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Abstract
The bentonite pellet-contained material (PCM) is a feasible material for the joint sealing of high-level
radioactive waste repository. During the operation of the repository, the PCM will be unsaturated for a
long time, and its water retention and permeability directly affect the buffer barrier seepage, nuclide
migration, and joint healing. Moreover, the particle size of bentonite pellets and dry density are important
factors affecting the performance of PCM. In this work, the pressure plate method and vapour equilibrium
technique were utilized to test the soil-water characteristic curves (SWCCs) of the PCMs with different
particle sizes and dry densities. The unsaturated hydraulic conductivity of the PCMs was predicted by
combining the SWCC model and saturated hydraulic conductivity. The results showed that in the low
suction range (20–1150 kPa), the dry density and particle size had a negative correlation with the water
content at the same suction. In the high suction range (4200–309000 kPa), the dry density and particle
size had little effect on the SWCC. The Gardner model was appropriate for describing the SWCC of PCM.
In addition, the hydraulic conductivity of the PCM decreased with the increase in dry density, while
increased with the increase in particle size. The in�uence mechanism of the SWCC and hydraulic
conductivity was further discussed based on the scanning electron microscopy images and pore size
distribution curves.

Introduction
Nuclear energy, with its advantages of cleanliness, safety, and stability, is one of the essential ways to
solve the current energy crisis (Peng et al. 2021). However, during the development and utilization of
nuclear energy, high-level radioactive waste (HLW) with strong radioactivity, high toxins, and long half-life
has been produced, which poses long-term potential ecological risks. The safe, effective, and permanent
HLW disposal is an urgent problem for the nuclear industry and science. The deep geological disposal of
the multiple buffer barrier systems is considered as the safest method of HLW disposal, which can
achieve the purpose of perpetual isolation of HLW from the human living environment (IAEA 2013;
Abootalebi and Siemens 2018; Sun et al. 2020). In the HLW disposal, when the buffer barrier is
constructed by the prefabricated buffer block masonry method, the joints between the blocks and
between the blocks and the surrounding rock will inevitably appear (Wang et al. 2013). These could
become potential concentrated seepage channels for groundwater and radionuclide migration,
deteriorating the engineering performance of the buffer barrier. To ensure the operational function of the
buffer barrier, the joints must be sealed. The bentonite pellet-contained material (PCM) has the
advantages of high swelling, low permeability, and irregular voids �lling, which is an excellent joint
sealing material (Wang 2010; Wang et al. 2021).

Bentonite is different in each country. The main bentonite for the HLW disposal in China is Gaomiaozi
(GMZ) bentonite (Wang et al. 2009; Cui et al. 2012; Xu et al. 2020). The GMZ PCM studied by Chinese
scholars is generally a mixture of bentonite pellets with a single particle size and bentonite powder (Ma et
al. 2021). Thus, determining the ratio of bentonite pellets to bentonite powder is an important basis for
studying the GMZ PCM. The weight percentage of the bentonite pellets in the total weight of the PCM is
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de�ned as the pellet percentage. At present, the optimum pellet percentage of the GMZ PCM with a
particle size of 2–5 mm has been studied (Ma et al. 2021), but the optimum pellet percentage of the GMZ
PCM with other particle sizes is still unclear. Further related research needs to be carried out. This can
provide a basis for sample preparation in the study of water retention and permeability of the GMZ PCM.

During the operation of the repository, the PCM will be eroded by groundwater and radiant heat, and will
remain unsaturated for a long time. Its water retention and permeability directly affect the swelling and
deformation of the buffer barrier and joints, and then affect the sealing effect of the joints (Tripathy et al.
2014; Fattah et al. 2017; Liu et al. 2020; Sun et al. 2021). The soil-water retention curve (SWCC) re�ects
the water retention of the soil (Seiphoori, 2016). Therefore, it is necessary to pay attention to the SWCC
and hydraulic conductivity of PCM. At present, some achievements have been made on the SWCC and
hydraulic conductivity of PCM. Seiphoori et al. (2014) studied the SWCC of MX-80 PCM, and found that
the water content of MX-80 PCM was higher than that of MX-80 compacted bentonite under the same
suction. Hoffmann et al. (2007) concluded that the hydraulic conductivity of FEBEX PCM was in good
agreement with that of FEBEX compacted bentonite. These studies mainly focused on the difference
between PCM and compacted bentonite. However, the particle size of bentonite pellets and dry density
are important factors affecting the performance of the GMZ PCM. At present, little research has been
done on the SWCC and hydraulic conductivity of the GMZ PCM, and there is little research on the
in�uence of particle size and dry density on the SWCC and hydraulic conductivity of the PCM.
Furthermore, discussing the in�uence of particle size and dry density on the SWCC and hydraulic
conductivity of GMZ PCM is of great signi�cance to the theoretical analysis and engineering application
of joint sealing materials (Lee et al. 1999; Zhang et al. 2016).

