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Abstract

The swelling clays have been proposed as engineered barriers in geological disposal systems for waste because these materials
to build a better impermeable zone around wastes by swelling. However, the swelling potential of soils is also considered a preva
of damage to buildings and constructions. For these reasons, it is fundamental to investigate the physicochemical and mechanic
of swelling clays. In the current study, the swelling–shrinkage potential (aggregates scale) was estimated using an environmenta
electron microscope (ESEM) coupled with a digital image analysis (DIA) program (Visilog). In fact, the isolated aggregates of raw an
exchanged bentonite were directly observed at different relative humidities in an ESEM chamber. Then the “Visilog” software wa
estimate the percent augmentation of the aggregate surface as a function of time and as a function of relative humidity. This estima
for the calculation of the swelling–shrinkage potential (%) of bentonite. Finally, a kinetic model of first order was tested to fit the
experimental data of swelling–shrinkage potential. The results show that ESEM–DIA coupling can be a powerful method of estim
swelling–shrinkage potential of expansive clays. In addition, the exponential models fit well with the kinetic experimental data.
 2004 Elsevier Inc. All rights reserved.
Keywords: Swelling–shrinkage; Kinetic; Bentonite; ESEM; Interlayer cations; Digital image analysis (DIA)
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1. Introduction

The industrial and environmental uses of clays are
panding every year. For example, it is estimated that a
8 million tons of the bentonites were used in 1992 throu
out the world[1]. One of the principal applications for be
tonite is in drilling muds. However, it is widely used
a suspending and stabilizing agent and as an adsorbe
clarifying agent in many industries. Recently the swell
clays have been proposed as engineered barriers in
logical disposal systems for waste because these mat
are assumed to build up a better impermeable zone ar
wastes by swelling[2,3]. Unfortunately, the swelling soil
are one of the most prevalent causes of damage to b
ings and construction. The losses include severe struc
* Fax: +33-39024-0402.
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damage, cracked driveways, sidewalks and basement fl
heaving of roads and highway structures, condemnatio
buildings, and disruption of pipelines and sewer lines[4,5].
This makes the estimation of the swelling–shrinkage
tential of expansive clays in the laboratory very importa
The methods available for the estimation of the swellin
shrinkage potential are grouped into two categories: phy
ochemical and mechanical methods. The common analy
techniques used in physicochemical methods are X-ray
fusion at small angles, X-ray diffraction, scanning transm
sion electron microscopy (STEM), and imbibition. On t
other hand, the classic experimental techniques used i
mechanical methods are the consolidometer test and the
suction test[6–8].

In the current study, the swelling–shrinkage potential (
gregates scale) was estimated using an environmental

ning electron microscope (ESEM) coupled with a digital
image analysis (DIA) program (Visilog). In fact, the isolated
aggregates of raw and cation-exchanged bentonite were di-
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rectly observed at different relative humidities in an ESE
chamber. Then the Visilog software was used to estimate
percent augmentation of the aggregate surface as a fun
of time and as a function of relative humidity. This estim
tion allows the calculation of the swelling–shrinkage pot
tial (%) of bentonite. Finally, a kinetic model of first ord
was tested to fit the kinetic experimental data on swelli
shrinkage potential[9–11].

2. Material and methods

2.1. MX80 bentonite

MX80 bentonite contains Na/Ca-montmorillonite (80%
quartz (6%), K-feldspars (2%), plagioclases (4%), carb
ates (4%), mica (3%), and other minerals (1%)[12]. The
bulk sample is composed of 86.1% of particles in a s
range less than 2 µm, 8.8% in the range 2–50 µm, and 5
for sizes larger than 50 µm[13]. The specific surface area
the bulk sample was estimated at 33 m2/g (±1 m2/g) by ap-
plying the Brunauer–Emmet–Teller (BET) equation and
using 16.3 Å2 for the cross-sectional area of molecular nit
gen. For this estimation, a Sorptmatic 1990 instrument
used.

