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ABSTRACT: Compacted bentonite is often planned as an engineered barrier material between host rock and
canister in nuclear waste repositories thanks to its favorable swelling characteristics and low permeability.
This study deals with the effects of initial dry density and vertical stress on the swelling behavior of compacted bentonite under distilled water infiltration. Conventional oedometer test were carried out on commercially
available bentonite from the Czech Republic (crushed and sieved; Keramost Ltd) named Czech bentonite
B75. One-dimensional swelling tests were performed on compacted bentonite with various initial dry densities, especially 1.25 g/cm3, 1.80 g/cm3 and 1.95 g/cm3. The tests were performed to explore the influence of
vertical stress and initial dry density on swelling strain. The values of swelling pressure determined by swellconsolidation method and constant volume test were compared. Three different stages of the swelling process
were analysed. A general relationship between swelling pressure and dry density was proposed for various
bentonites.
1 INTRODUCTION
Bentonite is a clay of high montmorillonite content.
Because of the high swelling pressure, low permeability, high cation adsorption and adequate mechanical resistance, it has been proposed as buffer material used in high level nuclear waste disposal in recent
years. Bentonite compacted in the forms of blocks is
often used as engineered barrier material and backfill material for the construction of high level nuclear waste disposal. The function of the compacted
bentonite is to prevent the groundwater flows into
the canister and to isolate the nuclear waste to the
surrounding biosphere.
The high level nuclear waste disposals are usually
excavated in depths of 400-500 m in the natural rock
formations which is beneath the ground water table.
The initially unsaturated compacted bentonite is hydrated by the groundwater and swelling is generated.
A proper choice of dry density of compacted pellets
used for the nuclear waste disposal is important.
Thus, it is necessary to research the swelling characteristics with different initial dry densities. The
Czech Radioactive Waste Repository Authority
(SURAO) is currently considering the Czech compacted bentonite B75 as a potential engineered barrier material for a Czech Republic high level nuclear
waste disposal.
This paper reports the results of an experimental
study carried out on Czech bentonite B75 compacted

to a dry density of 1.25 g/cm3, 1.80 g/cm3 and 1.95
g/cm3. The testing programme has been carried out
using oedometers with vertical loads up to 8 MPa.
The results of constant load tests, swellingconsolidation tests and swelling pressure tests
(Hausmannová et al., 2014) are examined and discussed in the paper.
2 MATERIALS AND METHODS
2.1 Materials
The commercial Czech B75 bentonite extracted
from the Cerny vrch deposit (north-western region
of the Czech Republic), was used in this study. It is a
calcium magnesium bentonite with a montmorillonite content around 60%.
Table 1 lists its physical parameters. The plastic
limit, liquid limit and specific density of solids were
65%, 229% and 2.87, respectively. The other detailed information about Czech bentonite B75 are
listed in Sun et al. (2017).
Table 1. The physical parameters of B75 (Stastka et al., 2015)
Property

Description

Montmorillonite (%)

60

Liquid limit (%)

229

Plastic limit (%)

65

Plasticity index Ip

164

Particle density ρs (g/cm3)

2.87

The compacted samples were prepared from bentonite powders with initial water content of 10%.
The powders were uniaxially compacted in a designed mould with known dimension to the required
dry density with various static vertical pressure. The
initial water content of compacted samples was
around 10%.
2.2 Test equipment and methods
The conventional oedometer apparatus shown in Fig.
1 was used for measuring the swelling deformation
of Czech bentonite B75. The compacted bentonite
was tested in the standard fixed stainless-steel ring,
50mm inside diameter and 20 mm height. Silicone
grease was applied to the inner wall of the stainlesssteel ring to reduce friction between the specimen
and the wall. The filter papers were placed between
the specimen and porous stones. Considering the porous stone placement and the swelling deformation,
the original samples were prepared with the height
of 8-10 mm. Once the compacted bentonite was introduced in the stainless-steel ring, the prescribed
vertical stress was applied. Deformation was measured until until it changed less than 0.001 mm in two
hours. Then the specimen was flooded by distilled
water. The vertical deformation and time required
from the flooding of the specimen were recorded.
For saturated oedometer test, the loading and unloading test continued after the swelling deformation
test. Eventually, the water content of the specimen
was measured. The ASTM D2435/D2435M standard
recommends the correction for oedometer apparatus
compressibility. The deflection of the apparatus was
measured by substituting a smooth hard steel disk
for the soil specimen before the experiment for all
the test conditions.

