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Homogenization of unsaturated bentonite during hydration
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Abstract. Bentonite barriers are a key component in may designs of deep geological repositories for high
level nuclear waste. During the hydration stage, the bentonite undergoes non-uniform changes in dry density
that may persist even after reaching a fully saturated state. Since dry density controls the properties of the
bentonite that ensure the functions of safety of the barrier, the potential of bentonite for homogenization or
otherwise is a matter of high relevance. The paper presents the results and the analyses of two hydration
tests on initially heterogenous samples, especially designed to explore the phenomena and processes
underlying the homogenisation of bentonite materials. The formulation and constitutive model used in the
analyses are briefly presented followed by a description of the tests. Subsequently, the experimental data
obtained from the tests are discussed together with the results of the hydromechanical analyses performed.
Particular attention is given to the degree of homogenization of the specimens achieved at the end of the
tests. The simulations have resulted in a very satisfactory agreement with test observations, especially
regarding the final state of the samples, thus enhancing the confidence in the numerical tool employed.

1 Introduction

Many designs for deep geological repositories for spent
fuel and high-level nuclear waste include a barrier of
compacted bentonite as part of a multi-barrier system
intended to delay and minimize the transport of
radionuclides to the biosphere. The barrier should have
a low hydraulic conductivity to ensure that advection
flow is negligible compared to diffusion, and a sufficient
swelling potential to seal potential voids generated
during installation or subsequently (e.g. by erosion).
Both properties, hydraulic conductivity and swelling
potential depend strongly on the dry density (or
porosity) of the material.

The bentonite of the barrier is installed in an
unsaturated state and undergoes hydration by the host
rock water until becoming saturated. During this
transient period, the bentonite undergoes non-uniform
changes in dry density that may remain even after
achieving a fully saturated state. This has been observed,
for instance, in the final dismantling of the Febex test
where a clearly non-uniform dry density distribution
was encountered at the end of the experiment in spite of
the fact that the bentonite barrier was practically
saturated at that stage [1,2]. The potential of the
bentonite for homogenization or otherwise is therefore a
matter of high relevance and has been given recently a
substantial amount of attention [3]. Although
temperature effects will also influence bentonite
homogenization, for simplicity, thermal effects are not
considered at this stage.
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In this context, a series of laboratory hydration tests
have been performed at the CIEMAT laboratory on
samples of bentonite composed of a pellets part and a
compacted block part. A proper understanding of both
the processes occurring during the test and the final state
of the specimen requires the performance of numerical
analyses that incorporate a coupled hydromechanical
formulation and an appropriate constitutive law for the
material. A double structure constitutive model has been
adopted in order to take into account, in an approximate
manner, the microstructural features of the bentonite and
their evolution.

In this paper, the formulation and constitutive
model are briefly presented first, followed by a
summary description of the tests. Afterwards, the
experimental observations of the tests are discussed in
the light of the information provided by the numerical
analyses. Particular attention is given to the degree of
homogenization of the specimens achieved at the end of
the tests.

2 Coupled formulation and constitutive
model

2.1 General

The formulation used has been developed within the
conceptual framework of a double structure (or double
porosity) material where two porosity levels are
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distinguished: macroporosity and microporosity [4-11].
This additional complexity is demanded by the actual
microstructure of compacted bentonite where the two
structural levels can be readily distinguished (Figure
1a). The microstructure corresponds to the inside of the
clay aggregates whereas the macrostructure refers to the
granular-like arrangement of the aggregates themselves.
This distinction is even more evident if pellets-based
materials are considered (Figure 1b). For brevity, only a
brief summary of the formulation and constitutive
equations is presented herein.

(b)

Fig. 1. a) SEM image of compacted bentonite, b) pellets-
based bentonite material.

2.2 Hydromechanical formulation

Figure 2 presents a phase diagram for an unsaturated
double-structure porous medium. The formulation is
based on the establishment of a series of balance
equations that express basic physical principles such as
the conservation of mass, energy or momentum that
have to be satisfied at all times and at every point of the
calculation domain.