2.2. Samples preparation

The bulk samples of MX80 bentonite were treated se
rately with two concentrated solutions (1 N) of sodium a
calcium chlorides, both with the same ionic force (I = 2).
Twenty grams of MX80 bentonite were dispersed into 1
of salt solution (1 N) at 60◦C. This suspension was vig
orously stirred with magnetic agitation for 1 h at 60◦C.
Then the cation-saturated clay was separated by centrif
tion (15 min at 13,000 rpm) and decanting the superna
solutions. This process was repeated three times. The ca
saturated bentonite was then washed three to four times
distilled water until the AgNO3 test for chloride was nega
tive. This method was used by Seung Yeop Lee and So
Kim [14] and Giora Rytwo[15].

The cation-saturated bentonite was subsequently drie
48 h at 60◦C and finally ground for 2 min.

Finally, the raw and cation-saturated bentonite were d
for 24 h at 110◦C and placed in plastic desiccators (2 L)
order to keep the hydration state of samples constant u
silica gel.

2.3. ESEM methodology

For all environmental scanning electron microscope
vestigations, an XL30 ESEM LaB6 (FEI and Philips) w

used with a gaseous secondary electron detector (GSED) to
produce a surface image. This microscope is also equipped
with a cooling stage to control the sample temperature.
rface Science 284 (2005) 271–277
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2.3.1. Kinetic procedure
Drying. The chamber pressure and sample temperatur
respectively fixed at 2.3 Torr and 50◦C. In this case, the rela
tive humidity of the surrounding sample is 2.5% according
the water phase diagram. The sample is maintained at
“reference conditions” for about 15 min, and an image of
aggregate of interest is chosen and stored in the hard di
the control PC.

Swelling. The chamber pressure and the sample temp
ture are simultaneously set at 8.2 Torr and 9◦C, respectively,
and images were immediately taken approximately ev
30 s for 10 min.

Shrinkage. Here the chamber pressure and sample t
perature are again brought back under reference condi
(P = 2.3 Torr andT = 50◦C). The image acquisition is als
done as a function of time for 10 min.

This kinetic procedure of swelling–shrinkage was carr
out only on the raw-bentonite aggregates at nine relative
midities (95, 90, 85, 80, 75, 70, 65, 60, and 55%).

2.3.2. Equilibrium-state procedure
Each sample was submitted to hydration and then a d

dration cycle, with progressively increasing and decrea
relative humidity.

Drying. This stage is identical to the kinetic procedure
scribed above.

Swelling. This manipulation was achieved at a const
sample temperature of 9◦C. Then the progressive samp
hydration was performed by increasing the chamber pres
until water oversaturation of the sample was achieved.
water oversaturation of aggregates was observed betwe
and 95% relative humidity.

The pressures shown in theTable 1were used to kee
a constant relative humidity of surrounding sample in
ESEM chamber. In each step of chamber pressure an im
of interest was taken after 5 min. This time was conside
as equilibrium time and was previously estimated by kin
manipulations.

Table 1
Pressures used to control the constant relative humidity of the surrou
sample in the ESEM chamber at a constant temperature of 9◦C

Chamber pressure Relative humidity
(Torr) (%)

Swelling 2.6 30 Shrinkage
3.4 40
4.3 50
5.2 60
6.0 70

6.4 75
6.9 80
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Fig. 1. Digital image analysis methodology: (A) ESEM image; (B) imag
tution and control verification (after[10]).

Shrinkage. This stage was done inversely from that
swelling. Here the chamber pressure was progressively
creased until the reference conditions were reached (seTa-
ble 1). The sample temperature was always kept at 9◦C.

2.4. DIA methodology

Digital image analysis consists of isolating an area of
terest with Visilog 5.3 software. In this study the area
interest was always an aggregate.

Generally the ESEM images have a sufficient den
contrast to isolate the area of interest by applying a sim
gray level threshold. To minimize the experimental error
the surface measure, the same procedure, i.e., digital im
analysis, was applied manually five times. In addition e
analysis was visually controlled by the reconstitution o
binary image (Fig. 1).

The ESEM images of the test section occupied ab
1424× 968 pixels, and in all measurements the same g
level range, 0–256, was considered.

