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ABSTRACT: For construction of the engineer barrier system in a deep geological repository for high-level
radioactive waste disposal, bentonite pellets or pellets/powder mixtures have been recognized as effective
buffer/backfill materials. Investigation on swelling behavior is an important issue for the assessment of the
short and long term performance of the repository system. In the present work, GMZ01 bentonite pellets/powder (80:20) mixtures with different pellet sizes were compacted to specimens at different dry densities and submitted to swelling pressure tests. Results show that typical “double-peak” shaped curves were
recorded for the evolutions of swelling pressure with time. The swelling pressure mainly depends on the dry
density of the specimen tested and it is almost independent of the pellet size and the materials (pure bentonite
powder or pellets/powder mixtures) tested. For specimens with given dry densities, impact of pellet size on
the development process of swelling pressure mainly happens at the initial stage. For specimens compacted
with mixtures of same sized pellets and pure bentonite powder, the “double-peak” phenomenon fades to single-peak one with decreasing dry density. Meanwhile, the swelling pressure has a linear relationship with the
dry density in the semi-logarithm space for all the specimens compacted with pellets/powder mixtures and
pure powder of GMZ01 bentonite.
1 INTRODUCTION
With the rapid development of nuclear power usage,
the disposal of high-level radioactive waste (HLW)
has become a very important issue in many nuclear
power using countries (Wang et al. 2009). The deep
geological disposal has been commonly recognized
as an effective way to safely dispose HLW in many
countries including China, Belgium, France, Germany, Japan, Sweden, etc. According to the concept of
multi-barrier system, the deep geological repository
in hard rock is generally composed of the host rock,
the canister containing the vitrified HLW and the
buffer and backfill materials between them. Due to
its low hydraulic conductivity, good sorption property and high swelling capacity, bentonite has been
proposed as buffer and backfill materials (Wersin et
al. 2007). The bentonite or bentonite-based material
(BBM) can be compacted into blocks with high density and emplaced between the canister and the host
rock (Ye et al. 2010). In reality, inevitable gaps will
be formed following canister and blocks installation,
mainly including between the canister and bentonite
blocks, between the blocks and the host rock (Ju-

vankoski et al. 2010). The various technological
gaps need to be backfilled and sealed in order to
avoid the formation of water-conducting pathways
in the repository (Gunnarsson et al. 2006).
Engineering practice indicates that, for easily
backfilling irregularly shaped volumes in the repository, high-density bentonite pellets or pellets/powder
mixtures have been used (Stastka et al. 2013). The
bentonite pellets installed in the repository will hydrate with the infiltration of pore water from the surrounding host rock, and swell to fill the pores between pellets and the spaces between blocks and
host rock. Eventually, swelling pressure will be generated when the swelling of pellets is restrained by
the bentonite blocks and the host rock (Guerra et al.,
2017). Therefore, investigation on swelling behavior
of bentonite specimens compacted with pellets/powder mixtures or pure bentonite is of great
importance for assessing the overall function of the
engineering barrier system formed in the repository.
In this regard, experimental works have already
been conducted to analyze the swelling pressure
characteristics of bentonite pellets or pellets/powder
mixtures used as backfill materials (Pusch et al.

