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Abstract

The MX80 bentonite (bentonite of Wyoming) contains about 85% of montmorillonite and 15% of accessory minerals. The dominant
presence of montmorillonite in this clay mineral could cause it to perform exceptionally well as an engineered barrier for a radioactive waste
repository because of its swelling properties. In the current study the MX80 bentonite was mechanically compacted by a uniaxial system at
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our different pressures (21, 35, 49, and 63 MPa) in order to obtain four different physical densities. Then each sample was sub
ydration/dehydration cycle into an environmental scanning electron microscopy (ESEM) chamber in order to observe in situ the
odifications after one hydration/dehydration cycle. This instrument allows the possibility to observe geological samples in the

tate without preliminary preparation or modification. In addition, the classical methods (BET measurements, SEM, Hg-porosi
sothermal adsorption of water vapour) were carried out to characterize the texture of compacted samples before hydration/dehyd
SEM.
ESEM observations clearly show that the mechanical compaction influences the textural behavior when the bentonite MX80 is

o a hydration/dehydration cycle. In general, the inter-aggregate pores are open during hydration stage and sometimes there is
racking. This phenomenon is more significant when mechanical compaction increases since the cohesion force of inter-aggreg
echanical compaction “49 and 63 MPa” limits the free swelling of MX80 bentonite. In addition, Hg-porosimetry shows that only th
orosity (porous size >50 nm) and eventually the meso-porosity (porous size between 2 and 50 nm) are affected by the mechanical

n fact, the total porosity decreases when the mechanical compaction increases. On other hand, BET measurements and adsorpt
f water vapour show a non-significant impact on the microporosity.
2005 Elsevier B.V. All rights reserved.
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. Introduction

In the municipal, industrial or radioactive wastes stor-
ge, an impermeable natural sheet of clay (bentonites)

s commonly used as protective barrier in order to avoid
he infiltration, lixiviation and/or migration of pollutants
1–5]. Unfortunately, these materials cannot be used in their
atural state, because they are heterogeneous, difficult to
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manipulate or simply because their initial physical densi
not sufficient to obtain desirable hydraulic properties. T
a mechanical conditioning is in general necessary to r
ideal textural properties[6–9].

The textural properties of clay materials depend
the nature of interlayer cations[10–14] and on the laye
charge[12]. The mechanical compaction also influen
the bentonite’s texture, mainly the porous structure.
example, when the mechanical compaction increases
meso-porosity (porous size between 2 and 50 nm) is lig
affected, the N2 specific surface area (BET measurement
constant and only the macro-porosity (porous size >50
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Fig. 1. Swelling–shrinkage property of MX80 bentonite. ESEM (environ-
mental scanning electron microscope) observations[24,20].

decreases since the porous network is generally reorganized
according to the “diminution of the total porosity”[6].
Theoretically, a diminution of the soil’s total porosity
by compaction produces a permeability diminution and
thus a minimization of fluid circulation into the porous
network [15–18]. However, the bentonites are classified
as deformable materials since these materials swell during

Table 1
Mineral composition of the MX80 bentonite

Proportion (%) Proportion (%) “without
molecular water” drying
at 105◦C

Montmorillonite 70.6± 2.7 79.2± 3.0
Phlogopite 1 M 2.7± 2.7 3.0± 3.0
Pyrite 0.5 0.6
Calcite 0.7± 0.5 0.8± 0.6
Ankérite 1.0± 0.3 1.1± 0.4
Anatase 0.1 0.1
Plagioclase 8.2± 2.7 9.2± 3.0
Feldspath K 1.8± 1.8 2.0± 2.0
Phosphate 0.6 0.6
Quartz + cristobalite 2.5± 2.5 2.8± 2.8
Fe2O3 0.4 ± 0.3 0.5± 0.4
Molecular water 10.8 –
Organic carbon 0.1 0.1

Total 100 100

ICP-MS and other complementary analysis[6].

hydration and shrink during dehydration (seeFig. 1). This
complex phenomenon and the previous observations justify
the importance to observe in situ compacted samples of
bentonite submitted to hydration/dehydration conditions. For
that purpose, a uniaxial system of mechanical compaction
was performed in order to obtain four physical densities
(1820, 1950, 2030, 2080 kg/m3). Then each sample was
submitted to a hydration/dehydration cycle into an environ-
mental scanning electron microscopy (ESEM) chamber in
order to observe in situ the structural modifications after
one hydration/dehydration cycle. This instrument allows the
possibility to observe geological samples in their natural
state without preliminary preparation or modification. In
addition, the classical methods (BET measurements, SEM,
Hg-porosimetry and isothermal adsorption of water vapour)
were carried out to characterize the texture of compacted
samples before hydration/dehydration in the ESEM.

