no effect upon smectite.
However, since the real pH values are not like those
of the pore solution (due to the buffering), the influ-
ence of the pH pore fluids is not particularly rele-
vant.

The reason behind the sensitivity of kaolinite
suspension to changes in the pH value is a result of
the higher portion of edge surface areas. [WANG and
SIU, 2006]. Due to the higher thickness-to-length ra-

tios of kaolinite, the edge contribution is about 10%
[SANTAMARINA et al., 2002]. However, the shear tests
show only a slight decrease in the shear strength/
normal effective stress ratio with pH 3 and 8. This
small effect can hardly be explained by the chang-
ing of the edge charges, which play a major role in
more diluted suspension. One reason for the low in-
fluence of pore fluid pH on kaolinite might be that,
in the case of pH variations, the acidity (or alkalin-
ity) of the pore fluids does not nock the swell mech-
anism. That is to say, the H+ and OH- ions do not
influence the mechanical parameters of kaolinite
because kaolinite does not expand. In fact, as ex-
pected, the mechanical response also remains un-
changed if pore fluids with different dielectric con-
stant are applied. This proves the lower relevance of

Fig. 8 – Ratio shear strength / normal effective stress vs. void ratio for kaolinite (A) and illite (B) for fluids with different
dielectric constant.
Fig. 8 – Rapporto resistenza al taglio / pressione normale vs. indice dei vuoti per caolinite (A) e illite (B) per fluidi con differenti costanti 
dielettriche.
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the DDL expansion for the geotechnical properties
of kaolinite.

Illite is the least studied of the materials as its
physical properties are less known. For instance, at

the present, it is not clear how the variation of the
pH value can affect the physical properties of illite.
LONG et al. [2006] stated that DDL and edges of illite
particles could contribute to particle interaction un-
der certain pH conditions. On the other hand LI

and LI [2000] pointed out the behaviour of illite is
more similar to that of smectite.

However, from the results of the experiments,
no changes in mechanical response could be ob-
served for illite with respect to the pH value of the
pore fluids. The physical properties determined in
the tests, in fact, show behaviour more similar to
that of kaolinite than to smectite. Neither variation
of the dielectric constant, nor of the pH causes a
change in the mechanical behaviour. One explana-
tion might be that shearing behaviour of illite is
merely controlled by interparticle contact, as stated
by OLSON [1974].

On the contrary, in the case of smectite, the
chemistry of the pore fluids is of great importance.
While for kaolinite and illite the interlayer can be
firmly held, in the case of smectite, the water can
penetrate the interlayer and cause interlayer swell-
ing.

Swelling of clay is due to the double layer on the
surface of the colloidal particles. Water tends to
move between individual clay particles due to the
presence of adsorbed ions in the double layer. This
movement of water causes osmosis, which results in
swelling or swell pressure. This effect is greatest in
clays with a very small grain size, as double layer in-
teraction dominates their behavior [MADSEN and
MÜLLER-VONMOSS, 1988].

Na-smectite can indefinitely swell since the
layer coherence increases with the layer charge,
the valence and the ion radius [MÜLLER-VONMOOS

and LØKEN, 1988]. The shear weakness of Na-smec-
tite if brought into contact with water can be ex-
plained with the collapse of the layers. When a
non-polar fluid or high-concentration salt solu-
tions substitute the deionised water, the DDL will
be suppressed and subsequently no swelling will
occur. This means that, in this case, samples do not
disintegrate and no collapse of the interlayer oc-
curs, while the shear strength/normal effective
stress ratio increases for low dielectric constant
value or high NaCl concentration. However, as the
results of Figure 5 indicate, this is only true for very
low consolidation pressure. When higher consoli-
dation pressures are applied, the shear strength/
normal effective stress ratio for non-polar fluids
also increases and tends to become equal to the
ones with deionised water as pore fluid.

Regarding the influence of pH variations, at
least the pH dependent changes of the surface
charge have almost no effect on the mechanical be-
haviour of smectite. This is due to the low contribu-
tion of the edges to the total surface of smectite (i.e.