The “saturated oedometer test” method, is also
known as “swell-consolidation” method, in which
the sample is initially subjected to a prescribed vertical load in the oedometer cell and infiltration under
the applied load. The vertical swelling strain occurred due to the hydration and decreasing suction
(i.e. path OA). It is obvious that point A represents
the maximum swelling strain under constant load σv.
When the swelling process has finished, the vertical
stress was gradually increased (path AB). The stress
required to bring the volume of the specimen back to
its initial value (represented by σcs in Fig. 2) is defined as the swelling pressure by Basma et al.
(1995). The swelling pressure, σcs, measured by the
“saturated oedometer test” is higher than the swelling pressure, σcv, determined by the constant volume
test (Chen, 1988). It may be explained by crystalline
expansion due to hydration of absorbed cations on
the soil particles and osmotic expansion, in which
the soil is probably developing a double diffuse layer. Generally, it should be easier to prevent water
molecules from entering into the soil lattice than to
force the water out once it has entered into the soil
(Nelson et al., 2015).

Figure 2. Effective stress paths of various experimental methods used

Figure 1. Swelling deformation test apparatus

The experimental programme included swelling at
constant vertical load tests with various different initial dry density to study the swelling strain behavior.
Especially, three different initial dry densities of
1.25 g/cm3, 1.80 g/cm3 and 1.95 g/cm3 were compared to explore the influence of vertical stress and
initial dry density on swelling strain. Each test required at least two weeks to reach the equilibrium.
One saturated oedometer test with initial dry density
of 1.25 g/cm3 and unloading tests with dry densities
of 1.80 g/cm3 and 1.95 g/cm3 were conducted. The
loading and unloading steps under each vertical
stress took about 5 days in most cases. The results
were compared with the constant volume tests carried out by Hausmannová et al., (2014).

3 TEST RESULTS AND DISCUSSION
3.1 Swelling deformation characteristic
Figure 3 shows an example of the results of swelling
deformation tests on Czech bentonite B75 with different initial dry densities. It presents the swelling
strain elapsed with time. The swelling strain is defined by



H
 100%
H0

dry density. Here, the e represents void ration, p represents vertical load. The final void ratio and vertical
load are shown in Figure 4(b). It can be seen that the
final void ratio decreases with increasing vertical
load linearly in semi-logarithmic scale at high vertical load range. The e-log p curves are independent
of initial dry density.

(1)

Where ε is the swelling strain (%) under prescribed load, ΔH is the measured vertical swelling
deformation and H0 is initial height of the specimen
before its flooding by distilled water.

Figure 3. Swelling strain vs. time curves for dry density of 1.25
g/cm3.

It can be seen that the swelling strain increased
rapidly at the initial stage and it reached the asymptotic level eventually. For vertical stress of 0.98 kPa,
(which corresponds to the weight of the top plate), it
took about 100 hours to reach equilibrium, while at
50 kPa swelling was completed in 50 hours. The
higher the applied load, the shorter time was required to reach the equilibrium state. For all the
tests, the swelling strain increased with increasing
dry density and decreasing vertical load. After the
tests, the degree of saturation of the compacted bentonite was of the order of 100%-129%. It can be recognized that all the specimens were saturated after
the tests. This may be caused by the fixed value of
water density used in the calculations (ρw = 1.0
g/cm3). According to the diffuse double layer theory,
the water density near the clay particle surface is
higher than 1.0 g/cm3 and it can explain the degree
of saturation over 100%.
The vertical load and measured maximum swelling strain are depicted in Figure 4(a). The decrease
of swelling strain with increasing vertical stress
shows a linear trend in semi-logarithmic scale and
moves towards higher vertical loads with increasing

Figure 4. Maximum swelling strain (a) and final void ratio (b)
vs. vertical load

For good understanding of the behavior of compacted bentonite in engineered barrier system, it is
essential to understand the swelling strain in long
term behavior. According to the research of Sridharan and Gurtug (2004), the swelling strain vs. log
of time can be divided into three phases including
initial stage, primary swelling, and secondary swelling. These phases are clearly shown in Figure. 5.
The secondary swelling phase obviously controls the
long term swelling strain. The coefficient of primary
swelling (Cp) and the coefficient of secondary swelling (Cs) are defined by Sridharan and Gurtug (2004)
as follows:
Cp 

H p / H 0
 log t p

(2)

Cs 

H s / H 0
 log t s

(3)

where H0 is the initial height of sample, ΔHp is the
deformation at primary phase, ΔHs is the deformation at secondary phase, Δlog tp = log tp2 - log tp1,
Δlog ts = log ts2 - log ts1, tp1, tp2 and ts1, ts2 represents
the start and end times of primary swelling and secondary swelling phases, respectively.

3.2 Compressibility of saturated compacted
bentonite specimens
Figure 7 shows the loading and unloading path of
saturated Czech bentonite B75 of initial dry density
of 1.25 g/cm3 and the unloading paths of saturated
bentonite B75 with initial dry densities of 1.80 g/cm3
and 1.95 g/cm3. The reasons for variations may depend on the experiment stress loading methods. It
can be influenced also by the variation in the initial
state like water contents and void ratio. In general,
the variations are within the experimental error. The
unloading paths follow the same curve with an approximately linear relationship between void ratio
and vertical pressure at high pressure range, independent of initial dry density. The test results were
considered as a representative for saturated bentonite
subjected to loading and unloading path.