In this case, it is assumed that the two structural
levels may not be in equilibrium so that water will be
exchanged between them until equilibrium is
established. It is further assumed that advective liquid
flow only occurs in the macroporosity. Then, the
relevant balance equations are:

Solid balance equation
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where ¢ is volumetric fraction, ¢ total porosity, p solid
density, &, volumetric strain, 6 mass fraction, S degree
of saturation, j advective fluxes, 'V the water exchange
term, o total stress and b mass forces. Subscripts p, m,
M, s, l and g mean pore, micro, macro, solid, liquid and
gas, respectively, whereas superscript w refers to water.

In fact, the solid mass balance equation can be
subsumed, using material derivatives, into equation (2).
Also, the microstructural water balance can be solved at
a local level with microstructural suction treated as a
state variable. Therefore, only the balance equations for
macrostructural water and momentum have to be solved
at a global level in order to get the basic unknowns of
liquid pressure and displacements.
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Fig. 2. Phase diagram of a double-structure unsaturated
medium. ¥ is volume and subscripts p, m, M, s, [ and g mean
pore, micro, macro, solid, liquid and gas, respectively.

2.3 Constitutive equations

The classical BBM model [12] is used for the
macrostructural constitutive equation whereas the
microstructural mechanical behaviour is described by
the following nonlinear elastic relationship:
P'm

(1 + )k )
where K, is the microstructural bulk modulus, p',, the
effective mean stress acting on the microstructure and
Kn a model parameter. While net stresses and
macrostructural suction control the macrostructure
behaviour, mean Bishop’s stress and microstructural
suction define the behaviour of the microstructure. Two
interaction functions (one for drying and one for
wetting) [4] describe the effect of the microstructure on
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the macrostructure. A full description of the mechanical
constitutive model is given in [13].

Regarding the hydraulic component of the
formulation, it is assumed that Darcy’s law governs the
advective flow of liquid. Hydraulic conductivity is
strongly dependent on degree of saturation via an
appropriate function for relative permeability. As the
liquid advective flow occurs only in the macroporosity,
intrinsic permeability does not depend on total porosity
but only on the macrostructural one. The water
exchange between the macro and micro-porosity is
assumed proportional to the difference between micro
and macro suctions. Finally, Van Genuchten
expressions [14] are used for the retention curves for the
macro and micro retention curves.

3 Description of the tests

The tests were carried out in the CIEMAT laboratory in
Madrid using a large oedometer that allows keeping the
volume constant while measuring the axial load. The
specimens were 10 cm long with a diameter of 10 cm.
They are divided in two halves; the lower 5 cm is
occupied by bentonite pellets whereas, in the upper 5
cm, there is a compacted block of bentonite. Hydration
is performed through the base porous sinter. Figure 3
shows a schematic view of the apparatus and Figure 4
the two types of material used in the tests.

LSC |
transducer \
Piston
Upper )
body O-ring
Water
Bentanite A — circuit
block B
Pellets | B
Lower A Porous
body sinter

Fig. 3. Schematic view of the apparatus [15]

Febex bentonite, a calcium-magnesium-sodium
bentonite, was used to form the specimens. The block
was compacted with a water content of 14% to a dry
density of 1.6 g/cm’. The density of the individual
pellets was 2.12 g/cm?® but the resulting granular
assembly had a dry density of 1.29 g/cm?, much lower
than that of the block.

The analysis of two tests are presented in this paper:
MGR?22 and MGR 23. The main difference is that in test
MGR?22 hydration is performed by applying a constant
flow 0f 0.05 cm*/h whereas in test MGR23 a constant 15
kPa pressure is applied. Also, the water content of the
pellets is 10% in MGR22 and 3.5% in MGR23,
Additional details of the test are provided in [15].