F es by
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ig. 2. Swelling isotherms of cation-saturated and natural bentonit
SEM-DIA [24] “Environmental scanning electron microscopy—dig

mage analysis”. Here, water activity = (RH: relative humidity)/100.
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Table 2
Physical characteristics of MX80 bentonite submitted to different mechanical compaction

Sample label Confining pressure (MPa) Physical density (kg/m3) SBET (m2/kg) W (aw = 0.95) (kg/kgdry clay)

MX80-21 MPa 21 1820 21230 0.2822
MX80-35 MPa 35 1950 23180 0.2895
MX80-49 MPa 49 2030 22790 0.2896
MX80-63 MPa 63 2080 20370 0.2910

SBET: specific surface area (BET method);W: maximal amount of adsorbed water.

Fig. 3. (a) ESEM micrographs. Opening of inter-aggregates pores after one hydration/dehydration cycle. MX80 bentonite compressed at 49 MPa “MX80-
49 MPa sample”. (1) Initial state (Hr = 5%), (2) moist state (Hr = 75%), and (3) final state (Hr = 5%). (b) ESEM micrographs. Opening of inter-aggregates pores
after one hydration/dehydration cycle. MX80 bentonite compressed at 63 MPa “MX80-49 MPa sample”. (1) Initial state (Hr = 5%), (2) moist state (Hr = 75%),
and (3) final state (Hr = 5%).
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2. Experimental methods

2.1. Bentonite characterization

The classical methods were used to estimate the mineral-
ogy of the MX80 bentonite. In fact the complete characteri-
zation was achieved by different French laboratories (LEM-
CREGU). The description of each analytical technique is not
considered in this study.

XRD analysis was carried out directly on bentonite-raw
(minerals identification) and oriented clay fraction “<2�m”
(identification of clay family). A comparative analysis with
the X-ray diffractogram corresponding to clay mineral per-
mitted to identify the quartz and the montmorillonite as the
main mineral phases. In addition the X-ray diffractogram cor-
responding to the clay fraction shows that the clay family
corresponds to a typical smectite “montmorillonite”, since
the ethylene glycol test shows a shift of the 12Å peak up
to 17.14Å. The 12Å peak is closed up to 9.66̊A when the
sample is dried at 490◦C.

The clay fraction morphology and chemical composition
were studied by means of STEM and ICP-AES. STEM anal-
ysis shows folded particles and turbostratic sheets stacking.
The average chemical composition obtained by this method
permitted the structural formula estimation:
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jar was controlled at 0.55 with an oversaturated salt solution
(Na2Cr2O7).

On the other hand, each mechanical pressure induced a
physical density. Here the physical densities were manually
estimated on the cylindrical pastilles. These measures were
realized at atmospheric conditions, which mean that the sam-

Fig. 4. ESEM micrographs. Aggregate cracking and inter-aggregates open-
ing after one hydration/dehydration cycle. MX80 bentonite compressed at
63 MPa “MX80-63 MPa sample”. (1) Initial state (Hr = 5%), (2) moist state
(Hr = 75%) and (3) final state (Hr = 5%).
(Si3.99Al0.01)(Al.5413Mg0.2448Fe(III)0.1893)

Na0.2186Ca0.057O10(OH)2

his structural formula corresponds to a low charge m
orillonite with mixed “Na–Ca” filling interlayer.
ICP-MS and other complementary analyses for chem

omposition were used to estimate the mineral compos
f the MX80 bentonite (Table 1).

Finally, ESEM observations showed that the pote
welling depends directly on the relative humidity and
he nature of interlayer cations (seeFig. 2).

.2. Samples preparation

Four bulk samples were mechanically compressed
niaxial system (limit of upward thrust = 50 kN) at diffe
nt pressures (21, 35, 49 and 63 MPa) in order to o

our physical densities. The displacement speed during
hanical compaction was kept constant at 5�m/s on all the
amples. The mechanical compaction was realized a
ospheric conditions (room temperature = 20◦C and atmo

pheric pressure about 1× 105 Pa). In these conditions, t
mount of adsorbed water of the bulk samples was estim
t 0.1151 kg/kg of dry clay, i.e. the initial water content of
lay was 11.5%. However, the water content of compa
amples at same atmospheric conditions was estimate
ween 10 and 11%. In order to keep constant the hydr
tate of compacted samples, they were stoked in the p
esiccators (2 l). Here the water activity of air “into the pla
esiccators” and surrounding samples contained in the
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ples were partially hydrated (10–11%). The values estimated
are summarized inTable 2.

