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A B S T R A C T

In order to investigate in detail the effects of dehydration and grinding on the mechanical shear behaviour of Ca-
rich montmorillonite, a cycle of specific experimental shear deformation tests were performed on five typology
of samples, preliminary controlled by thermal analysis (TG, DTA) and X-ray diffraction (XRD): (1) a natural Ca-
montmorillonite containing about 5% of adsorbed water; (2) the same montmorillonite heated at 80 °C for 2 h to
remove only the adsorbed water; (3) up to 250 °C for 2 h to remove also the interlayer water; (4) up to 340 °C for
2 h to complete the removal of interlayer water and start to introduce thermo-structural defects, and (5) the
starting natural Ca-rich montmorillonite after hard ball-milling for 20 h to induce mechanical deformation and
structural defects in the TOT layers. The five typologies of samples have been tested by a specifically designed
and built shear box apparatus, under about 20 MPa condition of normal pressure. All samples, before and after
the shear test, have been analysed by Optical Microscopy (OM), Scanning Electron Microscopy (SEM) and XRD.
A theoretical mechanical analysis based on the Maxwell model is proposed to explain the τ(ε) and τ(ε )̇ shear
behaviour of the effects of the different type of dehydration and deformation of the material, that was finally
discussed in the context of the microstructural OM, SEM and XRD data.

1. Introduction

Many works have shown that the mechanical behaviour of soils is
influenced by the content of clay fraction and the type of clay minerals,
and that a change in shearing mechanism can occur based on the ar-
rangement of clay particles (Skinner, 1969; Vaughan et al., 1976; Hight
et al., 1979; Lupini et al., 1981). As a general approach, a reduction of
residual friction angle was noted in concomitance to the increase of clay
content (Skempton, 1964; Chandler, 1984) both in non-cohesive soil
without preferential orientation of particles and in pure clay, in which
an alignment of clay platelets occurs along the principal failure surface
(Morgenstern and Tchalenko, 1967; Yong and McKyes, 1971). Olson
(1974) has performed various shear tests on pure minerals (kaolinite,
illite and montmorillonite) to delineate the relationship between the
mechanical properties and the kind of clay mineral, and thus drawing a
dependence of shear strength from interaction of the particles and the
different structural arrangement of clay minerals.

However, the fine relationships between clay dehydration and
grinding on the mechanical shear behaviour of clay minerals have never
been investigated in detail. It was only shown that a decrease of

structural ordering and an increase of lattice defects of smectite can
involve changes in the most important physical properties, such as
cation exchange capacity (Christidis et al., 2004, 2005; Filipović-
Petrović et al., 2002), swelling index (Volzone et al., 1987; Novak et al.,
1982; Dellisanti and Valdrè, 2005) and particle size distribution
(Christidis et al., 2004, 2005; Dellisanti and Valdrè, 2005). In addition,
the possible influence of mechanical grinding and related destabiliza-
tion of the montmorillonite TOT structure on the mechanical shear
behaviour of montmorillonite still need to be investigated.

The scope of the present work is to investigate the details of the
relationships between dehydration and grinding on the shear behaviour
of montmorillonite. In particular, a cycle of specific experimental shear
tests was performed on well-characterized natural Ca-rich montmor-
illonite samples. To this aim, five typologies of samples were considered
and controlled by thermal analysis (TG, DTA) and X-Ray powder
Diffraction:

(1) a natural Ca-montmorillonite containing about 5% of adsorbed
water;

(2) the same montmorillonite heated at 80 °C for 2 h to remove only the
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adsorbed water;
(3) up to 250 °C for 2 h to remove also the interlayer water;
(4) up to 340 °C for 2 h to complete the removal of the interlayer water;
(5) the starting natural Ca-rich montmorillonite after hard ball-milling

for 20 h to induce mechanical deformation and structural defects in
the TOT layers, but still containing all types of water molecules.

Montmorillonite was used because presents two important types of
water molecules: (i) adsorbed water on the surface, and (ii) interlayer
water molecules. Furthermore, to investigate and compare the effect of
mechanical deformation (defective TOT structure, but still containing
water molecules) on the shear behaviour of montmorillonite, some
starting natural samples were hard ball milled and successively shear
tested without removing any type of water molecules.