Therefore, this work �rst determined the optimum pellet percentage of the PCM based on the maximum
packing density and maximum swelling potential, and made the PCM with the optimum pellet
percentage. Then, the pressure plate method and vapour equilibrium technique were used to determine
the SWCCs of the PCMs with different particle sizes and dry densities. The saturated hydraulic
conductivity of the PCM was measured by the variable head permeability test, and the unsaturated
hydraulic conductivity of the PCM was predicted by combining the parameters of the SWCC model. In
addition, based on the microstructure, the in�uence mechanism of dry density and particle size on the
SWCC and hydraulic conductivity of PCM was discussed. The results can provide a theoretical basis for
screening joint sealing materials and optimizing the joint design of buffer barriers for HLW disposal.

Preparation Of Pcm And Determination Of The Optimum Pellet
Percentage

2.1 Test materials
The GMZ bentonite, a Na-bentonite from Inner Mongolia, China, was used in the work. Its main mineral
component is montmorillonite, followed by feldspar, quartz, etc. The main physical parameters are shown
in Table 1, and the particle size distribution is shown in Fig. 1.
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Table 1
Basic properties of the GMZ bentonite

Natural water
content / %

Speci�c
gravity

Plastic
limit / %

Liquid
limit / %

Plasticity
index

Montmorillonite
content / %

7.8 2.70 32.8 208.1 175.3 44.4

2.2 Preparation of bentonite pellets
Before the preparation of the bentonite pellets, the maximum dry density of the bentonite powder was
determined to be 2.0 g/cm3, and the optimal water content was 7.3%, almost in line with the natural water
content (see Fig. 2). Because of the high dry density required for the bentonite pellets, the bentonite
pellets were prepared with the maximum dry density and optimum water content (i.e. natural water
content) of the bentonite powder.

The maximum particle size of bentonite pellets was determined by the size of the sample used in the
SWCC test. The sample diameter was 50 mm, and the height was 10 mm. It is speci�ed in the Standard
for Geotechnical Testing Method (GB/T50123-2019 2019) that the ratio of the sample height to the
maximum particle size of the coarse-grained soil should be 4–6. Therefore, 2 mm was set as the
maximum particle size of bentonite pellets. Moreover, the particle size was usually larger than 0.25 mm in
previous research work (Hoffmann et al. 2007; Seiphoori et al. 2014), and 0.25 mm was also set as the
minimum particle size in this work. The preparation methods of bentonite pellets are as follows (Sandén
and Börgesson 2014; Liu et al. 2016): �rstly, the bentonite cylindrical samples with a height of 20 mm
and a dry density of 2.0 g/cm3 were compacted in a 50 mm diameter compacting cylinder by uniaxial
static compaction, and then crushed and sieved to obtain three groups of bentonite pellets with different
particle sizes, which were 1–2 mm, 0.5–1 mm and 0.25–0.5 mm, respectively (see Fig. 3).

2.3 Optimum pellet percentage of PCM
In this work, bentonite pellets with a single particle size were mixed with bentonite powder as the PCM
(Ma et al. 2021). The pellet percentage ranged from 0–100%, of which 0% and 100% were special cases.
When the pellet percentage was 0%, the PCM was all bentonite powder, and when the pellet percentage
was 100%, the PCM was all bentonite pellets. The maximum packing density and maximum swelling
potential were invoked as the criteria for screening the optimum pellet percentage of the PCM.