The total samples used in this paper were labeled as
MX80-21, MX80-35, MX80-49 and MX80-63 MPa.

2.3. ESEM methodology

For all ESEM investigations, a XL30 ESEM LaB6 (FEI
and Philips) fitted with a gaseous secondary electron detector
(GSED) to produce a surface image was used. This micro-
scope is also equipped with a “cooling stage” to control the
sample temperature.

The compacted samples were separately submitted to one
hydration/dehydration cycle into the ESEM chamber. The
hydration/dehydration cycle comprises three stages:

(1) Drying: The chamber pressure and sample temperature
are respectively set at 373.2 Pa and 40◦C. In this case, the
relative moisture of surrounding sample is 5% according
to the water phase’s diagram. The sample is maintained
at these “reference conditions” for about 20 min, and an
image of interest is chosen and stored in the hard disk of
the control PC “initial state”.

(2) Hydration: The chamber pressure and the sample tem-
perature are simultaneously set at 853.05 Pa and 9◦C,

ing
ram.
oist

( ple
con-
f

relative moisture of surrounding sample. After 20 min
the image of interest was stored again “final state”. The
samples dimensions were similar for all preparations
(4 mm× 4 mm× 2 mm).

The classical methods (BET measurements[13,19]; SEM
[20]; Hg-porosimetry[21] and isothermal adsorption of wa-
ter vapour[14]) were carried out only to characterize the tex-
ture of compacted samples before hydration/dehydration in
ESEM. The methodology for these methods is not explained
in this paper.

3. Results and discussion

3.1. ESEM observations

ESEM observations clearly show that the mechanical
compaction influences the textural behavior when the
bentonite MX80 is submitted to one hydration/dehydration
cycle. In general, the inter-aggregate pores are open during
hydration stage “moist state” (seeFig. 3a and b) and some-
times aggregates’ cracking appears (Fig. 4). The opening
of inter-aggregates’ pores and the aggregates’ cracking
during hydration/dehydration are more significant when
m force
o s the
f lex
c cles
i rock
c ,
i not

F illaceo ehydrat
c cle; (3)
respectively. Now, the relative moisture of surround
sample is 75% according to the water phase’s diag
In general, this stage takes approximately 20 min “m
state”.

3) Dehydration:Here the chamber pressure and sam
temperature are again brought back at reference
ditions (P= 373.2 Pa andT= 40◦C). That is, at 5% o

ig. 5. Complex cracking (partial closing of the cracks) of a deep arg
ycles in the ESEM. (0) Initial condition; (1) first cycles; (2) second cy
echanical compaction increases since the cohesion
f inter-aggregates at high mechanical compaction limit

ree-swelling of MX80 bentonite. For example, a comp
racking as a function of hydration and/or dehydration cy
n the ESEM was observed for a deep argillaceous
ontaining dominant swelling-clay (seeFig. 5). However

t is important to remark that in the ESEM chamber is

us rock “sampling depth = 399 m” as a function of water hydration/dion
third cycle[25].
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possible to control the mechanical pressure on the samples
(non-constrained samples) then the samples placed into
the ESEM chamber expand or shrink freely depending on
the relative moisture conditions. In this case, an aggregate
deformation could be observed, mainly when the samples
are submitted at high relative moisture (>80%).

On the other hand, with moderate pressure of compaction
(21 MPa), the MX80-bentonite sample presents an excellent
stability after one hydration/dehydration cycle (seeFig. 6).

F
a
c
(

The microscopy methods are adapted to observe the “short
surfaces”, for this reason many repetitions of experiments are
required in order to obtain a representative elementary surface
of a sample (see conclusion).

3.2. Hg-porosimetry and SEM observations

The mercury injection porosimetry shows that only the
macro-porosity (porous size >50 nm) and meso-porosity
(porous size 2–50 nm) were affected by the mechanical com-
paction (seeFig. 7a and b). For example,Fig. 7a shows
clearly as the pore size distribution is displacing with me-
chanical compaction intensity. Indeed the total porosity de-
creases when the physical density increases (Fig. 7b). These
results are coherent with literature.
ig. 6. ESEM micrographs. Excellent stability of porous network “inter-
ggregates” after one hydration and dehydration cycle. MX80 bentonite
ompressed at 21 MPa “MX80-21 MPa sample”. (1) Initial state (Hr = 5%),
2) moist state (Hr = 75%), and (3) final state (Hr = 5%).