Before and after the shear deformation, all the samples have been
also analysed from both morphological (optical microscope and SEM
observations) and structural points of view (X-ray diffraction).

Finally, a theoretical mechanical analysis, based on the Maxwell's
model, is proposed to explain the τ(ε) and τ(ε )̇ shear behaviour of the
effects of the different type of dehydration and deformation of the
montmorillonite, with a related discussion considering the macro- and
microstructural OM, SEM and XRD data.

The presented approach and the related results may find great
usefulness not only in soil science and geotechnics, but also in practical
and industrial applications of clay minerals, in particular montmor-
illonites and other swelling, non-swelling and deformed, grinded
phyllosilicates. Indeed, montmorillonites are commonly used materials
for the production of composites for several applications, such as fuel
cells (Wu et al., 2016), polymeric (semi) conductors (Bandara et al.,
2005), photocatalysis (Menesi et al., 2008). The results here presented
could be helpful, for example, in applications where montmorillonite is
employed as lubricant material (Cao et al., 2017; Dong et al., 2015),
where the knowledge of the shear mechanical behaviour is of utmost
importance.

2. Materials and analytical methods

2.1. Materials and thermal analysis control

The sample used in the present work is a powdered montmorillonite
sample, of about 25 μm average grain size, provided by Laviosa SpA
(Livorno, Italy). It is mainly composed by Ca-montmorillonite (con-
tent > 95%) and opal CT and feldspars as minor phases. The ball-
milled grinded sample is represented by this natural commercial Ca-
montmorillonite that was mechanically deformed for 20 h via a plane-
tary ball mill (Pulverisette 5, Fritsch, Germany), as described by
Dellisanti and Valdrè (2005). This mechanical treatment induced a
partial destruction of crystalline lattice and an increase of structural
disorder in the TOT layers of the montmorillonite, still maintaining all
types of water molecules in the sample (adsorbed and interlayer).

In order to plan the thermal treatments to the montmorillonite to
specifically remove the different types of water molecules, the thermo-
structural behaviour of the natural Ca-montmorillonite – cross checked
by X-ray Powder Diffraction (vide infra) – was previously studied with a
Setaram Labsys double furnace apparatus with simultaneous recording
of thermogravimetric (TG) and differential thermal analysis (DTA) data.
Thermal analysis was performed in the range 20 to 800 °C with a
heating rate of 10 °C/min, using about 60 mg of material/sample, pla-
tinum crucibles, calcined Al2O3 as reference substance, a flow rate of
helium of 0.27 ml/s. The temperature accuracy was about± 1 °C.

2.2. X-ray diffraction and scanning electron microscopy

All the typology of montmorillonite samples were analysed by
powder X-Ray Diffraction (XRD): (i) the starting montmorillonite (not
sheared), (ii) the thermal treated not sheared montmorillonites and

finally (iii) the thermal treated sheared montmorillonites. Analyses
were performed by using a Philips PW 1710 diffractometer equipped
with a graphite monochromator on the diffracted beam, using CuKα
radiation, 40 kV/30 mA power supply, 1° divergence and detector slits,
0.02° (2θ step size and a counting time of 10 s/step. XRD patterns were
collected from 3° to 65° (2θ). A quasi-random specimen preparation was
used as a reference for the natural, heated and ball-milled samples. X-
ray diffraction patterns were evaluated using the Winfit computer
program (Krumm, 1996), which allows to decompose the spectra and to
obtain the crystallographic parameters of (001) and (060) diffraction
peaks of montmorillonite. The selected reflections are important mi-
neralogical parameters for Ca-montmorillonite, as the (001) peak can
be related to the distance between TOT layers, and consequently on the
presence of water molecules in the interlayer, whereas the (060) peak
relates to di-trioctahedral character.