Figure 5. Schematic diagram showing the separation of initial,
primary, and second swelling phases (Sridharan & Gurtug,
2004)

For each initial dry density, both the coefficient
of primary swelling (Cp) and the coefficient of secondary swelling (Cs) decrease with the increase of
vertical load (Figure 6).

Figure 7. Saturated oedometer tests and unloading paths of initial saturated compacted bentonite samples

Figure 6. Impacts of initial dry density and vertical load on
swelling strain

Both coefficients of primary (Cp) and secondary
(Cs) swelling follow the well-known trend of increasing swelling strain with increasing dry density
and decreasing vertical load. The relative importance
of primary and secondary swelling changes with the
change of dry density: the higher is initial dry density, the less important is the contribution of secondary swelling.

Figure 8. Comparison of vertical/swelling pressure vs dry density at saturation (saturated oedometer test & constant volume
test) of (a) Bavaria bentonite (Baille et al., 2010), (b) Czech
B75 (Hausmannová et al.,2014).

Figure 8 shows the loading-unloading path and
constant volume test of two kinds of compacted bentonites plotted in vertical/swelling pressure vs. dry

density at saturation plane. The results of Czech B75
(Figure 8b) shows that the swelling pressure measured by constant volume test is lower than the swelling pressure (i.e., applied pressure) determined by
“swell-consolidation” method. The same results
were presented by Baille et al. (2010) on Bavaria
bentonite. The difference between the applied pressure and swelling pressure increased with the increase of dry density for both bentonites. The differences are strongly dependent on the stress path
(OC&OAB) and the initial dry density, which affects the fabric and macro-micro structure of the
clay (Gens & Alonso, 1992). Different K0 value can
also be a reason for different vertical swelling pressures.

From the results, a general form can be expressed
by:

 cs    exp v*

d

(4)

Where µ and v are constant parameters, exp is the
base of natural logarithm.
Table 2 presents the values of µ and v of studied
bentonites. It can be observed that the swelling pressure depends on the parameter v significantly. The
montmorillonite content, cation exchange capacity,
and dominant cations has an influence on the swelling pressure. The higher montmorillonite content
can produce a higher swelling pressure, as with the
same cation exchange capacity of MX80 and Kunigel-v1 (74 meq/100g). The sodium bentonite has a
higher swelling pressure than calcium bentonite with
the same montmorillonite content.
4 CONCLUSIONS

Figure 9. Comparison of swelling pressure vs dry density at
saturation for various bentonites
Table 2. Montmorillonite content, CEC and µ, v parameters of
bentonites

Bentonite

µ

v

Type

Montmorillonite content
(%)

MX80

5.75E-04

5.89

Na

65-82

FEBEX

3.46E-04

6.14

Ca

92

Czech B75

1.23E-03

5.26

Ca

60

Kunigel-V1

7.85E-03

2.92

Na

48

FoCa

1.86E-05

7.54

Ca

50 beidellite
&50 kaolinite

Figure 9 shows swelling pressure vs. dry density
at saturation for various bentonites including MX80
(Villar, 2005), FEBEX (Villar, 2002), FoCa (Imbert
and Villar, 2006), Kunigel-V1 (Komine, 2004) and
Czech B75 (Hausmannová et al., 2014). It can be
observed that for each bentonite, there is a linear relationship between the swelling pressure and dry
density at saturation in semi-logarithmic coordinates. However, the relation formula is not the same.

One-dimensional swelling deformation tests were
conducted on compacted Czech bentonite B75 with
various initial dry density. The bentonites of three
main initial dry densities (1.25 g/cm3, 1.80 g/cm3
and 1.95 g/cm3) were saturated to measure the swelling strain under various vertical load. The following
conclusions were drawn from the study.
(1) The swelling strain decreases with increase of
vertical load, and increases with increase of initial
dry density. The relationship of maximum swelling
strain and applied pressure shows a linear function,
which position depends on the initial dry density.
(2) The swelling process of an initial stage, primary swelling, and a small secondary stage were observed for all the tests. The coefficient of primary
and secondary swelling decrease with the increase of
vertical stress. The relative importance of primary
and secondary swelling depends on initial dry density.
(3) The swell-consolidation method gives a higher
swelling pressure than constant volume method because of the crystalline expansion and osmotic expansion. The swelling pressure determined by constant volume method and dry density at saturation
show a good linear relationship in semi-logarithmic
coordinate. A general relationship was proposed for
various bentonites.
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