F
p

ig. 7. (a) Pores size distribution to different confining pressure. (b) Total
orosity behavior to different confining pressure.
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Fig. 8. SEM micrographs. Porous network comparison between a moderate confining pressure (21 MPa) and a high confining pressure (63 MPa) of MX80
bentonite.

SEM observations confirm that the mechanical pressures
induce modifications of the inter-aggregate’s porous (porous
size >5�m). The macro-pores of the inter-aggregate network
present a variation of form, from tubular at moderate pressure
of compactions to a system of cracks for high pressure of
compaction (seeFig. 8).

3.3. Adsorption isotherms of water vapour and BET
measurements

Experimental water adsorption data were fitted by the
D’Arcy and Watt equation. This equation considers the mono-
layer (Langmuir) and multilayer (BET) adsorption[22]. The

equation used in terms of water activity “aw” was

W = w1c1aw

1 + c1aw
+ paw + wMcMaw

1 − cM
(1)

whereW is the amount of water adsorbed,w1 andwM are
the densities of the primary and multilayer adsorption sites,
respectively,c1 andcM are the interaction parameters related
to the heat of adsorption on the primary adsorption sites and
in the multilayer, respectively, andp is a constant included in
the linear form of the adsorption isotherm.

A computer program (SigmaPlot2000) based on the non-
linear least-squares analysis was used for fitting the equa-
tion to the water adsorption data. This fitting was only
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Fig. 9. Adsorption isotherms of water vapour. MX80 bentonite compressed
to four confining pressures. Experimental data fitted by D’Arcy–Watt equa-
tion.

used to characterize the shape of adsorption–desorption iso-
therms.

The adsorption isotherms of water vapour at 23◦C are
shown inFig. 9. The shapes of these isotherms seem to cor-
respond to type III of the modern IUPAC classification of
isotherms[23]. That is, the isotherms with small solid–fluid
interaction at low water activities (<0.5). In contrast, a very
high potential of water adsorption was observed at high wa-
ter activities (>0.5). This may correspond to the formation of
water multilayer around the interlayer cation and also to the
water capillary condensation.

It is necessary to mention that isotherms III in the IUPAC
classification were proposed to describe macro-porous sys-
tems. In general, that is not the case for clay minerals. In
addition, the interlayer cations play an important role in the
water adsorption and swelling. This situation makes a com-
plex mechanism for water adsorption as a function of water
activity.

Finally, the adsorption isotherms of water vapour (Fig. 9)
shows that the amount of adsorbed water as a function of
water activity is not affected with mechanical compaction.
In fact, the four water adsorption isotherms are very sim-
ilar. On the other hand, the BET measurements (Table 2)
show that the specific surface area “SBET” is insignificantly
affected with the mechanical compaction. This means that the
micro-porosity is practically not sensitive to the mechanical
c

4

ical
c ben-
t cle.
I hy-
d cking
T om-

paction increases since the cohesion force of inter-aggregates
at high mechanical compaction limits the free swelling of
MX80 bentonite. In addition, Hg-porosimetry shows that
only the macro-porosity (porous size >50 nm) and eventually
the meso-porosity (porous size between 2 and 50 nm) are af-
fected by the mechanical compaction. In fact, the total poros-
ity decreases when the mechanical compaction increases. In
this case, SEM observations show a transformation of the
shape of the macro-pores network from tube to crack. On
other hand, BET measurements and adsorption isotherms of
water vapour show that micro-porosity remains practically
intact.

Evidently, the ESEM is a powerful tool to observe in situ
the hydration and/or dehydration of clays and clay minerals
in their natural state. The main advantage of this method is the
speed with which one obtains the qualitative and quantitative
results. However, this method presents several limitations:

• The hydration/dehydration experiments were carried out
under ESEM-chamber pressure (between 13.328 and
1332.8 Pa). This allows only the ability to observe the
inter-aggregates opening or aggregates cracking on the
non-constrained samples.

• The hydration/dehydration experiments were limited at
80% of relative humidity for swelling clays (powders and
compacted powders). In this case, a water over-saturation
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. Conclusion

ESEM observations clearly show that the mechan
ompaction influences the textural behavior when the
onite MX80 is submitted to a hydration/dehydration cy
n general, the inter-aggregate pores are open during
ration stage and sometimes there is an aggregate cra
his phenomenon is more significant when mechanical c
.

of surface was observed in consequent the quality o
ages is poor.
The ESEM images comprise a very short surface of a
ysis. For that, it is primordial to make many repetition
experiments in order to have a good certitude of obse
tions. The results presented in this paper were based
on three repetitive experiments.

In conclusion, the ESEM observations must be consid
ith care for any civil application.
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