2003; Imbert and Villar et al. 2006; Hoffmann et al.
2007; Karland et al. 2008; Alonso et al. 2014). The
FoCa bentonite pellets/powder (50/50) mixtures
were compacted to different dry densities and submitted to swelling pressure tests under constant volume conditions. Similar to that of compacted pure
bentonite powder, “double-peak” shaped phenomenon was also observed on developing curves of
swelling pressure with time (Imbert and Villar et al.
2006). Microfocus X-ray computed tomography test
results showed that, due to the swelling on the water
absorbing, the density of the FoCa bentonite pellets
decreased and the powder around pellets was compressed, resulting in homogenisation of pellets and
powder (Van Geet et al. 2005). In addition, analyses
showed that the final swelling pressures of the compacted FEBEX bentonite pellets mixtures at different dry densities had good agreement with those of
the compacted pure FEBEX bentonite powder
(Hoffmann et al., 2007). Similar conclusions were
reported for MX-80 bentonite mixtures with pellet
size smaller than 10 mm (Karland et al. 2008).
Alonso et al. (2014) found that the FEBEX bentonite
mixtures with pellet size of 1-2 mm had multi-modal
pore structures. The multi-modal porosity and the
highly expansive nature of the pellets controlled all
the mechanical properties of the mixtures. In the
deep geological repository, the filling dry density in
different positions may be different due to the heterogeneous pellets distribution (Masuda et al., 2012).
This heterogeneous pellets distribution will lead to
different pore structures, which may have an impact
on swelling property of the mixtures during the hydration.
In this paper, GMZ01 bentonite pellets/powder
mixtures (80:20) with different pellet sizes were
compacted to specimens at different dry densities.
Swelling pressure tests were conducted and some interesting results were obtained.
2 EXPERIMENTAL INVESTIGATIONS
2.1 Specimen preparation
Gaomiaozi (GMZ) bentonite was originated from
the northern Chinese Inner Mongolia autonomous
region, 300 km northwest from Beijing (Ye et al.,
2009). Some basic properties of the GMZ01 bentonite tested are listed in Table 1. It indicates that the
GMZ01 bentonite has high cation exchange capacity
and high adsorption ability (Ye et al. 2013).
Table 1. Basic properties of GMZ01 bentonite.
Property
Description
Specific gravity of soil grain
2.66
PH
8.68-9.86
Liquid limit(%)
276
Plastic limit(%)
37
Total speciﬁc surface area/(m2 g−1)
570

Cation exchange capacity/(mmol
g−1)
Main exchanged cation/(mmol g−1)
Main minerals

0.7730
+

Na (0.4336),Ca2+(0.2914)
Mg2+(0.1233),K+(0.0251)
Montmorillonite(75.4%),
Quartz (11.7%),
Feldspar (4.3%),
Cristobalite (7.3%)

2.1.1 Preparation of bentonite pellets
Firstly, according to the target cylindrical specimen
(50 mm in diameter and 20 mm in height) and a dry
density of 1.9 Mg/m3, certain quantity of the bentonite powder at an initial moisture content of 10.6%
was weighted and put into a mould. Compaction was
processed with a piston moving at a rate of 0.5
mm/min. When the pre-set displacement was
reached, compaction was stopped and the maximum
compaction load was kept for 1 h for homogenization. Then, the specimen was pushed out from the
mould and crushed into pellets by a jaw crusher
shown in Figure 1. The size of pellets crushed could
be adjusted by the knobs on the crusher. The crushed
pellets were sieved and clarified into different
groups with given pellet sizes of 3-5 mm, 5-7 mm
and 7-10 mm.

Figure 1. The jaw crusher

2.1.2 Preparation of compacted mixtures
GMZ01 bentonite pellets and powder were weighted
according to the target cylindrical specimen dimension (50 mm in diameter and 35 mm in height), the
designed dry density (1.5, 1.6 and 1.7 Mg/m3) and
the given mass ratio (pellets to pure powder 80:20).
To make the specimen more homogeneous, the pellets and powder were successfully added into the
mould in three layers. After that, compaction was
conducted using a piston at a rate of 0.5 mm/min.
When the target vertical displacement was reached,
the compaction was stopped and the vertical load
was kept for 1 h for homogenisation.
2.2 Test apparatus and procedure
2.2.1 Test apparatus
The experimental setup employed for swelling pressure test is shown in Figure 2. This testing device is
composed of three parts including a stainless steel
cell, a data logging system and a set of pressure-

volume controller. The cell has an inner space of 50
mm in diameter and 60 mm in height for emplacement of specimen. The specimen was sandwiched
between two porous stones. A stainless piston with a
load transducer on its top was employed for fixing
the specimen with four screws. The pressure–
volume controller (0–4MPa to an accuracy of ±1
kPa; 200 cm3 to an accuracy of ±1 mm3) was used
for supplying de-ionized water.

Figure 3. Evolutions of swelling pressure of the mixture and
the powder at dry density of 1.7 Mg/m3.