2.3.1 Packing density
The determination of the packing density of the PCM was based on the relative density measurement
method of sand in the Standard for Geotechnical Testing Method (GB/T50123-2019 2019). The tests
were undertaken with a pellet percentage of 0–100% and an interval of 10%. First, 30 g of the PCM was
accurately weighed. Then, after the bentonite pellets and bentonite powder were mixed evenly and poured
into a calibrated 100 mL measuring cylinder, the measuring cylinder was inverted and vibrated, repeating
for 3 times. The packing volume of the PCM was measured several times to obtain the average value,
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and the packing density was calculated. The relationship between the packing volume, packing density,
and pellet percentage is shown in Fig. 4. The experimental observations found that with the increase in
the pellet percentage, the structure of the PCM varied from the particle suspended state (pellet percentage
is 0–70%) to the particle contact state (pellet percentage is 80–90%), and then to the particle overhead
state (pellet percentage is 100%). The packing volume of the PCM showed a trend of �rst decreasing and
then increasing, while the packing density varied inversely. When the pellet percentage was 70%, the
packing volume was the smallest, while the packing density was the highest, ranging from 1.03 to 1.10
g/cm3. And with the increase in particle size, the packing tended to be denser.

2.3.2 Free swelling ratio
The free swelling ratio characterized the swelling potential of PCMs with different pellet percentages. The
free swelling ratio test was in accordance with Bentonite (GB/T20973-2020 2020). First, the PCM was
dried at 105°C for 24h, and its weight was accurately taken at 2 ± 0.01 g. Then, the PCM was added into a
calibrated 100 mL measuring cylinder with 90 mL distilled water several times. To avoid too much PCM
to be added at one time and not to fully swell, the amount added per time must not exceed 0.1 g. After all
the PCM was added, distilled water was added to the 100 mL mark of the measuring cylinder, and the top
of the measuring cylinder was sealed with preservative �lm. The volume of the PCM was logged every 2
h. The tests were not stopped until the volume remained constant for at least 48 h, and the free swelling
ratio was calculated.

It can be seen from Fig. 5 that the free swelling ratio of PCM shows a trend of �rst increasing and then
decreasing with the increase in the pellet percentage. The free swelling ratio reached the maximum when
the pellet percentage was 70%, which was consistent with the packing density test results. At the same
pellet percentage, the free swelling ratio tended to decrease with the increase in particle size.

The optimum pellet percentage of the PCM was determined by the packing density and free swelling
ratio. Therefore, the PCM with a pellet percentage of 70% was selected to determine the SWCC.

Swcc Tests

3.1 Sample preparations
The SWCC was measured in the dehumidi�cation path (Feng et al. 2017; Bai et al. 2020). The PCM was
pressed into a ring knife with a diameter of 50 mm and a height of 10 mm according to the set dry
density. Table 2 shows the physical parameters of the PCM before saturation. To limit the swelling
deformation of the PCM due to water absorption and determine the SWCC of the PCM under the
con�nement conditions, �lter paper and porous stone were placed on and below the PCW, which were
clamped together in a steel clamp. The PCM was �rst vacuumized in a vacuum saturation device, then
saturated with distilled water and allowed to stand for 24 h (see Fig. 6).
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Table 2
Physical properties of the PCM for the SWCC test

Dry density / (g/cm3) Pellet percentage / % Bentonite pellets

Dry density / (g/cm3) Particle size / mm

1.50 70 2.00 1–2

70 2.00 0.5–1

70 2.00 0.25–0.5

1.60 70 2.00 1–2

70 2.00 0.5–1

70 2.00 0.25–0.5

1.80 70 2.00 1–2

70 2.00 0.5–1

70 2.00 0.25–0.5

3.2 Test methods
Due to the low hydraulic conductivity of bentonite, the suction can �uctuate from zero to several hundred
MPa (Bian et al. 2020; Yoon and Kim 2021). There is no speci�c technology at this stage to cover this
range of suction, so at least two techniques are required to determine it. In this work, the pressure plate
method was used in the low suction range (Vaz et al. 2021), and the vapour equilibrium technique was
used in the high suction range (Bharat and Gapak 2021). The equipment used in the pressure plate
method test was the 15-bar pressure plate extractor (see Fig. 7a). The matrix suction was 20, 30, 50, 70,
100, 200, 300, 500, 700, 1000, and 1150 kPa, respectively during the test. Because the PCM was saturated
with distilled water and its water content was high during the measurement, it was considered that the
matrix suction measured by the pressure plate method was equal to the total suction, abbreviated as
suction (Fredlund and Rahurdjo 1993; Vaz et al. 2021).