Fig. 9 – Ratio shear strength / normal effective stress vs.
void ratio of Na-Smectite for fluids with different dielec-
tric constant, electrolyte concentration and pH. IC 0.65
(A), 0.75 (B) and 0.85 (C).
Fig. 9 – Rapporto resistenza al taglio / pressione normale vs. 
indice dei vuoti per smectite sodica per fluidi con differenti 
costanti dielettriche, concentrazioni elettrolitiche e pH. IC 0.65 
(A), 0.75 (B) and 0.85 (C).
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< 2%) [SANTAMARINA et al., 2002]. However, accord-
ing to the DDL theory, high concentrations of H+

and OH- protons will suppress the DDL. This effect
can be observed in the experiments and results in a
large volume compression as well as high shear
strength [GAJO and MAINES, 2007]. This explains the
increased shear strength/normal effective stress ra-
tio for pore fluids with low and high pH with respect
to deionised water.

From the results of the experiments, it is clear
that the DDL theory cannot explain all variations
of the mechanical properties of the clays when
they are exposed to fluids with different composi-
tion. However, if one considers the void ratios as a
reference state variable, it becomes possible to ex-
plain the different behaviour among the clays.
Figure 8 shows the void ratio plotted against the
shear strength/normal effective stress ratio for ka-
olinite and illite for fluids with different dielectric
constant. It can be recognised that the void ratios
do not differ from one another. This means that
the chemistry of the fluid does not cause any
change in the internal structure of the fine-
grained materials.

On the other hand, for Na-smectite, the void ra-
tio changes considerably with respect to the chemis-
try of the pore fluids. For low and high pH values,
high electrolyte concentration or low dielectric con-

stant, the void ratio decreases. Hence the soil sam-
ples experience a contractive behaviour. It seems
that less fluid is fixated between the particles, which
leads to a lower interparticle distance and hence the
clays show a higher plasticity. This might also ex-
plain the increase in shear strength/normal effective
stress ratio. However, the effects are more impor-
tant for IC 0.65 than for a stiffer consistency (i.e.
IC 0.85). This could simply be explained by the fact
that high IC means less water (or fluid) in the sam-
ple. The available free fluid is lower in the stiffer
samples (i.e. less water content), compared to softer
clays (i.e. higher water content). The influence of
the pore fluids is, therefore, less important for
stiffer clays than for the softer ones.

In Table III, the void ratios before loading the
samples are plotted for the different clays with dif-
ferent pore fluids. It is clearly visible that the consol-
idation does not influence the void ratio variation.
The initial void ratio remains almost constant for
kaolinite and illite whilst an abrupt decrease is visi-
ble for smectite. As the DDL thickness decreases, in-
terparticle repulsion forces and porosity decrease.
This is particularly the case in clays with a high spe-
cific surface [SANTAMARINA et al., 2002].

Taking into account water and other pore flu-
ids, drained cohesion and drained friction angle
have been plotted in Table IV. Two mechanisms can

Tab. III – Initial void ratio prior to shear test for the clays mixed with different pore fluids for three different consistencies.
Tab. III – Indice dei vuoti iniziale prima della prova di taglio per le argille mescolate con differenti fluidi interstiziali per tre consistenze 
differenti.

Pore fluid Kaolinite Illite Smectite
Water IC void ratio IC void ratio IC void ratio

0,65 1,1 0,65 1,2 0,65 5,4
0,75 1,1 0,75 1,2 0,75 4,3
0,85 1,0 0,85 1,1 0,85 3,3

ethanol 25% 0,65 1,1 0,65 1,3 0,65 2,8
0,75 1,0 0,75 1,3 0,75 2,5
0,85 0,9 0,85 1,2 0,85 2,1

ethanol 50 % 0,65 1,1 0,65 1,3 0,65 2,0
0,75 1,1 0,75 1,3 0,75 1,8
0,85 1,1 0,85 1,2 0,85 1,6

pH 3 = 0.001 M HCl 0,65 0,9 0,65 1,1 0,65 3,5
0,75 0,9 0,75 1,0 0,75 3,0
0,85 0,9 0,85 0,9 0,85 2,1

pH 8 = 0.001 M NaOH 0,65 0,9 0,65 1,1 0,65 3,9
0,75 0,9 0,75 1,0 0,75 3,3
0,85 0,8 0,85 1,0 0,85 2,5

0,1 M NaCl n.a. n.a. n.a. n.a. 0,65 2,8
0,75 2,4
0,85 1,9

1 M NaCl n.a. n.a. n.a. n.a. 0,65 1,7
0,75 1,7
0,85 1,5
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be observed. 1) Non-swelling clays do not show any
variation neither for drained cohesion nor for
drained friction angle. Only kaolinite shows a slight
decrease in drained cohesion (from 3 kPa for water
to 1 kPa for pH 3). However, it is not possible to
draw a trend. 2) Smectite does not experience any
variation in drained cohesion for a different pore
fluid (except for 1 M NaCl), while its drained fric-

tion angle almost doubles with respect to water. A
possible explanation can be observed in the sup-
pression of swelling in smectite. By decreasing the
dielectric constant values, the interparticle distance
between the clay platelets is reduced. The repulsive
forces are also reduced and the clay’s internal
strength increases [MÜLLER-VONMOOS and LØKEN,
1988].

