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Abstract. The chemical and mechanical behaviours of saturated bentonite were experimentally and
analytically investigated. A series of oedometer tests on saturated bentonite was conducted. By replacing the
cell fluid during the oedometer test, one-dimensional osmotic consolidation and swelling behaviour were
observed. The experimental results were simulated numerically using a constitutive model by considering the
influence of electrochemical phenomena of clay mineral crystals on the macrostructural behaviour. It was
concluded that the typical mechanical swellability of water-saturated bentonite in oedometer test is affected
by a positive dilatancy behaviour due to the lower shear strength. After the osmotic consolidation test, a lateral
contraction of the specimen in the oedometer was observed; this affected the compressibility during the
subsequent mechanical consolidation. It was also concluded that the concentration of Na+ in the pore fluid
affects the specific mechanical properties of bentonite.

1 Introduction
Expansive soils, of which bentonite is an example, are
widely distributed around the world [1] and cause
geotechnical problems like the unevenness of roads or
tilting of infrastructures [2]. Bentonite is also regarded as
a possible buffer material for radioactive waste disposal
sites and has been investigated around the world for this
purpose [3]. Therefore, a fundamental understanding of
the mechanical characteristics of expansive soils,
especially the volume change behaviour, is required for
geotechnical engineering.
It is well known that the volume change of expansive
soils is strongly affected by the chemical properties of the
pore fluid [4]. For example, an increase/decrease in the
cation concentration in the pore fluid causes volume
shrinkage/expansion,
called
osmotic
consolidation/swelling. Such osmotic behaviours of
expansive soils have often been investigated [5-7].
However, quantitative evaluations and a generalization of
these osmotic behaviours, especially when several ions
are present in the environment, are still lacking; this is
because expansive soils generally have low permeability
and chemical experiments require extended periods of
time.
On the other hand, many of the studies have
intensively examined heavily compacted bentonite or
bentonite mixtures in several countries [8-11], taking into
account the realistic construction conditions of disposal
sites. However, the actual results would be more
complicated because they contain both osmotic and
matric suctions. Therefore, experimental results that focus
on the pure osmotic behaviour, which only can be
observed in saturated expansive soils, are still required for
a fundamental understanding of expansive soils.
For the purpose of quantitatively investigating the
chemo-mechanical characteristics of expansive soils,
especially the osmotic volume change behaviour, a series
of oedometer tests on saturated bentonite was conducted
*

in this study. During the mechanical consolidation and
swelling in oedometer tests, the cell fluid was replaced
with either distilled water or a Na+ solution, and the
osmotic consolidation or swelling was observed. These
experimental results were simulated using a constitutive
model considering the influence of the electro-chemical
phenomena of clay mineral crystals on the
macrostructural behaviour. By comparing experimental
results and analytical results, the chemo-mechanical
volume change behaviours of expansive soil in an
oedometer test are theoretically discussed.

2 Mechanical osmotic consolidation in
oedometer test
2.1

Experimental methods

All the experiments were conducted on initially watersaturated specimens of a sodium-type bentonite, Kunipia
F, with a montmorillonite content of over 98.5%. The
basic properties of the bentonite used in this study are
listed in Table 1.
The powdered clay was made into a paste by mixing
with deionized water with a water content of around
500 %; it was then strained with a sieve (75 m opening)
and deaerated. The paste was moulded into specimens of
5 mm height and 60 mm in diameter. The specimen height
is low to shorten the testing period.
Table 1. Basic properties of bentonite (Kunipia F).

Liquid limit
wL [%]

Plastic limit
wP [%]

Soil particle density
s [g/cm3]

961

59

2.886
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Fig. 1. Schematic drawing of oedometer apparatus used.
Table 2. Experiment cases conducted in this study.