After the pressure plate extractor test, the PCM was cut into 7 parts with similar weight, and placed in the
vapor equilibrium chamber with a oversaturated salt solution (see Table 3) at the bottom to determine the
SWCC of the high suction range(see Fig. 7b). The ambient temperature was controlled at 20 ± 0.5°C, and
the sample was weighed every three days. When the weight variation of the sample was less than 0.01 g
for three consecutive times, it was considered that the suction of the sample was in equilibrium with the
vapor pressure of the corresponding saturated salt solution (Bharat and Gapak 2021). After the
equilibrium, the weight of the sample was measured and the �nal water content was calculated. The
equilibrium process took 3 months.
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Table 3
Saturated salt solutions and their corresponding suctions at 20°C

(Bharat and Gapak 2021)
Saturated salt solutions Relative humidity / % Suction / MPa

K2SO4 96.9 4.2

Zn2SO4 91.1 12.6

(NH4)2SO4 83.2 24.9

NaCl 75.5 38.0

NaBr 59.2 71.0

CaCl2 35.8 139.0

LiCl 10.2 309.0

3.3 Microstructure tests
After the determination of the SWCC of the PCM, the microstructure of the PCM was examined by
mercury intrusion porosimetry (MIP) and scanning electron microscopy (SEM). The pore size distribution
curves of the PCMs with different dry densities were quantitatively measured by mercury porosimetry.
And SEM was utilized to observe the morphological characteristics of the PCMs with different particle
sizes. The in�uence mechanism of dry density and particle size on the SWCC of PCM was discussed
from the micro-level.

Results And Discussion

4.1 Relationship between dry density and SWCC
The SWCCs of PCMs with different dry densities are shown in Fig. 8. In the low suction range (20–1150
kPa), the dry density had a great in�uence on the SWCC. At the same suction, the water absorbed by the
PCM decreased with the increase in dry density. In the high suction range (4200–309000 kPa), the
SWCCs of PCMs with different dry densities coincided. In other words, the dry density had little effect on
the water retention of the PCM in the high suction range.

4.2 Relationship between particle size of bentonite pellets
and SWCC
The SWCCs of PCMs with different particle sizes are illustrated in Fig. 9. In the low suction range (20–
1150 kPa), the smaller the particle size, the higher the water content of the PCM with the same suction.
However, with the increase in suction, the SWCCs of PCMs with different particle sizes tended to be
consistent. In the high suction range (4200–309000 kPa), the particle size had little effect on the water
retention of the PCM. The SWCC can re�ect not only the relationship between suction and water content,
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but also the pore state in soil (Fredlund and Rahurdjo 1993). The SWCCs of PCMs with different particle
sizes were different in the low suction range, indicating that although the bentonite pellets became
homogeneous with the bentonite powder on the macro-level after saturation, the interior of the PCM was
still inhomogeneous on the micro-level.

Hoffmann et al. (2007) analyzed the SWCC of the FEBEX PCM with a dry density of 1.50 g/cm3. Zhang et
al. (2014) determined the SWCC of the GMZ bentonite-sand mixture with a dry density of 1.50 g/cm3 and
a sand content of 30%. The two curves were compared with the SWCCs of the GMZ PCMs in this work
(see Fig. 10). The SWCC of the FEBEX PCM was above the SWCC of the GMZ PCM, but the tendency was
similar. The main reason that the SWCCs of these two bentonites could not be completely coincided was
due to the inconsistency of mineral composition, resulting in different speci�c surface areas and surface
charge densities of particles (Tripathy et al. 2014; Fattah et al. 2017), which would show different water
retention. Furthermore, GMZ bentonite-sand mixture is a feasible buffer back�ll block material for the
HLW disposal in China (Tan et al. 2019; Zhang et al. 2019; Tan et al. 2020). In the low suction range, the
water content of the PCM was more than that of the bentonite-sand mixture under the same suction.
However, in the high suction range, there was no signi�cant difference in the water content between the
two materials under the same suction. It could be inferred that the PCM as the joint sealing material has
better water retention in the low suction range than the buffer back�ll block material, and is not prone to
shrink and crack in the dry environment of the underground disposal repository. And there is little
difference between the water retention of the PCM and that of the buffer back�ll block material in the
high suction range.