Morphology, fabric and alignment of particles of both sheared and
not sheared samples were observed by using first an optical microscope,
and successively a scanning electron microscope SEM (JSM-5400 JEOL)
working at 10 kV of electron accelerating voltage and with a beam
current of about 1 nA at the specimen level. Samples were gold-coated
with a layer about 10 nm thick with a vacuum of 0.13 Pa metal-coating
process.

2.3. Specifically designed shear box apparatus

Direct shear τ(ε) tests on soil and mineral specimens are usually
carried out in the Casagrande's box (Casagrande, 1932), where samples
of 60 × 60 × 20 mm are subjected to a pressure of about 1 MPa. To
increase the normal stress up to about 20 MPa, to simulate a pressure
behaviour in technological and lithostatic applications, a modified
Casagrande's box apparatus was developed and employed, which pre-
sents a reduced specimen size surface (from 36 cm2 to 5 cm2) (see
Fig. 1). The chosen surface area is the result of a compromise between
having a higher confining pressure and analysing a specimen not too
small with respect to the scale of structures forming during the shear
deformation, the latter to make the edge effects negligible.

All the τ(ε) tests were performed at room temperature (about 25 °C)
and humidity of about 50–60%. The specimens were tested without
adding of water. Initially, the powder was pressed in the specimen cell,
and loaded with a constant normal stress of about 20 MPa for 140 h.
After this time interval, all the samples reached a stable condition under
the imposed normal loading, that is there were no significant de-
formations by compaction. A relatively high rate of shear deformation
(ε )̇, starting from about 2.16 × 10−4 s−1, was imposed because the
absence of water does not involve fluids overpressure, thus the mea-
sured stresses are expressed in effective value (Terzaghi, 1936).

The maximum and residual shear strength parameters (angle of
inner friction and cohesion) of each group of samples were evaluated
performing three shear tests in different normal stress conditions (14.7,
19.6 and 24.5 MPa) and using the well-known Mohr-Coulomb model.

2.4. Mechanical modelling

In order to analytically describe the observed stress (τ) vs strain (ε)
data, we considered the typical approach of non-linear viscoelasticity,
using a Maxwell model in the form of

= −τ ηε t λ̇ [1 exp( / )] (1)

where η is the viscosity of the material, ε ̇ is the strain rate, t is the time
and λ is the relaxation time. For t/λ≪1, the exponential term (viscous
one) has negligible effects and the system can be depicted as a Hookean
spring, τ∼G0ε, with G0 the maximum shear modulus. It is possible to
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express the normalized stress response in terms of the transient shear
viscosity, which expression is

= =
+η t τ t ε G t( ) ( )/ ̇ideal
0 0 (2)

Eventually η0
+(t) reaches a plateau given by G0λ, which is the so

called zero-shear viscosity. However, for t/λ > 1 the damping effect of
the viscous term of Eq. (1) leads the stress to a plateau value. In the case
of strain softening, at a certain time, the shear stress does not vary
according to the previous equation. Beyond t/λ > 1, the montmor-
illonite layers start sliding and the elastic plateau modulus G(ε) is re-
duced from the equilibrium value G0 and Eq. (2) becomes generalized:

= =
+ +η t τ t ε η t h ε( ) ( )/ ̇ ( ) ( )0 (3)

where h is the strain softening function, given by

=h ε G ε G( ) ( )/ 0 (4)

3. Results

3.1. Thermal analysis of natural montmorillonite

Results of the thermal analysis (TG, DTA) of the natural Ca-mon-
tmorillonite in the temperature range 20–800 °C are reported in Fig. 2.
The thermal behaviour is in agreement with previous analysis con-
ducted on similar commercial Ca-montmorillonite samples from La-
viosa SpA, and already described in detail by (Dellisanti et al., 2006).
The thermal processes occurring by heating the sample can be sum-
marised as:

i) Loss of the water adsorbed on the surface, which is released up to
100 °C;

ii) Loss of interlayer water in the temperature range 100–250 °C;
iii) Simultaneous loss of water from both montmorillonite and the

minor components (opal CT) between 250 °C and 700 °C;
iv) Loss of structural hydroxyl groups from the montmorillonite in the

range 350–700 °C.