Case 1

Case 2

Case 3

1. Mechanical consolidation
(32 kPa to 1612 kPa)
2. Mechanical swelling (unloading)
(1612 kPa to 32 kPa)
3. Mechanical re-consolidation
(32 kPa to 1612 kPa)
1. Osmotic consolidation
(deionized water to 1 mol/L NaCl solution
under 12 kPa)
2. Mechanical consolidation
(12 kPa to 312 kPa)
3. Mechanical swelling (unloading)
(312 kPa to 12 kPa)
4. Mechanical re-consolidation
(12 kPa to 617 kPa)
1. Osmotic consolidation
(deionized water to 1 mol/L NaCl solution
under 12 kPa)
2. Mechanical consolidation
(12 kPa to 309 kPa)
3. Mechanical swelling (unloading)
(309 kPa to 12 kPa)
4. Osmotic swelling
(1 mol/L NaCl solution to deionized water
under 12 kPa)

Fig. 2. Consolidation and swelling curves of oedometer tests.

Fig. 3. Mechanical and osmotic consolidation ratio development
with time.

patterns of oedometer tests were carried out. The
procedures of each experiment are shown in Table 2. Case
1 consists of only a mechanical process, while for the
other two cases, an osmotic consolidation process was
conducted as the first loading step. For Cases 2 and 3,
after osmotic consolidation, both specimens were
mechanically consolidated to around 310 kPa and swelled
to 12 kPa. Then, the specimen was reconsolidated to
617 kPa in Case 2, while in Case 3, the specimen was
osmotically swelled at the lowest vertical stress.

The oedometer apparatus used in this study is
described in Figure 1. The specimen in the oedometer is
exposed to the cell fluid from both the top and bottom
sides. During the mechanical loading and unloading, the
cell fluid was replaced with either deionized water or a
1.0 mol/L NaCl solution, which causes osmotic
consolidation (from deionized water to NaCl solution)
and swelling (from NaCl solution to deionized water). In
order to prevent the leakage of the clay particles from
specimens, membrane filters (pore size: 0.2 m) were
inserted between the porous metal and the specimen at the
top and bottom. All the specimens were saturated with
deionized water under vertical stress: 32 kPa in Case 1
and 12 kPa in Cases 2 and 3. Each mechanical or osmotic
consolidation step was ended when the increment of the
vertical displacement became negligible for more than
6 h, which is regarded as the end of primary consolidation
in this study.
The series of experiments mainly consists of two
parts: a mechanical process and an osmotic process. In
order to investigate the mechanical consolidation and
swelling properties with and without Na+ solution, three

2.2

Experimental results

Figure 2 shows the compression and swelling curves of
each experiment. The void ratio shown in Figure 2 is
influenced by the compression due to the membrane
filters. For the water-saturated specimen (Case 1), the
mechanical compression and swelling curves exhibited a
steep slope, which represents typical compressibility and
swellability of bentonite. In comparison, Cases 2 and 3,
which included osmotic consolidation as the first loading
step, showed a significantly lower mechanical
swellability during the unloading process.
The osmotic consolidation process resulted in a
considerable reduction in the void ratio for Case 2 (from
13.7 to 8.5) and Case 3 (from 13.6 to 9.4), whereas
osmotic swelling process did not generate substantial void
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ratio change in Case 3. However, the volumetric strain,
calculated by dividing the change of void ratio due to the
osmotic process by the void ratio, was not negligible,
which was 23.7% in the osmotic consolidation process
and -11.8% in the osmotic swelling process.
Figure 3 shows the consolidation ratio of both the
mechanical and osmotic consolidations. Compared with
the mechanical consolidation, it can be observed that the
osmotic consolidation results in a delay of the initial
compressibility. This can be explained by the fact that the
osmotic consolidation process requires more time for the
diffusion of Na+ into the specimen, whereas for the
mechanical consolidation process, the change of pore
pressure immediately propagates after loading. Moreover,
by comparing the consolidation ratios, it can be concluded
that the pore fluid affects the mechanical consolidation
development i.e., cases with Na+ exhibited a slight delay
near the last part of the consolidation.
Figure 4 shows the change of volumetric strain with
time. Compared with osmotic consolidation, osmotic
swelling resulted in more gradual and less displacement
development.
Figure 5 shows the specimen immediately after the
osmotic consolidation process; the specimen and the
oedometer ring were easily separated. In a general
mechanical consolidation test, the specimen adheres to
the oedometer ring after the test. This difference was
deduced to be a three-dimensional volume change due to
the osmotic consolidation process. In a general oedometer
test, where the lateral deformation is constrained, volume
shrinkage by mechanical consolidation occurs only in the
vertical direction. However, during osmotic consolidation,
the specimen can contract in both vertical and lateral
directions; this is because the osmotic consolidation
behaviour is not constrained in lateral direction and can
occur three-dimensionally even in oedometers. This
observation suggests that we should consider that the
deformation occurs three-dimensionally even in an
oedometer test when investigating the influence of
isotropic factors (e.g., chemical and thermal effects) on
soil behaviour. In addition, the lateral shrinkage
behaviour observed here could be partly attributed to the
lower stress level (v = 12kPa) during the osmotic
consolidation. Therefore, as future work, the effect of
vertical stress on the lateral shrinkage should be
investigated by conducting the osmotic consolidation at
higher vertical stress level.

