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Water absorption/swelling pressure of powder bentonites and analogism on water molecular formation
in bentonite
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ABSTRACT

This study investigated water absorption and swelling pressure characteristics in a bentonite-based buffer from an
unsaturated state to saturation from the viewpoint of material specifications such as the kinds of bentonite and dry
density. From those experimentally obtained results, a database of water-diffusion coefficient and swelling-pressure
for bentonites is presented. The author also discusses analogism on water molecular formation in bentonite.
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1 INTRODUCTION

The condition of bentonite-based buffer changes
from unsaturated to saturated according to groundwater
seepage at high-level radioactive waste disposal
facilities. Therefore, the behavior of bentonite-based
buffer must be investigated quantitatively under
unsaturated conditions. This study investigated water
absorption and swelling pressure characteristics in
bentonite-based buffer from an unsaturated state to
saturation in terms of material specifications of bentonite
and dry density. Furthermore, this study presents all
calculated saturation degrees of specimens at the end of
the experiment using both amounts of water absorption
and final water contents. From the above facts and
results of earlier research, the author discusses
analogism for molecular water formation in bentonite.

2 OUTLINE OF EXPERIMENT

This study uses experiments for measuring water
absorption amounts and bentonite-based buffer swelling
pressure. This section describes the materials used,
experimental apparatus, and procedures.

2.1 Materials

Table 1 presents fundamental properties of the
bentonite powders of three kinds used for this study. The
author selected the three powders because of their
different montmorillonite contents and exchangeable
cation conditions. Bentonite A, actually Kunigel-V1, is
a candidate buffer material in Japanese projects.

2.2 Experimental procedure

Figure 1 presents an example of the experiment
showing the water absorption amount and swelling
pressure with elapsed time.

Table 1. Fundamental properties of bentonite

Bentonite A B C
Trade name Kunigel-V1 Volclay Kunibond
Particle shape ~ Powder Powder Powder
Type Sodium Sodium Calcium
Density of soil ~ 2.79 2.84 271
particles (Mg/m?3)

Liquid limit (%) 458.1 565.0 128.7
Plastic limit (%) 23.7 47.2 384
Plastic index 434.4 517.8 90.3
Montmorillonite 57 71 84
content (%)

CEC (meqg./g)  1.166 1.054 0.795
EXCna (meq./g) 0.631 0.572 0.119
EXCca (meq./g) 0.464 0.328 0.585
EXCk (meqg./g) 0.030 0.026 0.019
EXCwmg (meq./g) 0.041 0.128 0.072

praure gasge
Moo copaaity™ll oo
{§ e, 0 ) e
1 Mol uden= 3% | » I

Sereiiesg lewd
i perece

Fig. 1. Experiment apparatus.

This experiment measured the water absorption amount
using a double tube burette and a differential pressure
gauge at prescribed time intervals. In addition, the
swelling pressure was measured by the load transducer.
The minute vertical displacement of the specimen was
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measured using the displacement transducer as presented
in Fig. 1.

3 WATER ABSORPTION AND SWELLING
PRESSURE OF BENTONITES

Figure 2 presents relations of the water absorption
amount into a specimen and the swelling pressure per
unit of elapsed time for sodium-type bentonite A.
Regarding the relation between the amount of water
absorption into the specimen and elapsed time, the water
absorption amount into the specimen, Q, can be
evaluated as a linear function of the square root of
elapsed time as in Eq. (1) if the water-absorbing behavior
is analogous to water-diffusion phenomena in the
specimen (Komine et al., 2018).

Q:Qo_b=a\/f 1)

Therein, Q, represents the amount of inflow water
measured by the double tube burette presented in Fig. 1,
which includes the amount of absorbed water in the
porous metal, filter paper, and the pipes between the
double tube burette and the bottom of the specimen; also,
a is the amount of water absorption per the unit of square
root of time (mL/vmin). t represents the elapsed time
from the starting of water supply, b can be assumed as
the amount of absorbed water in the porous metal, filter
paper, and pipes between the double tube burette and the
bottom of the specimen. Therefore, the water absorption
into the specimen is calculable by Eq. (1). Nevertheless,
it is impossible to confine the volume change of
specimen completely. Therefore, the dry density of the
specimen is corrected using Eq. (2)

mg 2
Pa0 = I (Hy + ad) < 109 @
In that equation, p;, denotes the corrected dry density
(Mg/m?3), m, stands for the dry mass of specimen (g),
A signifies the cross-section area of specimen (mm?), H,
expresses the specimen height (mm), and Ad represents
the vertical displacement of the specimen (mm).
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Fig. 2. Experiment results of the Bentonite A.