In order to design the shear test on the well-characterized dehy-
drated montmorillonite samples, thermal analysis data of the starting
Ca-montmorillonite were cross-checked to XRD (see Section 3.3). Ac-
cording on previous thermal analyses on smectites (Dellisanti et al.,
2006), it was decided to test the following materials by the specifically
built shear test apparatus:

1) the starting natural Ca-montmorillonite containing an amount of
adsorbed water of about 5%;

2) the natural Ca-montmorillonite after a thermal treatment of 2 h at

Fig. 1. Shear test apparatus used during the experiments.
(a) Auxiliary shear box, (b) main and auxiliary boxes, (c)
auxiliary box inserted in the main box, (d) shear test in
execution, (e) sample after shear test and (f) sample re-
moved from the auxiliary box.
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80 °C to remove the adsorbed water and do not affect the interlayer
one that onsets at about 100 °C;

3) the natural Ca-montmorillonite after a thermal treatment of 2 h at
250 °C to remove mainly the interlayer water, even if not completely
(see XRD section);

4) the natural Ca-montmorillonite after a thermal treatment of 2 h at
340 °C to be sure to complete the removal of the interlayer water;

5) the ball milled (20 h) natural Ca-montmorillonite containing all type
of water molecules to see only the effect of TOT structural de-
formation during the shear test.

3.2. Morphological characteristics of the shear tested montmorillonite
samples

3.2.1. Starting natural montmorillonite
A scaly cleavage related to the interlacing of striated and polished

shear planes developed in all the samples of natural Ca-rich mon-
tmorillonite along the displacement plane imposed by the experimental
apparatus (hereafter defined as principal shear surface, or PSS)
(Fig. 3a). Shear planes also cut across part of the specimen far from the
PSS. The shear planes are arranged in different oriented sets, disposed
at low angle with respect to the PSS as already described by Skempton
(1966) and Tchalencko (1968, 1970). The disposition of planes and the
lustrous aspect of the surfaces are quite similar to those observed in
natural samples (Pini, 1999; Vannucchi et al., 2003; Dellisanti, 2004;

Dellisanti and Valdrè, 2005), in clay cake experiments, direct shear
(shear box) experiments, triaxial experiments and evidenced by com-
puter simulation (Ahlgren, 2001). Significant features of the clay mi-
neral platelets disposition (fabric) have been pointed out along and in
the proximity of shear planes, in which an increase of parallel or-
ientation of the clay platelets occurred. In the SEM analysis of the
natural montmorillonite sample, it is possible to observe the clay pla-
telets orientation along the PSS. From the plane view of the shear
surface (Fig. 4a) the cited clean striations can be seen, together with
several steps due to the compaction and stratifications of the clay pla-
telets. By observing the PSS in a side view, i.e. a cross-section of the
sample near the shear surface (Fig. 4b), the compaction of montmor-
illonite after the shear test is more evident, and suggests a decrease of
the porosity and relative disposition of the clay platelets as “face-face”
arrangement (see for instance Bennet et al., 1981, 1991). Despite, the
side view of the sample far from the PSS (Fig. 4c) showed the platelets
placed in an “edge-face” disposition (Bennet et al., 1981, 1991) due to a
more disordered arrangement of the montmorillonite clay particles. A
quite similar fabric is associated to scaly cleavage in natural examples
of sheared clays in fault zones (Dellisanti et al., 2008).

3.2.2. Heat treated montmorillonites
Shear deformations of heated samples induced different morpholo-

gical characters in relation to the presence of adsorption, and/or in-
terlayer water.

The behaviour of montmorillonite heated up to 80 °C for 2 h was
quite similar to that of the natural sample, with development of shear
planes, but the material is less compacted and the PSS and shear planes
are striated but not polished (Fig. 3b). The samples heated up to 250 °C
for 2 h did not show striated and polished principal shear surface, as
well as there was not both compaction and development of scaly
cleavage within specimens (Fig. 3c). The SEM analysis on the sheared
sample heated up to 250 °C (Fig. 4d) confirmed the macroscopic ob-
servations, showing a lack of compaction that can be noted from the
SEM figure, suggesting that the porosity of the sample was not reduced
as observed for the sheared natural sample (Fig. 4a). Analogously to the
250 °C samples, in the samples heated up to 340 °C development of
striated and polished shear planes and compaction of materials did not
occur (Fig. 3d).