Fig. 4. Osmotic consolidation and swelling development with
time.

Fig. 5. Picture of a specimen after osmotic consolidation.
Table 3. Constitutive parameters used in the simulation.

3 Numerical Simulation
3.1

Constitutive model and parameters

Element test simulations were conducted based on the
constitutive model proposed by Kyokawa et al. [12], in
which electrochemical phenomena on the surface of clay
mineral crystals are considered. In this model,
characteristic behaviours of expansive soils, namely
osmotic consolidation and swelling behaviour, are
described by coupling the interlaminar behaviour of clay
mineral crystals and the soil skeleton behaviour. The
interlaminar behaviour is derived from the electro-chemo-

mechanical coupling equilibrium of mineral crystals,
which can be regarded as an extension of the Derjaguin–
Landau–Verwey–Overbeek (DLVO) theory [13-14]. By
solving this interlaminar equilibrium, the interlaminar
behaviour of clay crystals can be obtained. The soil
skeleton behaviour is given by a general elastoplastic
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constitutive model for clay. In this study, the modified
Cam clay model [15] was applied. The parameters used in
the simulation are listed in Table 3. Initial void ratios were
obtained from experimental results. Parameters of the
constitutive model and the initial interlaminar void ratio
eil0 was determined through the simulation of Case 1.
3.2

Simulation Results

Simulation results for Cases 1 and 2 are shown in Figure
6. In the case of the water-saturated specimen, the
simulation can reproduce the experimental results,
namely the typical features of mechanical compressibility
and swellability of bentonite.
However, this agreement is achieved not only because
of the interlaminar behaviour but also the positive
dilatancy behaviour after yielding. Figure 7 shows the
simulation results of Case 1 with and without the
consideration of the interlaminar behaviour. The result
without the consideration of the interlaminar behaviour is
same as the result of the modified Cam clay model, which
is indicated by the dashed line in both graphs, namely only
soil-skeleton (SS) behaviour. As can be seen, simulation
with the interlaminar behaviour displayed a better
agreement with the experimental result.
Let us discuss the influence of the dilatancy on the
swelling behaviour. In the initial loading path (1→2), a
difference in the compression line between both cases can
be observed; this is due to the consideration of the
interlaminar behaviour. In the subsequent unloading path
(2→4), the inflection point (3), after which the swelling
lines become steeper, can be seen for both conditions. It
can be understood from the stress paths (Figure 7(b)) that
the soil yields at point (3) and the stress ratios are larger
than critical state; thus, a positive dilatancy with strain
softening occurs from point (3) to point (4) even in the
one-dimensional unloading path. This inflection due to
the strain softening behaviour is equally observed in each
simulation case in Figure 7, regardless of the interlaminar
behaviour. Therefore, the typical mechanical swelling
behaviour of bentonite under one-dimensional
compression can be reasonably explained by the positive
dilatancy effect. It should also be noted that the low
residual strength of bentonite (' = 6.9˚) contributes to this
positive dilatancy for lower stress ratios.
Regarding the simulation results for Case 2, the
osmotic consolidation behaviour is in good agreement
with the experimental results. This consolidation
behaviour is due to the increase in the ion concentration
i.e., the interlaminar space between clay crystals is
reduced when the osmotic pressure decreases in the
model. On the other hand, the model could not accurately
describe the mechanical consolidation and swelling
behaviour after the osmotic consolidation. We
first
discuss the mechanical swelling process after the osmotic
consolidation. In the experimental result of Case 2, the
soil after the osmotic consolidation shows a linear
unloading swelling behaviour on a logarithmic scale,
while in Case 1, the distilled water-saturated soil has a
nonlinear swelling curve. Therefore, we focused on the
significant decrease in mechanical swellability after the

Fig. 6. Simulation results for experimental Cases 1 and 2.