4.3 Hydraulic conductivity

4.3.1 Selection of SWCC model
Three commonly used models, namely Fredlund-Xing model (Fredlund et al. 1994), Gardner model
(Gardner 1958), and Van Genuchten model (Genuchten 1980), were selected to �t the SWCC obtained
from the test. It was found that the Fredlund-Xing model had a poor �tting effect, and the Gardner model
had a good �tting effect, with the correlation coe�cients above 0.90, which was the most suitable model
for �tting the SWCC of PCM. For space reasons, only the �tting curves of the three models for the SWCC
of the PCM with a dry density of 1.60g/cm3 and a particle size of 0.5–1 mm are presented in Fig. 11. The
correlation coe�cient of the Gardner model was 0.997.

The Gardner model is generally applicable to sand, and the Fredlund-Xing model and Van Genuchten
model are generally applicable to silt and clay (Gardner 1958; Genuchten 1980; Fredlund et al. 1994). The
particle size of bentonite pellets in the PCM was 2 mm maximum and 0.25 mm minimum, and the pellet
percentage was 70%, so the PCM belonged to sand. Therefore, the Gardner model was the most suitable
model to �t the SWCC of PCM.

The Gardner model is expressed as follows (Gardner 1958):
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  (1)

where φ is the suction, kPa; θs is the saturated volumetric water content, %; θr is the residual volumetric
water content, %; a is the parameter related to the air-entry value; and n is the parameter related to the
pore size distribution. The �tting parameters of the Gardner model for the SWCC of the PCM are given in
Table 4. The dry density and particle size had a great in�uence on a, but had little effect on n. Among
them, with the increase in dry density, a had a greater trend.

Table 4
Fitting parameters of the Gardner model

Particle size of bentonite pellets / mm Dry density / (g/cm3) a n R2

1–2 1.50 20198.26 0.73 0.997

1.60 17002.92 0.74 0.996

1.80 31257.96 0.76 0.996

0.5–1 1.50 13615.49 0.78 0.995

1.60 14041.81 0.78 0.997

1.80 26422.64 0.71 0.994

0.25–0.5 1.50 16962.26 0.74 0.996

1.60 17739.19 0.71 0.990

1.80 41460.37 0.67 0.998

4.3.2 Prediction of unsaturated hydraulic conductivity
Gardner proposed a two-parameter model by considering the pore size distribution and pore geometry
(Gardner 1958; Fredlund and Rahurdjo 1993):

  (2)

where ks is the saturated hydraulic conductivity. a and n were obtained by �tting the SWCC of PCM with
the Gardner model, and it has just been proved that the Gardner model has a good �t. Therefore, it was
feasible to predict the unsaturated hydraulic conductivity of the PCM by using the two-parameter model
proposed by Gardner.

The saturated hydraulic conductivity of 6 groups of PCMs was determined by the variable head
permeability test as shown in Table 5. At the same dry density, the saturated hydraulic conductivity of the
PCMs with different particle sizes was in the same order of magnitude. But as the particle size increased,
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the saturated hydraulic conductivity of the PCM increased and the impermeability decreased. Moreover,
the effect of dry density on the saturated hydraulic conductivity of the PCM was more signi�cant than
that of particle size. When the particle size was the same, the dry density of the PCM increased from 1.50
g/cm3 to 1.80 g/cm3, and the saturated hydraulic conductivity of the PCM decreased from 5.31×10-11

m/s to 1.61×10-12 m/s, an order of magnitude difference. With the increase in dry density, the saturated
hydraulic conductivity decreased and the impermeability increased. 

Table 5
Saturated hydraulic conductivity of the PCM

Specimen
No.