3.2.3. Ball-milled grinded montmorillonite
In the ball-milled, grinded defective samples, shear planes were not

observed and the specimens appeared not compacted after the shear
deformation (Fig. 3e), whereas rare striations can be observed on the
principal shear surface. The SEM analysis of these samples (Fig. 4e,f)
showed that there is not a re-arrangement of clay particles, and an
“edge-face” disposition of the platelets is recognizable. In addition, it
can be observed that the disordered clay particles mean size is smaller
than the one of non-grinded samples, which is a consequence of the
ball-milling process. One of the rare striated areas on the PSS is also
reported in the right side of Fig. 4e.

3.3. XRD structural results

XRD analyses were conducted with the same experimental setup
and environmental conditions for each sample in order to better com-
pare the different treatments (thermal and mechanical). The intensities
in Fig. 5 are relative to the (001) and (060) diffraction peaks, which are
the ones mainly affected by the thermal/mechanical treatments, and
were reported for each diffractogram as I/Imax as a function of 2θ, using
CuKα radiation to better compare and cross-correlate the diffraction
results. Table 1 reports the calculated relative intensities I/Imax and the
full widths at half maximum (FWHM) of the (001) and (060) peaks for
each sample.

Fig. 2. Thermogravimetric (a) and differential thermal analysis (b) curves obtained for
the natural montmorillonite sample.
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3.3.1. Natural montmorillonite
XRD analysis of the natural starting montmorillonite (Fig. 5a)

showed that the intensity of (001) basal diffraction peaks increased in
shear deformed samples (at the PSS surface), with a very slight increase
of the full width at half maximum (FWHM). Data relative to the (060)
diffraction peak show only a decrease of intensity in sheared samples
(Fig. 5b), whereas there are no significant changes in FWHM para-
meters (Table 1).

The above results indicated that the experiments performed by the
shear box apparatus induced visible changes in the arrangement of the
montmorillonite clay platelets, in agreement with the SEM observa-
tions.

3.3.2. Heated montmorillonites
An alignment of clay platelets along shear planes was also shown in

the samples heated up to 80 °C and 250 °C, much less evident respect to
the natural samples (Fig. 5c,e). Worth to be noted that the sample he-
ated at 250 °C still presents some interlayer water, demonstrated by the
001 diffraction peak at about 6° (2θ), that become more intense after
the shear test. Obviously, the (001) angular position of the 250 °C-
treated sample is at higher angles of 2θ respect that of the natural
montmorillonite, because of the partial loss of interlayer water. Gen-
erally, no great changes were observed in the intensity and FWHM of
the (060) peaks (Table 1).

On the contrary, the sample heated up to 340 °C did not exhibit an
increase of XRD intensity of the (001) peak (Fig. 5g), and in agreement

any alignment of particles was not observed by SEM. This sample, as
expected, did not show any peak at 6° (2θ), because all the Ca-mon-
tmorillonite thermally collapsed to a 10 Å TOT structure, with a broad
peak at about 9° (2θ). However, this peak did not increase in intensity
after the shear deformation. Also for this sample, generally no great
change was observed in the intensity and FWHM of the (060) peaks (see
Table 1).

3.3.3. Ball milled grinded montmorillonites
According to the results of Dellisanti and Valdrè (2005), the ball-

milled montmorillonite sample presents a broadened, less intense (001)
XRD peak respect the natural, not ball-milled sample (Fig. 5i and
Table 1). Worth to be noted that the (001) diffraction peak of the ball
milled sample is at about 6° (2θ), that demonstrates the presence of
interlayer water (Table 1). The mechanical shear test produced, along
the principal shear surface, a negligible variation of XRD intensity of
the (001) peak respect to the starting ball-milled sample (Fig. 5i).
FWHM values remained essentially unchanged. This defective mon-
tmorillonite did not show any alignment, suggesting that the clay pla-
telets have generally lost the possibility of a re-arrangement along the
principal shear surface, as observed and evinced by SEM analysis, apart
in very small areas (Fig. 4e,f). Data related to the (060) peak confirmed
a decrease of intensity, indicating an influence of shear strain also in the
direction perpendicular to the applied strain (Fig. 5j).