(a)

(b)
Fig. 7. Simulation results ((a) compression and swelling curves;
(b) stress paths) for experimental Case 1, calculated with
interlaminar behaviour and only soil skeleton behaviour

osmotic consolidation and a parametric study for the
osmotically consolidated case (Case 2) was carried out.
Among the constitutive parameters, M (critical stress
ratio) and e (Poisson’s ratio) were selected for the
parametric study, because both have an effect on the
swellability of the unloading process. M represents the
residual strength of the soil, which is same as the phase
transformation line in the modified Cam clay model. e
affects the elastic swelling behaviour, especially in the
unloading path.
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The simulation result of Case 2 with the modified
parameters (M = 0.58, ve = 0.42) is shown in Figure 8. It
can be observed from Figure 8 (a) that the modified
parameters describe the low swellability after osmotic
consolidation. Moreover, increasing the critical stress
ratio  makes the stiffness of the soil increase. As can be
seen in Figure 8 (b), therefore, the higher deviator stress
(= v - r) is generated during the one-dimensional
mechanical compression since the lateral stress is
relatively low, it causes the yield surface at the end of the
initial consolidation (at point 3) expands in the direction
of the deviator stress in the p-q plane. As a side note, point
2 is the stress state after the one-dimensional osmotic
consolidation. Furthermore, the reduction of Poisson’s
ratio e mainly causes a sharp change in the deviator stress
during unloading. Due to these two effects, the stress
states in the unloading path (3→5) are in the elastic
region. Therefore, no dilation occurs after yielding, which
results in a gentle swelling curve. As a consequence of
this parametric study, it can be suggested that the strength
and rigidity of the soil skeleton will increase by replacing
the fluid with a Na+ solution. This phenomenon is related
to a previous result [5], which shows an increase in
residual shear strength of bentonite after exposure to salt
solutions.
However, the simulation results with the modified
parameters still cannot describe the mechanical
consolidation behaviour after the osmotic consolidation in
Case 2. A possible reason for this is that the reduction of
the lateral constraints, as explained above, resulted in a
‘uniaxial’ stress state for the specimen, which in turn
leads to the loss of lateral constraints in the oedometer.
This would result in higher vertical compressibility after
the osmotic consolidation in Case 2.

(a)

(b)
Fig. 8. Simulation results ((a) compression and swelling curves;
(b) stress paths) for experimental Case 2 after modifying soil
skeleton parameters

4 Conclusion

effect on the soil skeleton characteristics and its
modelling will be future work.

Oedometer tests on bentonite with osmotic
consolidation/swelling and the corresponding numerical
simulation were carried out in this study. From the
comparison of experimental and simulation results, it was
deduced that the typical mechanical swellability of
bentonite in the unloading path, under the oedometer test
conditions, is derived from the positive dilatancy
behaviour. This behaviour is characterized by the
properties of the soil, namely low residual strength, rather
than the osmotic characteristics represented by the
interlaminar
behaviour.
During
the
osmotic
consolidation, not only an axial but also a lateral
contraction of the specimen was observed under lower
stress level in the experiment; this lateral contraction
increases the compressibility during the subsequent onedimensional mechanical consolidation. Moreover, it can
be noted from this phenomenon that the deformation
occurs three-dimensionally even in an oedometer test
when investigating the influence of isotropic factors (e.g.,
chemical and thermal effects) on soil behaviour. It was
also confirmed that the penetration of a Na + solution
reduces the mechanical swellability of bentonite; this
could be explained by the change in the soil skeleton
strength and rigidity. The investigations on the chemical
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