Fig. 4. Compacted bentonite block (top) and bentonite pellets
(bottom)

4 Analysis of the tests and discussion

4.1 Features of the analysis

The tests have been simulated using the coupled
hydromechanical formulation outlined above. The
domain of analysis is axisymmetric with the same
dimensions as the samples and discretised by means of
400 linear quadrangles (Figure 5). A selected integration
scheme has been used to ensure a good performance of
the linear elements. The parameters for the analyses
have been derived from the extensive literature on the
Febex bentonite available [e.g. 16-20].
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Fig. 5. Analysis domain and boundary conditions

Because of using a double structure model, micro
and macro retention curves have to be defined for pellets
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and blocks (Figure 6). It is also is necessary to partition
the total porosity into micro and macroporosity. This has
been based on the Mercury Intrusion Porosimetry (MIP)
observations reported in [15]. For the block, initial
porosity is 0.404, divided in 0.216 and 0.188 for the
micro and macro volumetric fractions, respectively. For
the pellets, initial porosity is 0.528 distributed in
volumetric fractions of 0.323 (micro) and 0.205
(macro). Initial suctions are derived from the
corresponding retention curves. It is assumed that,
initially, micro and macro porosity are in hydraulic

equilibrium.
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Fig. 6. Retention curves. a) Pellets, b) Block

4.2 Analysis of test MGR22 (constant flow)

The actual test protocol has been followed in the
analysis. Thus, there is an initial period of 10 days
without water entry followed by a water injection at a
constant rate of 0.05 cm’/h. The evolution of the
computed axial stress is plotted in Figure 7, together
with experimental data. It can be observed that the final
swelling pressure is correctly captured. The variation of
axial stress with time is also reasonably reproduced
although the computed initial rate of pressure increase is
faster than observed, suggesting that the water exchange
parameter should be lower to delay the transfer of water
from the macroporosity to the microporosity.

The progress of hydration can be observed plotting
the computed evolution of porosity for three different
points, one in the block and two in the pellets (Figure 8).
It can be observed that the porosity in the pellets reduce
while that of the block increases, the analysis suggesting
that the initial difference has reduced very significantly
at the end of the test.

Direct observation of the homogenization achieved
is obtained from the measurements of dry density and
water content at different locations at the end of the test.
For test MGR22, Figures 9 and 10 show the final

observed and computed distributions. It can be noted
that a high degree of homogenization has been achieved,
especially considering the large initial differences in dry
densities. It is also noteworthy that the results of the
numerical simulation are very close to the experimental
data. As the sample is practically fully saturated at the
end of the test, the distribution of water content follows
the same pattern as that of the dry density.
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Fig. 7. Computed and observed evolution of axial stress. Test
MGR 22.
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Fig. 8. Computed evolution of pellets and block porosity. Test
MGR22.Y is the distance to the hydration boundary.
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Fig. 9. Comparison of simulation results with experimental
observations for the distribution of dry density at the end of
test MGR22 (the vertical dashed lines indicate initial
conditions).
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MGR22: FINAL STATE (R=0 mm)
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Fig. 10. Comparison of simulation results with experimental
observations for the distribution of water content at the end of
test MGR22.

4.3 Analysis of test MGR23 (constant pressure)

For the simulation of this test, a constant 15 kPa pressure
has been applied at the hydration surface. The
evolutions of the computed water intake and axial stress
are plotted in Figures 11 and 12, respectively, together
with experimental data. It can be noted that the initial
rate of hydration is underestimated while the simulation
overestimates the rate of swelling pressure increase.
Those differences suggest again that the water exchange
parameter should be lower. Nevertheless, the final
swelling pressure is correctly reproduced.

The variations of porosity with time at the three
selected points (Figure 13) show a degree of
homogenization similar to that of test MGR22 in spite
of their quite different hydration conditions. It appears,
however, that homogenization occurs earlier in test
MGR 23.

The computed and observed distribution of dry
density at the ed of the test is shown in Figure 14. Again,
it can be observed that a large degree of homogenization
has taken place. Also, the analysis provides results very
close to the observations. As the sample was also
practically fully saturated at the end of the test, the
distribution of water content follows the same trend as
that of the dry density (Figure 15).
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Test MGR23

0 30 60 90 120 150 180 210
Time (days)

Fig. 12. Computed and observed evolution of axial stress. Test
MGR23.
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Fig. 13. Computed evolution of pellets and block porosity.
Test MGR23. Y is the distance to the hydration boundary.
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Fig. 14. Comparison of simulation results with experimental
observations for the distribution of dry density at the end of
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conditions).
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