Fig. 3. Morphological characteristics after shear deforma-
tion. (a) Detail of polished and striated shear surface in
natural Ca-montmorillonite; (b) development of shear
planes of montmorillonite heated up to 80 °C; (c) Ca-mon-
tmorillonite heated up to 250 °C; (d) Ca-montmorillonite
heated up to 340 °C; (e) view of principal shear surface of
grinded, defective montmorillonite.
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3.4. Shear test mechanical behaviour

The mechanical behaviour of the experimental shear test of the five
groups of samples was extremely different as shown by the shear stress
vs strain τ (ε) and vs strain rate τ (ε )̇ curves reported in Fig. 6.

The natural Ca-montmorillonite presents the typical τ(ε) strain
softening behaviour of overconsolidated clayey rocks (Skempton, 1970)
at least under the present experimental conditions. The deformation of
the montmorillonite has a linear increase up to the maximum shear
stress value of the material at about 8 MPa, after this value the failure
takes place and the stress rapidly decreases to achieve a minimum value
of shear strength at about 6.4 MPa, which is maintained nearly constant
for the residual part of the deformation (Fig. 6a). The last part of the
curve represents the residual strength developed by the shear surface in
almost constant volume conditions with the proceedings of the shear
deformation. At the maximum value of shear strength the natural
starting sample shows an internal friction angle value φp of 17.8° and a
cohesion cp of 1.83 MPa, whilst at the residual shear strength condi-
tions, the friction angle (φr) and cohesion values (cr) are respectively
15.6° and 0.63 MPa (Table 2).

In the sample heated up to 80 °C the cohesion is absent and the
material exhibits a τ(ε) strain softening behaviour with a higher shear
strength values than the natural montmorillonite, and a lower fall of
peak strength (Fig. 6a, Table 2).

The samples heated up to 250 °C showed a τ(ε) strain hardening
behaviour (Fig. 6a) similar to that described by Skempton (1970), with

the shear stress increasing rapidly and continuously up to achieve the
stress value of about 8 MPa. After this value, the stress of heated sam-
ples showed a quasi-plastic deformation. At the maximum value of
shear strength, there was no cohesion and the angle of inner friction
was 26.7°. Samples heated up to 340 °C did not show cohesion and the
mechanical behaviour was quasi-plastic (Fig. 6a, b) (Skempton, 1970).

Finally, the ball-milled grinded (defective) montmorillonite dis-
played a τ(ε) behaviour very similar to the montmorillonite heated up
to 340 °C (Fig. 6b). At the maximum of shear strength, the angle of
inner friction φp is 27.7°.

The data fitted using the Maxwell model (Fig. 6c) showed an in-
creased viscosity of the Ca-montmorillonite as a function of the treat-
ment temperature, with values ranging from 1580(6) MPa s (natural
sample) to 2250(6) MPa s (sample heated at 340 °C). The ball-milled
natural sample presented a viscosity value of 2235(6) MPa s, which is
very close to the one obtained by heating montmorillonite at 340 °C,
and in agreement with the stress/strain behaviour (Fig. 6b). In the case
of the starting natural Ca-montmorillonite, the strain softening function
decreased from unity, where G(ε) = G0, to a constant value of about
0.8. Heating the natural sample up to 80 °C for 2 h produced a con-
stantly decreasing softening function h(ε) that reached, at maximum
strain, a value of about 0.9. Further increase in temperature resulted in
softening functions always very close to unity.