Figure 2. Setup used for swelling pressure tests

2.2.2 Test procedure
After compaction, the specimen was pushed into the
testing apparatus. The stainless piston with a load
transducer on its top was placed on the specimen and
fixed with four screws. Then, two valves at the bottom of device were turned on, among which the
right one was connected to the pressure-volume controller for supplying de-ionized water and the left
one was opened to the air for squeezing air-bubbles
(Figure 2). After air-bubbles were exhausted, the left
valve was closed allowing the application of a constant water pressure on the specimen. During the hydration, the development of swelling pressure and
the volume of water injected were recorded. When
the specimen was saturated (which was assumed by
stabilizations of the water intake and the swelling
pressure measured), the swelling pressure test was
considered as finished (Villar and Lloret et al. 2004).
3 RESULTS AND DISCUSSION
3.1 Swelling pressure of mixture and powder
Evolutions of the swelling pressure of the specimens
compacted with mixture (with pellet size of 5-10
mm) and pure bentonite powder at a dry density of
1.7 Mg/m3 are presented in Figure 3.

A typical “double-peak” shaped phenomenon can
be observed for both specimens. At the beginning
stage of hydration, the swelling pressure increases
rapidly to its first peak, which is followed by an intermediate period where the swelling pressure decreases. After that, the swelling pressure increases
again with a lower increasing rate until the stable
value (the second peak) is reached.
For specimens compacted with pure bentonite
powder, the development process of the swelling
pressure can be explained as follows: with the infiltration of de-ionized water, the bentonite aggregate
swells, leading to the first growth of swelling pressure. When the swelling pressure approaches the
first peak value, swelling of aggregates induces the
collapse of soil skeleton filling into the macro-pores
(inter-aggregate pores) between aggregates. Meanwhile, the swelling pressure decreases with the reduction of suction and the pore structures in the
specimens are rebuilt (Ye et al. 2013). Once the expansion prevails over the macro-pores filling, the
swelling pressure increases again until reaching the
final equilibrium state (Cui et al. 2002; Tang et al.
2009).
For the specimens compacted with bentonite pellets/powder mixture, the macro-pores not only include the pores between aggregates, but also the
pores between pellets (Hoffmann et al. 2007). At the
beginning stage of hydration, the pellets seem to
swell first due to its higher suction and the swelling
pressure is developed to maintain the constant volume condition (Imbert and Villar et al. 2006). However, with development of the wetting process, the
contact between pellets decreases leading to reduction in strength and stiffness of the specimen. When
the swelling pressure approaches its first peak value,
swelling induces the collapse of the overall structure
leading to a diminution of the swelling pressure
(Alonso et al. 2010). Once the expansion predominates over the collapse, the swelling pressure increases again and eventually reaches a stable value.
In addition, the final swelling pressures for the
two specimens are almost same. This observation is

consistent with the results reported by Imbert and
Villar et al. (2006). This phenomenon indicates that
the final swelling pressure is mainly related to the
overall dry density and independent of the composition (compacted pure bentonite powder or pellets/powder mixture) of the specimen (Karland et al.
2008).
3.2 Pellet size effects on swelling pressure
Evolutions of the swelling pressure for the specimens compacted (1.7 Mg/m3) with mixtures of pellets (sizes 5-7 mm or 5-10 mm)/pure bentonite are
presented in Figure 4.
Curves in Figure 4 show that pellet size has obvious influence on the evolution of swelling pressure
and rare effect on the final swelling pressure of the
compacted specimen. Similar phenomenon can be
also observed for the compacted mixtures at dry
density of 1.5 Mg/m3 in Figure 5. For mixtures with
pellet size of 5-10 mm, the initial increasing rate of
swelling pressure is faster than those with other pellet sizes and the first peak pressure is also the highest. The initial increasing rate of swelling pressure
and the first peak pressure decrease with the reduction of pellet size. Once the swelling pressure reaches its first peak, a reduction is subsequently observed. But the decreasing degrees are different for
mixtures with different pellet sizes. When the swelling pressure increases again, pellet size has almost
no obvious influences on the evolution of swelling
pressure. In addition, the final swelling pressure is
also independent of the pellet size. In other words,
pellet size has significant influence on the swelling
pressure of pellet-powder mixtures, while this kind
of influence depends on hydration time.

