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A force balance model that describes the dynamic expansion of colloidal bentonite gels/sols is presented.
The colloidal particles are assumed to consist of one or several thin sheets with the other dimensions much
larger than their thickness. The forces considered include van der Waals force, diffuse double layer force,
thermal force giving rise to Brownian motion, gravity as well as friction force. The model results in an
expression that resembles the instationary diffusion equation but with an immensely variable diffusivity.
This diffusivity is strongly influenced by the concentration of counterions as well as by the particle
concentration in the colloid gel/sol.

At high particle densities, i.e. when the distance between the particles is less than their length or width,
they will not be able to rotate freely and they must essentially be aligned parallel to each other, for purely
geometrical reasons, to have the so called columnar phase. In addition, for an average distance between
two particles, the energy minimum is found only when the particles are parallel, due to the fact that the
diffuse double layer force decays nearly exponentially with distance. This suggests that our model is
expected to be valid down to volume fractions of less than one percent, possibly down to a few tenths of
a percent in low ionic strength waters, when the diffuse double layer force extends to very large distances.
At lower volume fractions, particle diffusion (Brownian motion) will govern the movement and then the
diffusivity will approach a constant defined by the Einstein’s equation.

The model is deemed to be valid also within the large clusters of a multitude of smectite particles,
containing perhaps hundred or more sheets. These clusters can be oriented randomly but still allow very
small voids to exist between the sheets, and therefore it would not permit the volume fraction of the
particles to approach unity when the clay is highly compacted.

In developing the dynamic force balance model for colloidal expansion, it is acknowledged that accurate
description of the viscous drag force, or equivalently the permeability, is very important to describe the
swelling process of compacted bentonite as it expands and eventually turns from a gel into a sol in low
ionic strength waters. For this reason, a Kozeny-Carman-like equation is elaborated in order to
satisfactorily predict the permeability of the purified and fully Na-exchanged bentonite in dilute homoionic
solutions, based on a set of permeability measurements. In Figure 1 we present the measured versus
predicted values of the permeabilities for Na-bentonites in different NaCl solutions. It is seen that the
measured values are aligned in a narrow band along the predicted ones, falling well in the range of 1/2
and 2 times the predicted permeabilities. For usual laboratory results of the permeability test, this is
definitely within the expected margin of variations.

The force balance model, together with a friction model derived from the permeability, is then validated
against accurate observations of the expansion process of the Na-exchanged bentonite in a water filled
vertical test tube. The expansion is followed in detail over a month, by use of the magnetic resonance
imaging technique with a spatial resolution of 0.2 mm, as an initially compacted tablet of Na-bentonite
expands in water. The model accurately predicts not only the expansion rate, the general features of the
expansion but also the basic behaviour at the expanding gel/sol interface, as exemplified in Figure 2 for
the case of expansion of a purified and fully Na-exchanged bentonite (WyNa) in an initially 0.5 mM CaCl2
solution. The agreements demonstrate in turn that the Kozeny-Carman-like equation is successful in
predicting the permeability of the Na-bentonite in dilute homoionic solutions.
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The model will be used to quantify the release of colloidal particles from an expanding buffer around the
canister containing the spent nuclear fuel. The aim is to understand and to simulate the behaviour of a
compacted bentonite in a deposition hole, as the clay swells under water uptake, expands out into the
fracture, and becomes looser and possibly releases colloidal particles to the seeping groundwater.

Figure 1: Measured versus predicted permeability in KuNa, MiNa, WyNa and Wy70 materials, where the
central solid line represent “equality”.

Figure 2: Measured versus predicted expansion of WyNa in 0.5 mM CaCl2 solution in logarithmic scale.
The KC-like equation is used and the particle thickness is 1.5 nm.