Other information about the mechanical shear behaviour of the Ca-
montmorillonite can be obtained by the shear stress vs strain rate τ(ε )̇
curves reported in Fig. 6d. In general, all of the tested samples exhibited

Fig. 4. SEM images of smectite after shear deformation. (a
– c) natural Ca-montmorillonite: (a) striated principal shear
surface (PSS); (b) alignment of clay platelets along PSS di-
rection (face to face disposition) and (c) disordered ar-
rangement of clay particles far from the PSS of sheared
sample (edge to face disposition). (d) Principal shear sur-
face of Ca-montmorillonite heated up to 250 °C. (e, f)
Defective Ca-montmorillonite: (e) principal shear surface of
grinded montmorillonite and (f) disordered arrangement of
clay particles in the sheared sample (edge to face disposi-
tion).
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a behaviour similar to a Bingham plastic material, as the shear rate does
not increases until a limit value of the shear stress (yield stress). Our
data showed that the yield stress of Ca-montmorillonite reduces as a
function of the heating temperature from about 5.1 MPa to 3.2 MPa.
However, there is a great difference after the yield point, as untreated
(natural) Ca-montmorillonite showed an almost pseudo-plastic beha-
viour (lowering of the slope of the curve, i.e. plastic viscosity), whereas
thermally treaded samples resulted, as a function of temperature, in an
always more plastic behaviour, showing increased plastic viscosity. The

sample heated up to 340 °C, very interestingly, presented a behaviour
very similar to that of the deformed (ball milled) sample.

4. Discussion and conclusive remarks

This research introduced new insights on the effects of dehydration
and grinding on the mechanical shear behaviour of Ca-montmorillonite.

Macroscopical and microscopical features and the mechanical be-
haviour of five groups of Ca-montmorillonite samples (natural, heated

Fig. 5. Comparison between XRD pattern before and after
shear test. a,b) (001) and (060) peaks of natural mon-
tmorillonite; c, d) (001) and (060) montmorillonite heated
up to 80 °C; e, f) (001) and (060) montmorillonite heated
up to 250 °C; g, h) (001) and (060) montmorillonite heated
up to 340 °C; i, l) (001) and (060) peaks of grinded (de-
fective) montmorillonite. Diffractograms of natural and
heated montmorillonite, before and after shear test in
(d,f,h) are superimposed.
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and grinded) appeared significantly different after experimental τ(ε)
shear test. The shear planes development, the polished and striated
surfaces are usually attributed to different structural and grain size
characteristics. In particular, a strain softening behaviour is related to
the higher phyllosilicates and/or clay minerals content (Skempton,

1964, 1970; Chandler, 1984; Müller-Vonmoos and Honold, 1985;
Müller and Schlüchter, 2001).

The present study that deals with samples essentially identical from
the mineralogical and granulometric points of view, shows that the
significantly different mechanical shear behaviour of Ca-

Table 1
Comparison of XRD 2θ values (Cu Kα radiation), relative intensity I/Imax and FWHM of (001) and (060) diffraction peaks of natural, heated and defective (grinded) montmorillonites. The
data were obtained using the software Winfit (Krumm, 1996).

Sample (001) (060)

Peak angle [°2θ] I/Imax FWHM [°2θ] Peak angle [°2θ] I/Imax FWHM [°2θ]

Natural 5.86 0.55 1.10 62.00 1.00 0.62
Sheared 5.96 1.00 1.28 62.02 0.56 0.67
Heated up to 80 °C
Starting natural 5.85 1.00 0.97 61.99 1.00 0.72
Heated 5.96 0.67 1.13 62.03 0.97 0.69
Heated + sheared 5.82 0.91 1.09 62.06 0.93 0.78

Heated up to 250 °C
Starting natural 5.85 1.00 0.97 61.99 0.94 0.72
Heated 6.14 0.34 1.93 62.04 1.00 0.73
Heated + sheared 6.00 0.65 1.19 62.06 0.95 0.70

Heated up to 340 °C
Starting natural 5.85 1.00 1.01 61.99 1.00 0.72
Heated 8.96 0.23 1.22 61.99 0.99 0.80
Heated + sheared 8.96 0.25 1.16 61.97 0.95 0.82

Grinded (defective)
Starting natural 5.90 1.00 1.08 61.99 1.00 0.64
Grinded 6.10 0.45 1.72 62.00 0.67 0.71
Grinded + sheared 6.06 0.47 1.80 62.00 0.54 0.72

Fig. 6. Comparison of shearing force/deformation curves for (a) natural and heated Ca-montmorillonite and (b) natural, heated up to 340 °C and grinded (defective) Ca-montmorillonite.
(c) Fit of the natural and grinded (defective) montmorillonite samples stress/strain curves by the Maxwell model (see text for details). (d) Shear rate/shear stress plot for natural, heated
and grinded (defective) Ca-montmorillonite samples.
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montmorillonite has to be explained only in terms of the physical,
structural and defective characteristics of individual clay particles. The
arrangement and presence of water in the sample has also an important
effect.