Particle size of bentonite pellets /
mm

Dry
density

/ (g/cm3)

Saturated hydraulic conductivity /
(m/s)

1 1–2 1.60 3.79×10− 11

2 0.5–1 1.60 2.77×10− 11

3 0.25–0.5 1.60 2.38×10− 11

4 0.5–1 1.50 5.31×10− 11

5 0.5–1 1.80 1.61×10− 12

The unsaturated hydraulic conductivity of the PCM was obtained by combining the model with the
saturated hydraulic conductivity (see Figs. 12 and 13). Ye et al. (2009) carried out an unsaturated
hydraulic conductivity test on the compacted GMZ bentonite with a dry density of 1.70 g/cm3, and the
unsaturated hydraulic conductivity ranged from 1.13×10− 13 m/s to 8.41×10− 15 m/s (see Fig. 12). In this
work, the unsaturated hydraulic conductivity of PCMs with a particle size of 0.5-1 mm ranged from
1.27×10− 12 m/s to 9.88×10− 15 m/s. The unsaturated hydraulic conductivity of the compacted GMZ
bentonite with a dry density of 1.70 g/cm3 was between that of the PCM with a dry density of 1.60 g/cm3

and that of the PCM with a dry density of 1.80 g/cm3. Besides, the hydraulic conductivity of the PCM
agreed well with that of the compacted bentonite (Hoffmann et al. 2007). Therefore, it could be
considered that the method used in this work was reliable to predict the unsaturated hydraulic
conductivity of the PCM.

The variation of the unsaturated hydraulic conductivity of the PCM with increasing suction could be
divided into two stages (see Figs. 12 and 13). The suction of 0–1000 kPa belonged to the rapid decline
stage, and the suction of 1000–30000 kPa belonged to the slow decline stage. In the rapid decline stage,
i.e. in the low suction stage, the pore water mainly existed in the inter-aggregate pores, with large pores
and good connectivity. When the PCM varied from a saturated state to an unsaturated state, with only a
small suction, the pore water in the soil could be discharged quickly, and the unsaturated hydraulic
conductivity of the PCM decreased signi�cantly. In the slow decline stage, i.e. in the high suction stage,
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the pore water was mainly in the intra-aggregate pores. With the continuous increase in the suction, the
�ow path of the pore water became smaller and narrower. The pore water was mainly adsorbed on the
surface of the soil particles in the form of pellicular water, and the unsaturated hydraulic conductivity of
the PCM decreased slowly and smoothly.

The unsaturated hydraulic conductivity of the PCMs with different dry densities and a particle size of
0.5–1 mm ranged from 1×10− 12 m/s to 1×10− 15 m/s (see Fig. 12). At the same suction, the unsaturated
hydraulic conductivity of the PCMs with dry densities of 1.50 g/cm3 and 1.60 g/cm3 varied in the same
order of magnitude, but the unsaturated hydraulic conductivity of the PCM with a dry density of 1.80
g/cm3 was one order of magnitude smaller. The results showed that the dry density had a signi�cant
effect on the unsaturated hydraulic conductivity of the PCM. With the increase in dry density, the
unsaturated hydraulic conductivity of the PCM decreased.

The unsaturated hydraulic conductivity of the PCMs with a dry density of 1.60 g/cm3 and different
particle sizes ranged from 1×10− 12 m/s to 1×10− 14 m/s (see Fig. 13). With the increase in particle size,
the unsaturated hydraulic conductivity increased. Comparing the variations in Figs. 12 and 13, it could be
found that the effect of dry density on the unsaturated hydraulic conductivity was greater than that of
particle size.

4.4 In�uence mechanism of SWCC and hydraulic
conductivity
There are two types of pores in bentonite, i.e. inter-aggregate pores and intra-aggregate pores in the PCM,
as shown in Fig. 14 (Lloret and Villar 2007; Agus et al. 2010). The pores with pore sizes larger than 0.2
µm are inter-aggregate pores, while those with pore sizes smaller than 0.2 µm are intra-aggregate pores.
Figure 15 shows the pore size distribution curves of the PCWs with different dry densities and a particle
size of 0.5–1 mm after the SWCC tests. The PCM presented a bimodal pattern in which the intra-
aggregate pores and inter-aggregate pores were dominant. The �rst peak corresponded to the pore size of
0.06 µm, which was the pore size of the intra-aggregate pores. Compaction did not affect on it, and it did
not vary with the dry density. The pore size corresponding to the second peak was 12 µm, which was the
pore size of the inter-aggregate pores. With the decrease in dry density, the size and number of the inter-
aggregate pores increased.