3. Results and discussion

3.1. Experimental data

The experimental swelling–shrinkage data are der
from digital image analysis, bidimensional analysis. The

sults are shown as surface augmentation and/or diminution
as functions of time (kinetic curves) or as functions of rela-
tive humidity (isotherms). The swelling–shrinkage percent-
arization and isolation of the surface “aggregate” of interest; (C) imageconsti-

-

e

age is then estimated by

(1)S = St−RH − Si

Si

100,

whereSt−RH represents the surface area at an instant
t or in a RH equilibrium state (µm2) andS i represents the
initial surface area of the dry sample (µm2).

The experimental kinetic curves and experimental
therms of swelling–shrinkage potential of bentonite (agg
gate scale) are shown inFigs. 2 and 3.

3.2. Measurements precision

The average standard deviation obtained after five
peated surface area measurements was considered as
timate of the absolute error on swelling–shrinkage,

(2)E = s(q̄)

Si
(200+ S),

wheres(q̄) is the average standard deviation,S i is the initial
surface, andS is the swelling–shrinkage percentage.

The absolute error remains relatively low. However,
error is always more significant at low relative humid
(Fig. 4).

3.3. Fitting of kinetic curves

3.3.1. Swelling
The experimental data were fitted using a kinetic mo

of first order,
(3)
dw

dt
= k(wM − w).
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(a) (b)

Fig. 2. Kinetic experimental data of the swelling (a) and shrinkage (b) of raw-bentonite aggregates at nine different relative humidities

(a) (b)

Fig. 3. Swelling (a) and shrinkage (b) potential isotherms of raw and cation-saturated bentonite by ESEM–DIA.
Fig. 4. Absolute error behavior: (A) swelling; (B) shrinkage.
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Fig. 5. Swelling kinetics of raw bentonite aggregate scale using ESEM–
coupling.

This kinetic model represents the volume augmentation
function of time up to an asymptotic maximum of time. T
integral form is represented by an exponential equation:

(4)w = wM
(
1− exp(−kt)

)
.

This equation can only be applied when the volume var
Unfortunately, the measurement estimated in this study
responds to surface area variations and not to volume
ations. If we consider that the swelling–shrinkage of
bentonite is equidimensional on an aggregate scale, Eq(4)
can be written in terms of surface:

(5)S = SM
(
1− exp(−kt)

)2/3
.

On the other hand, the experimental data show that
swelling kinetics of raw bentonite aggregates can be
fined by three stages (Fig. 5). The first stage is very difficul
to model, because of the random arrangement of the
ticles in the initial water adsorption. In general this sta
is characterized by a nonswelling feature and sometime
an aggregate contraction. The second stage presents a
swelling during the first minute, after which the swelling d
creased gradually up to an asymptotic maximum of tim
This stage may be modeled by an exponential equation(5).
The third stage, called “aggregate water oversaturation
only presented at a critical relative humidity between 80
95%. The first and second stages were also identified b
mechanical methods for other expansive clays[4,16].

The final equation, to fit only the second stage of b
tonite swelling, is then
(6)S = SM
(
1− exp

(−k(t − t0)
)2/3)

,

erface Science 284 (2005) 271–277 275

h

with SM the maximum swelling (%),k the coefficient of
swelling (1/min), andt0 the initial time of the exponentia
swelling.

3.3.2. Shrinkage
The shrinkage behavior makes up one stage, which

be modeled by an exponential decay model. The final e
tion in terms of surface is

(7)D = SM
(
exp(−kdt)

)2/3
,

with SM the maximum swelling (%) andkd the coefficient
of shrinkage (1/min).

The fitting parameters for kinetic curves of swelling a
shrinkage are summarized inTables 2 and 3. These para
meters were estimated by nonlinear regression using a l
squares method. In addition,Fig. 6 shows a example of ex
perimental data fitting at 90% relative humidity.

The exponential models used to fit the swelling a
shrinkage are very well correlated with the experimen
data, since the estimated coefficients of nonlinear reg
sion are close to 1 (Tables 2 and 3). This may be an indirec
reason to confirm that the swelling–shrinkage is effectiv
equidimensional. The second reason to confirm the eq
mensionality of the swelling–shrinkage “aggregate scale
done by digital image analysis, which shows a linear c
relation between the width and the length of the aggre
(Fig. 7).

