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The paper reports results of an experimental study focused on the investigation of the development of swelling
pressure in compacted bentonites duringwetting under confined conditions. Themain swelling pressure testing
programhas beenperformedusing a newconstant-volumeoedometer especially designed to apply suction using
the osmotic method. The device allows to continue to determine swelling pressure under constant-volume con-
ditions during wetting close to saturation (suction below 8.5 MPa). Constant-volume swelling pressure tests
were performed by decreasing the suction (or increasing the humidity) of the specimens from almost
100 MPa to 8.5 MPa and then in stepwise manner toward a zero value. In addition, a series of swelling pressure
testswere performed using different experimental devices to compare test results obtained using the newdevice
and to investigate the effect of hydration mode on the swelling pressure of compacted bentonites.
Different wetting modes, water or vapor wetting, resulted different equilibrium swelling pressure values. Three
stages of swelling pressure development are identified during suction reduction. In thefirst stage, following large
suction reduction, swelling pressure increases up to a peak value; then, in second stage, in suction range com-
prised between 8.5 and 3.5 MPa, swelling pressure tends to decrease to a minimum value; and finally, upon fur-
ther suction reduction to low values, swelling pressure increases again and eventually stabilizes. A possible
interpretation of this pattern is given from micro-structural perspective.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Geotechnical problems associated with expansive soils are well doc-
umented in the literature. Predicting volume changes and swelling
pressures in expansive soils are required inmany engineering situations
concernedwith stability problems of foundations, retainingwalls, slope
stability of embankments and excavations in expansive soils (Chen,
1975; Sridharan and Choudhury, 2002). Since the past decades,
compacted bentonites and bentonite-aggregate mixtures have been
proposed and widely studied as buffer and backfilling materials for un-
derground nuclear waste disposal systems because these materials
must have, besides low permeability and high water retention capacity,
swelling characteristics in order to seal and separate the waste from the
surrounding environment (Pusch, 1980a; Komine and Ogata, 1994;
Marcial et al., 2002; Lloret et al., 2003; Villar and Lloret, 2008; Baille
et al., 2010; Wang et al., 2012; Agus et al., 2013). Since the barrier and
backfill materials are made from dry, highly compacted clay, the ben-
tonite and bentonite-aggregate mixtures are initially unsaturated with
high suction values, and consequently exhibit high swelling potential
upon wetting. Thesematerials are expected to swell due to the possible
intrusion of pore water and salt solution from the host rock. Moreover,

due to boundary conditions, it is expected that swelling will be re-
strained by the host rock; swelling pressure develops in the buffer ma-
terials under nearly constant volume conditions and in a gradual
manner following suction reduction caused by the intrusion of water
from the surrounding host rock. The swelling pressure should be high
enough to ensure self-healing but it should not exceed the in situ
minor stress to ensure the mechanical stability of the disposal system.
Therefore, the study and understanding of the development of
swelling-pressure in conditions similar to the field conditions would
be important to enhance the understanding of the performance of ra-
dioactive waste disposal systems.

The development of swelling pressure in compacted bentonites and
bentonite-aggregate mixtures upon water wetting in laboratory has
been investigated by several researchers (Pusch, 1980b; Komine and
Ogata, 1994; Marcial et al., 2002; Karnland et al., 2006; Imbert and
Villar, 2006; Villar and Lloret, 2008; Schanz and Tripathy, 2009; Baille
et al., 2010). Wetting has most often been performed by flooding the
soil with water starting from the initial water content to full saturation,
without suction control. The swelling pressure behavior has been gen-
erally studied in relation to the initial sample condition (water content
and dry density) and themeasured final swelling pressure. Amonotonic
or a non-monotonic swelling pressure development is observed de-
pending on the density and initial water content of the tested soils.
However, the transient swelling pressure behavior, which corresponds
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to themoisture range between the initial water content and the full sat-
uration state, is not often investigated. This can be achieved by running
controlled suction tests. For example, Lloret et al. (2003) identified
three distinct zones during suction controlled swelling pressure tests
on compacted Ca-Mg-Na bentonite samples: in the first zone, or high
suction zone, a large suction reduction caused progressive swelling
pressure development to first maximum. In zone II, which corresponds
to the region where suction-induced macro-structure collapse domi-
nates, the swelling pressure decreases and in zone III, or the region of
low suction, the swelling pressure increases again. They indicated that
the latter swelling pressure development is due to the predominance
of micro-structural swelling of clays close to saturation. Romero et al.
(2003) also identified the first two zones for a moderately expansive
low density compacted Boom clay. Agus et al. (2013), however, did
not observe swelling pressure decrease during suction controlled wet-
ting on highly compacted 50/50 bentonite-sand mixture.

Several researchers (Saiyouri et al., 2004; Devineau et al., 2006;
Delage, 2007; Warr and Berger, 2007; Perdrial and Warr, 2011; Villar
et al., 2012) have shown that the hydration of compacted bentonites oc-
curs in an organizedmanner with the progressive insertion of one, two,
three and four-layer water hydrates along the clay layers, accompanied
by subdivision of the particles within the aggregate. The first process is
manifested by increasing the interlayer spacing and the second by grad-
ual increase of the inter-particle pores inside the aggregates. When the
hydration occurs in free space, an appreciable macroscopic swelling oc-
curs at high relative humidity. However in confined conditions, as mac-
roscopic swelling cannot take place, a swelling pressure develops in the
material. The results of Devineau et al. (2006) have shown that the hy-
dration of compacted bentonites in confined conditions does not differ
from free conditions for low relative humidity (or high suction).

However, at high relative humidity (low suction), confinement appears
to modify the repartition of water molecules between inter-aggregate
pores and interlayer spaces favoring adsorption in the interlayer do-
main (early formation of a three-layer hydrate) accompanied by chang-
es of porosity of the material.

In this context, the objectives of the research presented in this paper
were focused, first, on the development of a constant-volume swelling
pressure measuring device which allows the control of suction from
10MPa to zero suction using osmotic technique and then,with the com-
bined use of salt solution (vapor equilibrium) oedometer, to study the
swelling pressure evolution of compacted bentonites under controlled
suction close to saturation. The improved osmotic controlled constant-
volume swelling pressure measuring device and experimental data ob-
tained using the new and existing experimental devices are presented
and discussed.

2. Experimental equipment and procedure

The main objectives of performing the series of tests reported here
have been to study the swelling pressure behavior of compacted ben-
tonites with and without moisture control. Different methods and ex-
perimental devices were used to determine swelling pressure and
monitor the development of swelling pressure with saturation time.

2.1. Suction controlled swelling pressure tests

2.1.1. Osmotic technique
In this technique, drainage/wetting of the sample is caused by the

process of osmosis (Kassiff and Shalom, 1971). The sample and an os-
motic solution containing large size soluble polyethylene glycol

Fig. 1. Schematic layout of the new constant-volume osmotic oedometer.
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