The inter-aggregate pores have a great impact on the low suction (Fredlund and Rahurdjo 1993;
Hoffmann et al. 2007; Wang et al. 2013). The PCM with low dry density had a lot of large inter-aggregate
pores. It could store a large amount of free water and capillary water in the saturated state, and had a
high water content in a high saturation state (low suction range). Due to compaction, the size and
number of the inter-aggregate pores in the PCM with a high dry density became smaller, and the water
content was low at high saturation. In addition, within the high suction range, the pores affecting the
water retention and suction are the intra-aggregate pores (Fredlund and Rahurdjo 1993; Hoffmann et al.
2007; Wang et al. 2013). With the variation of dry density, the size and number of intra-aggregate pores
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remained unchanged. And in the high suction range, pore water is mainly adsorbed on the mineral
surface by intermolecular forces, and compaction can hardly vary the in�uence of mineral adsorption
capacity on water (Fredlund and Rahurdjo 1993). Therefore, in the high suction range, the dry density had
little effect on the SWCC of the PCM. Since compaction has no signi�cant effect on the size and number
of the intra-aggregate pores in bentonite powder compacted samples after the SWCC test (Zhang et al.
2014), it can be inferred that the compaction has no obvious effect on the size and number of the intra-
aggregate pores in bentonite pellets after the SWCC test.

After the SWCC test, the microstructures of the PCMs with a dry density of 1.60 g/cm3 and different
particle sizes are shown in Fig. 16. During the saturation process of the PCM, the high-density bentonite
pellets in the PCM were not homogeneous with the surrounding bentonite powder. The results showed
that the water molecules did not completely enter into the laminated body of the high-density bentonite
pellets, and the internal aggregates of the high-density bentonite pellets did not fully swell, which had the
potential of continuous swelling and healing. The microstructure of the saturated FoCa PCM and MX-80
PCM were tested, and similar conclusions were obtained (Pusch et al. 2003; Van Geet et al. 2005).
Moreover, the bentonite pellets were not in contact with each other, but were suspended in the bentonite
powder and wrapped by the bentonite powder. The interface between the bentonite pellets and powder
had no noticeable shrinkage and cracking, indicating that the PCM is effective as a sealing material for
the HLW disposal.

The SEM images were binarized to obtain the apparent porosity and average pore area. When the particle
size was 1–2, 0.5–1, and 0.25–0.5 mm, respectively, the apparent porosity of the PCM at 500 times
magni�cation was 4.1, 4.5, and 4.7%, respectively, and the average pore area was 138, 112, and 102 µm2,
respectively. According to the pore size in the SEM images, the pores corresponded to the inter-aggregate
pores. Therefore, under the same dry density, as the particle size decreased, the total volume of the inter-
aggregate pores did not change signi�cantly, but the average area of the inter-aggregate pores decreased
from large to small, thus the water �ow of the inter-aggregate pores became more inconvenient and the
water retention of the PCM increased. In other words, in the low suction range, the smaller the particle
size, the higher the water content of the PCM when the suction was the same. In addition, for the sample
preparation of the PCM with the same dry density, the compaction effect was different due to the
different particle sizes. However, it was previously found that the compaction had no signi�cant effect on
the size and number of intra-aggregate pores in the bentonite powder compacted samples and bentonite
pellets after the SWCC test. And the dry density and microstructure of bentonite pellets with different
particle sizes before compaction were all consistent. Thus, under the same dry density and different
particle sizes of the PCMs, the intra-aggregate pores in the bentonite pellets and bentonite powder were
identical. In the high suction range, the particle sizes had little effect on the water retention of the PCM.