The left panel of Fig. 2 shows that water absorption
amount Q into the specimen is directly proportional to
the square root of elapsed time from t=0 to ty. Results in
both panels of Fig. 2 show an inflection point in the

relation of swelling pressure and elapsed time at tg.

Figs. 3 and 4 show the obtained results for Bentonites
B and C. Similarly to results for Bentonite A, Q is
directly proportional to the square root of elapsed time
from t=0 to ty for Bentonites B and C.
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Fig. 3. Experiment results for Bentonite B.
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Fig. 4. Experiment results for Bentonite C.

At t=0 to ty, water migration in the bentonite-based
buffer specimen can be regarded as diffusion of water
molecules because Q is directly proportional to the
square root of elapsed time. After t=ty, the degree of
saturation is regarded as almost 100%. For that reason,
water migration in the bentonite-based buffer specimen
can be regarded as hydraulic conduction according to
Darcy’s law.

The initial air-void volume in a specimen is
calculable from the dry density, water content, and
specimen volume in the initial condition. From those
values and measured inflow water amounts at tq of each
bentonite shown in Figs. 2—4, the degree of saturation at
tq is calculable as presented in Table 2. Results shown in
Table 2 indicate that the degrees of saturation at tq for
bentonites A, B, and C are around 90%. Therefore, water
migration in the bentonite-based buffer specimen can be
regarded as diffusion of water molecules at the initial
condition to tg of about 90%. At tq of about 90%, water
migration is regarded as acting dominantly as hydraulic
conduction (Komine, 2008, 2010).

From the respective relations between swelling
pressure and elapsed time for bentonites A—C shown in
the right panels of Figs. 2-4, inflection points can be
confirmed clearly at tq in sodium-type bentonites A and
B. For calcium-type bentonite C, with less swelling than
sodium-type bentonite A or B, the swelling pressure
curve is inflected slightly.

Table 2. Relations of initial void volume (Vao), inflow water
amount (Q at tq) and degree of saturation (Sr at td) at ta
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Bentonite pdo Wo Sro Vao Qatts Srattq
(Mg/im®) (%) (%) (cm®) (cm®) (%)
A 1.32 837 2097 1170 100 883

1.59 8.47 3131 841 6.5 84.4
1.85 8.07 4431 535 4.5 91.2
B 1.34 11.24 2852 1059 85 85.9
1.56 11.28 39.04 7.90 6.5 89.2
1.71 1124 4831 5.86 5.0 924
Cc 1.21 1430 3126 1079 85 85.4
1.38 1472 4139 821 7.0 914
1.47 1430 4594 7.00 6.2 93.8

Results show that the generative behavior of swelling
pressure varies according to the change of water
migration in the specimen from water diffusion to
hydraulic conduction. Komine and Ogata (1994) also
reported inflection points in the curves of swelling
pressure versus elapsed time. The inflection point
probably originates in alternation of the void structure in
the bentonite-based buffer caused by water migration.
The alternation of water migration from water diffusion
to hydraulic conduction results from the void structure
alternation in bentonites.
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Fig. 5. Dominant mechanism of water absorption characteristics
of bentonite-based buffer.

Based on the discussion presented above for the
bentonite-based buffer, the dominant mechanism of
water absorption characteristics is shown in Fig. 5.

4 ANALOGISM ON MOLECULAR WATER
FORMATION IN BENTONITE

The previous section described and explained water
absorption and swelling pressure of powder bentonites.
Moreover, the dominant mechanism of water absorption
characteristics of bentonite-based buffer was considered.
As described in this section, the condition and/or
formation of water molecular between montmorillonite
layers shown in the right panel of Fig. 5 were inferred in
terms of the degree of specimen saturation, which is
calculable using the amount of water absorption and the
water content at the end of the experiment.

