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SWELLING PRESSURE IN COMPACTED
BENTONITE BELOW 0°C
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Bentonite is a common component in many concepts for underground storage of high level radioactive
waste (e.g. KBS-3, SKB (2006)). During its lifetime, an underground repository will be subject to various
ambient temperatures. Backfilled tunnels, shafts and investigation bore holes closest to ground level will
experience periods of temperature below 0°C (SKB, 2006). From a safety assessment perspective, it is
therefore essential to investigate and understand the behavior of bentonite below 0°C.

A large set of laboratory tests have been performed where fully water saturated samples of bentonites have
been exposed to temperatures in the range -10°C – +25°C. The swelling pressure response has been
recorded continuously. The samples have been varied with respect to bentonite type (e.g. calcium or
sodium dominated), smectite content and density. The general observation is that the pressure of the
bentonite lowers in a temperature range between 0°C (see figure 1) and a specific (negative)
temperature Tc, which is strongly correlated to the swelling pressure measured above 0°C. Consequently,
Tc decreases (i.e. becomes more negative) with increased density or smectite content. At Tc, swelling
pressure is completely lost.

Furthermore, a very weak pressure dependence is observed at temperatures above 0°C. This dependence
is however strictly dependent on sample density. For any type of bentonite at high enough densities above
0°C, the slope of the P-T curve is negative and becomes more negative with increasing density. For Na-
dominated bentonites at lower densities, on the other hand, the slope is positive.

An important observation is that no pressure increase was observed for any of the tested bentonite samples
as the transition to temperatures below 0°C was made (see figure 1). Since water expands as it freezes, this
observation indicates that no ice is formed in compacted bentonite as the 0°C level is passed. A typical
recorded pressure vs. temperature curve is shown in figure 2.

The observed swelling pressure response is fully explained by a single pore-type model of compacted
bentonite which considers thermodynamic equilibrium between water in the clay and in the external
reservoirs (Birgersson et al., 2008). This model predicts a linear dependence of swelling pressure on
temperature

Where temperature is measured in °C, Δs(w) is the difference in partial molar entropy between clay water
and bulk water, vclay(w) is the partial molar volume of the clay water and w denotes the water/solid mass
ratio of the clay. As the external water reservoir changes phase at 0°C, Δs(w) is different dependent on
whether temperature is negative or positive. The observed pressure responses below and above 0°C is
explained by a large difference in partial molar entropies between clay water and ice and a much smaller
difference between clay water and liquid bulk water. At Tc, the chemical potentials of ice and clay water
is equal which explains the complete loss of swelling pressure. This mechanism is completely analogous
to the effect of freezing point depression in an ordinary salt solution.

The success of the single pore-type model to describe the process together with the observation that no
pressure peaks was observed as the 0°C level was passed suggests that water saturated bentonite do contain
a negligible amount of larger pores (> 50 nm) since these should freeze at temperatures close to 0°C with
a resulting pressure increase. Not until temperatures are below Tc will water start to be transferred from
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the clay (montmorillonite interlayers) to a bulk ice phase, i.e ice lens formation will not occur at
temperatures above Tc.

From a safety assessment point of view it can be concluded that no complications are expected when
freezing bentonite above Tc. For KBS-3 conditions this corresponds to a temperature of -7 – -6°C. The
situation with a lost swelling pressure only occurs when the surroundings already are frozen and transport
is very much restricted. As temperature increases from below 0°C, swelling pressure is regained before the
surroundings have thawed. Furthermore, no possibly hazardous pressure peaks are expected as the 0°C is
passed.

It can further be concluded that measurements of the swelling pressure response to temperature changes is
a convenient way to quantify the partial molar entropy of water in the clay which is fundamental for
general understanding of the swelling process.
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Figure 1: Measured temperature and pressures
of a bentonite and a feldspar silt sample during
a freezing cycle. A pressure peak is observed in
the silt sample when 0°C is passed, indicating
ice formation. No such peaks are observed
in bentonite samples. When temperature is
increased again (day 8) a completely different
pressure response is seen in the two samples.
The bentonite swelling pressure increases due
to an increased difference in chemical potential
between clay water and external water, the silt
sample loses pressure because of (partial) melting
of ice. Note that the pressure signal for the silt
sample is amplified by a factor 4 for visual
reasons.

Figure 2: Equilibrium swelling pressures at different
temperatures of a sample of Wyoming type bentonite
(MX-80). The full drawn lines are regression lines
using points around 0°C. The hatched line is the
theoretical prediction from the single pore-type
model assuming the same partial molar volume of
water in the clay and in the external reservoir.
Different symbols refer to different freezing cycles.