Table 2
Fitting kinetic parameters for Bentonite swelling at eight relative hum
ties: nonlinear regression by least-squares method[9]

Humidity (%) Fitting parameters Regression coefficie

SM (%) k (1/min) t0 (min) R

90 20.99 0.88 1.24 0.9978
85 15.21 1.33 1.26 0.9955
80 13.43 1.50 1.31 0.9992
75 12.32 1.75 1.46 0.9983
70 11.51 1.66 1.41 0.9936
65 9.91 1.84 1.60 0.9980
60 9.01 1.23 1.50 0.9953
55 6.79 1.13 1.65 0.9841

Table 3
Fitting kinetic parameters for Bentonite shrinkage at eight relative hum
ties: nonlinear regression by least-squares method[9]

Humidity (%) Fitting parameters Regression coefficie

SM (%) k (1/min) R

90→ 2.5 21.04 1.61 0.9940
85→ 2.5 14.95 2.16 0.9954
80→ 2.5 13.53 2.05 0.9988
75→ 2.5 12.40 1.68 0.9959
70→ 2.5 11.71 1.53 0.9956
65→ 2.5 10.20 1.77 0.9932

60→ 2.5 9.05 1.40 0.9930
55→ 2.5 6.93 1.12 0.9784
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Fig. 6. Swelling–shrinkage cycle of raw bentonite at 90% relative humid
Experimental data fitted by exponential models.

Fig. 7. Aggregate width and length correlation for swelling–shrinkage.
timation by digital image analysis (DIA).

3.4. Comments on swelling–shrinkage isotherms

The swelling–shrinkage isotherms at 9◦C are shown in
Fig. 3. It is clear that the swelling and shrinkage pote
tial is governed by the relative humidity and by the nat
of the interlayer cation. For example, globally Na-satura
bentonite presents an excellent capacity to swell while
saturated bentonite swells less significantly at high rela
humidities (>0.5). The raw bentonite presents an interme
ate swelling–shrinkage potential because of the montm
lonite with mixed Na–Ca interlayer filling.

Finally, a Cartesian system was used to correlate
amount of adsorbed water and the swelling potential. T
diagram shows a nonlinear correlation (Fig. 8). For this rea-
son, a swelling-to-amount of adsorbed water ratio was
culated for low, medium, and high relative humidity (30, 5
and 75%, respectively) (Table 4). This basic approach mu

be considered with care because the amounts of adsorbe
water and swelling potential were estimated separately by
different analytical methods with different scales.
rface Science 284 (2005) 271–277

Fig. 8. Amount of adsorbed water and swelling potential correlation
raw and cation-saturated bentonite. The swelling potential was consid
equidimensional to aggregate scale (corrected data fromFig. 7 [11]).

Table 4
The swelling-to-amount of adsorbed water ratio for low, medium, and
relative humidity: corrected data fromTable 3 [11]

Sample Swelling/amount of adsorbed water ratio

Low Medium High
(RH 30%) (RH 50%) (RH 75%)

MX80 raw 0.1605 0.1558 0.2260
MX80-Na 0.0715 0.1442 0.3996
MX80-Ca 0.0681 0.0730 0.2106

4. Conclusions

Three main conclusions are given here.
First, the results show that coupling environmental sc

ning electron microscopy (ESEM) with digital image ana
sis (DIA) is a powerful method of estimating the swellin
shrinkage potential of expansive clays. The main advan
of this method is the rapidity with which one obtains qua
tative and quantitative results. However, this method all
only estimation of the free swelling–shrinkage potentia
the sample chamber.

Second, thanks to direct observations with ESEM, it w
possible to identify three steps for swelling kinetics: (1) p
ticle arrangement; (2) exponential swelling; (3) water ov
saturation. In addition, the exponential models and the
ital 2D image analysis confirm that the swelling–shrinka
potential of the MX80 bentonite is equidimensional agg
gate scale.

Third, the swelling potential is governed by the relat
humidity and by the nature of the interlayer cations. For
ample, globally the Na-saturated bentonite has an exce
capacity to swell, while the Ca-saturated bentonite sw
less significantly at high relative humidities (>0.5). The raw

dbentonite presents an intermediate swelling–shrinkage po-
tential because of the montmorillonite with mixed Na–Ca
interlayer filling.
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