Table 3 shows the degree of saturation calculated
using water absorption and water content amounts at the
end of the experiment for all specimens shown in Table 2.

Table 3. Specimen conditions for water absorption experiments
and the saturation degree at the end of the experiment

Bentonite A Bentonite C

Case A-1 |A-2 |A3 B-1 B2 B3 [C-1 [C-2 [C-3
Pd 132 (159 (185 [1.34 |156 |L.71 |1.21 (138 |L.47
Wo 8.37 8.47 [8.07 |11.24 [11.28 [11.24 [14.30 [14.72 |14.30
Sro  [20.97 [31.31 144.31 [28.52 (39.04 148.31 [31.26 141.39 45.94
Qs [13.52 [8.99 [7.29 [12.96 [9.61 [8.40 [12.11 |10.22 [9.36
Wrina  42.48 [29.42 [23.52 144.12 [33.86 [28.24 |51.60 [39.10 (37.85
Sr-ofinat [112.0 |104.7 |120.2 116.0 [113.2 {122.5 [108.4 [114.4 (118.2
Srwiinal [105.7 [108.8 |129.7 [111.6 [116.4 (121.3 [112.7 [109.6 (120.8

Notation: pg, dry density (Mg/m?); wo, initial water content
(%); Sr.o, saturation degree at initial condition (%); Qfinal,
water absorption amount at the end of the experiment (cm®);
Wrinal, Water content at the end of the experiment (%); Sr-ofinal,
saturation degree calculated using the water absorption
amount at the end of the experiment (%); Sr-wiinal, Saturation
degree calculated using water content at the end of the
experiment (%)

Bentonite B

Figure 6 presents relations between the saturation
degree calculated using water contents at the end of the
experiment and the saturation degree calculated using the
water absorption amount at the end of the experiment. The
results showed that the calculated saturation degrees might
be almost equal and have a single meaning. Therefore, both
calculated saturation degrees at the end of the experiment
are regarded as reproducible and reliable. Moreover, some
experiment cases exist in which the degree of saturation at
the end of the experiment is greater than 120%, as shown in
cases A-3, B-3, and C-3 in Table 3. The calculated
saturation degree greater than 100% results from the
assumption that the pore-water density in bentonite-based
buffer is 1.0 Mg/m?: the same as that for free-water. From
the discussion presented above, the density of water
between montmorillonite layers in bentonite-based buffer is
regarded as around 1.2 Mg/m® because the calculated
saturation degree at the end of the experiment is around
120%.
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Fig. 6. Saturation degrees calculated using water content and using
water absorption amount at the end of the experiment.

The above inference about the water density between
montmorillonite described shows near agreement with
other researchers’ earlier reports, such as those of Martin
(1962), Low (1976), Sposito and Prost (1982), Villar and
Lloret (2004), and Jacinto et al. (2012). Martin (1962)
described that the absorbed water around the
montmorillonite mineral is regarded as around 1.16
Mg/m? in conditions of 100% relative humidity. This
description nearly agrees with the prescribed inference.

The above analogism on molecular water formation
in bentonite indicates that the water density in
interlaminar montmorillonite is higher than that of free-
water around montmorillonite minerals.

5 CONCLUSION

Experiments measuring water absorption and
swelling pressure in bentonite-based buffer were done in
an unsaturated state to a saturated state. The following
conclusions were drawn from the experimentally
obtained results and discussion.

Water absorption behaviors in various powder
bentonites as buffer are analogous to water-diffusion
from initial water content to around 90% saturation. At
more than a 90% degree of saturation, the water
migration is regarded as acting dominantly for hydraulic
conduction. Furthermore, inflection points appear at
around 90% saturation in relations between swelling-
pressure and elapsed time. Results and discussion show
the author’s consideration of the water migration
mechanism in bentonite from an unsaturated state to
saturation. Factors dominating water migration in the
buffer change according to alternation of the

microstructure by swelling in bentonite-based buffers.
Results show that all saturation of the specimen at the
end of the experiment is grater than 100%, calculated
using both the amount of water absorption and the final
water content. The experimental results and earlier
reported results (e.g. Martin, 1962) indicate that the
water density in montmorillonite interlaminar is higher
than that of free-water around montmorillonite minerals.
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