Natural montmorillonite, containing about 5 wt% of adsorbed
water, presenting layer integrity and capability to retain and release
water molecules, can be deformed through a sliding mechanism of the
clay platelets involving the adsorbed water. It is not possible to exclude
the delamination of the 00 l planes of the TOT layers (involving inter-
layer water) that may also occur during the shear test. The former
sliding mechanism of the clay platelets results in material compaction
and onset of discrete shear planes development, as well displayed by
SEM data. A preferred orientation of clay platelets could occur when the
failure of materials takes place and the sliding of platelets leads to the
development of shear planes, as already observed by Morgenstern and
Tchalenko (1967). The material shows a typical strain softening beha-
viour (Skempton, 1970) related to the sliding of ordered clay platelets
favoured by the adsorbed water.

The obtained data suggests that:

(i) the cohesion, compaction and presence of polished surfaces of the
material are related to the water adsorbed on the layer surface,
whereas

(ii) the presence of the interlayer water affects mainly the development
of striated shear planes.

This hypothesis was confirmed by removing (desorbing) the surfi-
cial water (about 5% wt.) by heating the sample at 80 °C and per-
forming the same shear test, obtaining only scaly cleavage and stria-
tions and no polished surfaces. Indeed, in the present work it was
observed that water was released during the shear test only from the
starting natural sample. Consequently, the softening and pseudo-plastic
behaviour of Ca-montmorillonite has to be attributed to the absorbed
water and sliding of ordered clay platelets. Furthermore, the sample
heated at 80 °C, which mainly lost the adsorbed water, still presents a
shear softening behaviour (even if of reduced entity respect the starting
material), showing through optical microscopy and SEM striated sur-
faces. This behaviour seems to be related to the presence of the inter-
layer water.

Samples heated up to 250 and 340 °C, which respectively have
partially and completely lost the interlayer water molecules (about 3%
wt.), do not show neither development of scaly cleavage nor striations
on the principal shear surface. They show a more plastic behaviour,
because the lack of both adsorbed and interlayer water hinders the
sliding mechanisms of clay particles and thus the development of sec-
ondary shear planes, as indicated also by Skempton (1966) and
Morgenstern and Tchalenko (1967). These observations are in agree-
ment with the proposed mechanical modelling, which describes in an
adequate way the observed mechanical shear behaviour of Ca-mon-
tmorillonite. The strain softening function h(ε) and the viscosity of the
material is strongly related to the type of water molecules in the sam-
ples and the heating/grinding treatments.

The shear behaviour of the grinded (ball-milled) Ca-

montmorillonite confirms this hypothesis. In this case, the clay contains
both adsorbed and interlayer water, but presents defective and da-
maged TOT layers. The montmorillonite does not release water under
the shear test, and presenting a severe lack of ordering and a partial
destruction of the clay platelets (Dellisanti and Valdrè, 2005), is hin-
dered to a deformation by a sliding mechanism and therefore to a re-
arrangement and alignment of the clay platelets. In addition, since the
defective structure has lost the capability to absorb and release water, it
shows only plastic behaviour.

The results of the present research seem to indicate the extremely
important role played by the different kind of water molecules (surface
and interlayer) and, concomitantly, by the ordering and the integrity of
the clay platelets on the τ(ε) and τ(ε )̇ shear mechanical behaviour of Ca-
montmorillonites. These interesting results may find useful applications
in technology and industrial use of montmorillonites and other phyl-
losilicates where both grinding and water treatment are required.
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