After the SWCC test, the PCM was unsaturated, and its microstructure could also be used to analyze the
in�uence mechanism of the unsaturated hydraulic conductivity. The increase in dry density decreased the
size and number of inter-aggregate pores in the PCM under compaction, and the intra-aggregate pores did
not vary signi�cantly. Therefore, in general, the increase in dry density of the PCM led to the deterioration
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of pore connectivity, thus the hydraulic passage per unit section decreased, the unsaturated hydraulic
conductivity decreased, and the impermeability increased. Furthermore, with the increase in particle size,
although there was no obvious variation in the intra-aggregate pores of the PCM, the area of the inter-
aggregate pores increased, resulting in the better connectivity between the inter-aggregate pores and the
increase in the hydraulic passage per unit section. Therefore, the unsaturated hydraulic conductivity of
the PCM increased and the impermeability decreased.

Conclusions
PCM is a feasible material for the joint sealing of HLW disposal. Its SWCC and hydraulic conductivity are
signi�cant theoretical parameters for the hydro-mechanical coupling and long-term safe operation
analysis of the HLW disposal. In this work, the optimum pellet percentage of the PCM was determined,
the in�uence of particle size of bentonite pellets and dry density on the SWCC of the PCM was analyzed,
and the unsaturated hydraulic conductivity of the PCM was predicted by combining the SWCC model and
saturated permeability coe�cient. Besides, the in�uence mechanism of SWCC and hydraulic conductivity
was discussed based on the microstructures. The conclusions are as follows:

(1) When the pellet percentage was 70%, the packing density and free swelling ratio of the PCM were the
highest. With the same pellet percentage, the packing density increased and the free swelling ratio
decreased with the increase in particle size.

(2) In the low suction range (20–1150 kPa), the in�uence of dry density on the SWCC was more obvious
than that of particle size. The dry density and particle size had a negative correlation with the water
content at the same suction. In the high suction range (4200–309000 kPa), the dry density and particle
size had little effect on the SWCC. The Gardner model was suitable for describing the SWCC of PCM.

(3) The hydraulic conductivity of the PCM decreased with the increase in dry density, but increased with
the increase in particle size. The in�uence of dry density on the hydraulic conductivity was greater than
that of particle size.

(4) With the decrease in dry density, the size and number of inter-aggregate pores in the PCM increased.
With the decrease in particle size, the total volume of inter-aggregate pores had no discernible variation,
and the average area of inter-aggregate pores had a decreasing trend. However, the dry density and
particle size had no signi�cant effect on the intra-aggregate pores of the PCM. This can explain the
in�uence mechanism of dry density and particle size on the SWCC and unsaturated hydraulic
conductivity.
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Figures

Figure 1

Particle size distribution of the GMZ bentonite
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Figure 2

Compaction curve of the bentonite powder under a static pressure of 255 MPa
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Figure 3

Bentonite pellets with different particle sizes
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Figure 4

Variation of packing volume and density of PCM with pellet percentage
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Figure 5

Relationship between the free swelling ratio of PCM and pellet percentage
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Figure 6

Test apparatus schematic of vacuum saturation

Figure 7

Test apparatus schematic of SWCC (a) Pressure plate method (b) Vapour equilibrium technique

Figure 8

In�uence of dry density on the SWCC of PCM (a) Particle size of 1–2 mm (b) Particle size of 0.5–1 mm
(c) Particle size of 0.25–0.5 mm

Figure 9
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In�uence of particle size on the SWCC of PCM (a) Dry density of 1.5 g/cm3 (b) Dry density of 1.6 g/cm3
(c) Dry density of 1.8 g/cm3

Figure 10

Comparison of SWCCs of the GMZ PMC, FEBEX PMC, and GMZ bentonite-sand mixture
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Figure 11

Fitting for the SWCC of PCM
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Figure 12

Unsaturated hydraulic conductivity of the PCMs with different dry densities
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Figure 13

Unsaturated hydraulic conductivity of the PCMs with different particle sizes
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Figure 14

Schematic diagram of pore structure in the PCM (Agus et al. 2010)
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Figure 15

Pore size distribution curves of the PCWs with different dry densities after SWCC tests

Figure 16

SEM images of the PCMs with different particle sizes after SWCC tests (a) Particle size of 1–2 mm (b)
Particle size of 0.5–1 mm (c) Particle size of 0.25–0.5 mm