Tab. IV – Drained friction angle and drained cohesion for the clays mixed with water, ethanol 50%, pH 3, 8, 0.1 M NaCl
and 1 M NaCl for three different consistencies.
Tab. IV – Angolo di attrito drenato e coesione drenata per le argille mescolate con acqua, etanolo 50%, pH 3, 8, 0.1 M NaCl e 1 M 
NaCl p per tre consistenze differenti.

Kaolinite

c’ (kPa) Water ϕ’ (°) c’ (kPa) Ethanol 50% ϕ’ (°)

3,9 12,3 4,0 9,4

3,5 17,0 3,5 14,9

2,0 20,6 1,7 18,1

Ethanol 25% Ethanol 75%

2,1 18,5 1,1 20,2

4,1 17,7 3,4 20,1

2,0 17,5 1,4 22,3

pH 3 pH 8

1,0 12,2 1,1 19,1

1,0 19,2 1,2 18,0

1,0 20,1 1,2 17,4

Illite

c’ (kPa) Water ϕ’ (°) c’ (kPa) Ethanol 50% ϕ’ (°)

5,1 24,9 7 26,5

4,5 33,6 4,9 30,3

4,7 33,5 4,9 33,4

pH 3 pH 8

5,4 22,8 2,8 26,9

7,6 24,2 3,7 30,1

5,1 25,4 2,7 30,3

Smectite 

c’ (kPa) Water ϕ’ (°) c’ (kPa) Ethanol 50% ϕ’ (°)

5 9,7 7 19,3

4,0 6,2 4,2 20,9

6,3 10,6 7,1 24,3

pH 3 pH 8

7,4 12,2 4,3 15,0

7,5 14,6 4,7 15,8

8,7 18,7 5,0 15,3

0.1 M NaCl 1 M NaCl

5,7 14,1 10,4 23,1

5,7 15,8 10,4 20,2

6,4 19,1 7,3 21,8
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5. Conclusions

Several shear tests have been carried out on
monomineralic clays prepared with different con-
sistencies and different pore fluid composition. The
results show clearly that, for kaolinite and illite, the
various pore fluids do not lead to a change in me-
chanical response. Furthermore, the mechanical be-
haviour of kaolinite and illite is comparable for the
different fluid compositions. It is likely that the
DDL theory cannot be applied to such materials
since their shearing behaviour seems to be control-
led by particle contacts. Dielectric constant does not
lead to any change of shearing resistance. For Na-
smectite, a different picture might be drawn. The
swelling of such clays due to the polarity of water
molecules, leads to a weakening of the material, in
turn resulting in a lower shear strength/normal ef-
fective stress ratio. Once water is substituted by a
non-polar liquid (or a high-concentration salt solu-
tion), swelling can be prevented and the shear
strength/normal effective stress ratio increases. Low
and high pH of the fluids also leads to an increase
in shearing resistance due to the H+ and OH- pro-
tons which suppress the DDL for swelling clays.
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Influenza della costante dielettrica, 
concentrazione elettrolitica e pH dei 
liquidi interstiziali sulla resistenza a 
taglio di argille monominerali

Sommario
A causa di reazioni chimico-fisiche con minerali argillosi, la 

risposta meccanica dei terreni a grana fine, come le argille, può 
variare se la composizione chimica dei liquidi cambia. Varie 
prove di taglio diretto sono state compiute su argille 
monominerali. Caolinite, illite e Na-smectite pure, sono state 
mescolate con fluidi con differenti costanti dielettriche, 
concentrazione elettrolitica e pH. Mentre per la caolinite e l’illite 
non si notano particolari cambiamenti nella resistenza al taglio, 
la Na-smectite è molto sensibile alla composizione chimica dei 
fluidi interstiziali. I risultati mostrano che la mineralogia delle 
argille e la composizione dei liquidi interstiziali interagiscono e 
sono molto importanti nel caso della resistenza al taglio di argille 
rigonfianti.