Figure 5. Evolution of swelling pressure of the mixtures at dry
density of 1.5 Mg/m3

Explanations to these observations mentioned
above could be that pellet size can influence the pore
distribution characteristics of the mixtures. Mixtures
with pellet size of 5-10 mm can generate bigger
pores between pellets than those with pellet size of
5-7 mm and 3-5 mm do. During the hydration, water
enters into the pores between big pellets more easily,
leading to the quicker increasing of swelling pressure. In addition, the bigger the pores between pellets are, the more obvious the collapse of the overall
structure is. This explains why the decreasing degree
of swelling pressure is more significant for mixtures
with bigger pellet sizes. But as the hydration process
proceeds, the pores between pellets are gradually
filled and the pore structures are rebuilt, leading to a
relatively homogenized state of the specimen. Eventually, the second increasing process of swelling
pressure develops in a similar way for specimens
initially compacted with mixtures of pure bentonite
and different sized pellets.
3.3 Dry density effect on swelling pressure

Figure 4. Evolution of swelling pressure of the mixtures at dry
density of 1.7 Mg/m3

3.3.1 The swelling pressure evolution
Evolutions of the swelling pressure for specimens
compacted with mixtures of pure bentonite and pellets (5-7 mm and 5-10 mm, respectively) at different
dry densities are presented in Figure 6.
Curves in Figure 6 show that the time to reach the
first peak of the swelling pressure decreases with the
decrease of dry density. In the meantime, the “double-peak” shaped phenomenon fades with decreasing
dry density and the second peak of swelling pressure
is no more obvious. Similar observations were also
reported by Imbert and Villar et al. (2006).
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Figure 7. Evolution of swelling pressure with the dry density
for specimens of mixtures and pure powder of GMZ01 bentonite

4 CONCLUSIONS

(b)
Figure 6. Evolutions of swelling pressure for the specimens
compacted at different dry densities: (a) pellet size of 5-7 mm;
(b) pellet size of 5-10 mm

Explanations to these observations could be that
during hydration of specimens with low dry densities, more macro-pores providing higher speed of infiltration and higher degree of pellets hydration,
leading to lower even no second swelling pressure.
However, for specimens with high dry densities,
more pellets and powder left after the first swelling,
which will continue to swell during the subsequent
hydration leading to form the second peak of swelling pressure.
3.3.2 Final swelling pressure
The relationship between the swelling pressure and
dry density for all the specimens of GMZ01 bentonite mixtures and pure powder is presented in Fig. 7.
In the semi-logarithm space, the swelling pressure
has a linear relationship with the dry density. This
conclusion is consistent with the results reported by
Wang et al. (2012). The linear correlation can be expressed as:
lg

= 3.57652

− 5.34204

(1)

where
= the swelling pressure;
= the dry
density of specimen.
The fitted result in Figure 7 shows that the final
swelling pressure is mainly controlled by the dry
density and is independent of the pellet size.

Swelling pressure tests have been conducted on
specimens compacted with pellets/powder (80/20)
mixtures and pure powder of GMZ01 bentonite.
Influences of the pellet size and the specimen dry
density on the swelling pressure of the specimens
compacted with pellets/powder mixtures and pure
bentonite have been analyzed.
Typical “double-peaks” shaped phenomenon is
observed on the evolution curve of swelling pressure
with time for specimens compacted with pellet/bentonite powder mixtures. The swelling pressure mainly depends on the dry density of specimen
and is independent of the pellet size and the compositions (pure bentonite powder or pellets/powder
mixtures). For specimens with given dry densities,
impact of pellet size on the development process of
swelling pressure mainly happens at the initial stage.
This phenomenon may be related to the initial porosity structures of the specimen, which fades as the
hydration proceeds and the pore structures in the
specimens are rebuilt.
For specimens compacted with mixtures of same
sized pellets and pure bentonite powder, the “double-peak” shaped phenomenon fades to single peak
one with decreasing dry density. In the meantime,
the swelling pressure has a linear relationship with
the dry density in the semi-logarithm space for all
the specimens compacted with pellets/powder mixtures and pure powder of GMZ01 bentonite.
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