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Abstract

In this study, water retention tests under free swelling conditions were performed to investigate the water intake (or loss)
behaviour of compacted GMZ bentonite. First, the water retention characteristics were investigated, and then the micro-
scopic pore structure was observed by environmental scanning electron microscope (ESEM). The results indicate that GMZ
bentonite has a strong swelling (or a limited shrinkage ability) due to water intake (loss). The suction behaviour of GMZ
bentonite is similar to MX80 bentonite and FEBEX bentonite. We also find that the confinement conditions can affect the
suction behaviour of the material, especially at high relative humidity (RH). Additionally, a mathematic model can fit the
mass change data very well. Microscopic tests show that the granular sensation of GMZ bentonite is obvious for a sample
at low RH. With the increase in RH, the surface of GMZ bentonite becomes more smooth. The differences in the porosities
calculated by the macroscopic and microscopic tests can be attributed to image resolution. The inter-laminar pores and intra-
aggregate pores cannot be observed by the ESEM method. In addition, ESEM observation can provide an intuitive basis for
the further research of the seepage property of GMZ bentonite.

Keywords GMZ bentonite - High-level radioactive waste - Free swelling conditions - Water intake (loss) - Microscopic
observation

Introduction

With the rapid development of the national economy, energy
shortages have gradually become a serious problem in many
countries, including China. The Chinese government has
paid an increasing attention to the utilization and develop-
ment of nuclear energy. The development of nuclear energy
has produced a great deal of nuclear waste, and how to prop-
erly and safely dispose of this nuclear waste, especially the
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high-level radioactive waste, has become an urgent prob-
lem. For the final disposal of high-level radioactive waste,
the feasibility of the scheme accepted by many countries is
the deep geological disposal of high-level radioactive waste
(Chen et al. 2014; Cui et al. 2012; Liu et al. 2014a, b; Ye
et al. 2014a). After curing and filling, the waste is buried in
a stable stratum at a depth of 300-500 m underground and
is isolated from the human environment.

The design concept of a “multi barrier system” is adopted
in deep geological disposal, including geological barriers
of surrounding rock, engineering barriers based on buffer
/ backfill material and waste storage vessels (Alonso et al.
2005; Komine 2004; Liu et al. 2014a). In this context, ben-
tonite or bentonite-based materials are chosen by many
countries as buffer or backfill materials. In particular, the ini-
tial state of bentonite is only partially saturated. With time,
the swelling of bentonite will occur due to water absorption
from the surrounding host rock, closing up any construction
gaps in the repository, and hence sealing is obtained (Horse-
man et al. 1999; Villar and Lloret 2007; Wang et al. 2012).
These gaps are widely distributed between the bentonite
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blocks themselves, canister and blocks, blocks and host rock
and the fractures in the EDZ (excavation damage zone) of
the host rock due to construction. Regarding the confine-
ment conditions, the bentonite materials first experience
free swelling (prior to filling the gaps) before being con-
fined by the host rock. During this period, the pore struc-
ture changes gradually due to the swelling of the bentonite,
which can further affect its hydraulic property. Therefore, a
proper understanding of the water retention and micro-pore
structure behaviour of the compacted bentonite or bentonite-
based material during the hydration process is critical for the
evaluation of its sealing behaviour.

The water retention property of compacted bentonite
when in contact with water has been widely investigated by
many researchers. The initial physical properties (dry den-
sity, water content, and clay mineral content) and the initial
state (loose or compacted) can largely affect the water reten-
tion property of compacted bentonite (Komine and Ogata
1994, 1999; Lloret and Villar 2007; Marcial et al. 2002;
Villar and Lloret 2008; Wang et al. 2012). In addition, the
effect of temperature and the chemical composition of the
saturated fluid also have an influence on the water retention
property of compacted bentonite (Shirazi 2010; Ye et al.
2013, 2014b). The water retention property of compacted
bentonite also has a close relationship with its hydraulic
behaviour, which is a key indicator to evaluate the sealing
ability of the bentonite buffer (Camillis et al. 2016; Chen
et al. 2015; Komine 2010; Mishra et al. 2011). Wetting leads
to the increase in water content, and hence the hydraulic
conductivity decreases, whereas wetting also leads to the
swelling of bentonite, and hence increases its porosity and
the hydraulic conductivity (Liu et al. 2015). This means the
increase in water content and the porosity caused by wetting
play a contrary effect in the change of the hydraulic behav-
iour of compacted bentonite. Although many researchers
have made significant contribution in this filed, there is still
some work that should be done to clarify its swelling (or
shrinkage) mechanism, especially at the microscopic level.
In recent decades, some researchers have investigated the
microscopic pore structure of porous median by means of

Table 1 Mineral species and content of GMZ bentonite powder

SEM, NMR, CT and FIB/SEM (Blunt et al. 2013; Houben
et al. 2013; Li et al. 2018; Song et al. 2015). Within these
methods, SEM is the most widely applied because of its
high resolutions and low cost. In addition, SEM images can
supply direct information on the real pore network and can
qualitatively and quantitatively characterize the pore struc-
tures of the porous media.

This study focuses on the water properties of the GMZ
bentonite under free swelling conditions and different rela-
tive humidity (RH). A mathematic model is chosen to simu-
late the mass variation under different RH. Then, a SFG
model is utilized to predict the change in the porosity of
compacted GMZ bentonite under different RH. Lastly, we
further analyse its swelling (shrinkage) property from the
microscopic level by the method of ESEM.

Experimental methods
Materials and sample preparation

The material used in this study is GMZ bentonite that
obtained from the northern Chinese Inner Mongolia autono-
mous region, 300 km northwest of Beijing. The main min-
eral compositions of GMZ bentonite are listed in Table 1.
It can be seen that the main mineral of the GMZ bentonite
is clay mineral, whereas montmorillonite occupies 98% of
total clay minerals. The particle-size distribution of GMZ
bentonite powder measured with the laser scattering method
is shown in Fig. la.

These powders were pre-conditioned in a desiccator with
an RH of 43% and a temperature of 22 °C until a constant
mass (w=10.20% +0.10) was obtained. This period usu-
ally last more than 1 month to obtain the mass stabiliza-
tion. According to the water content and target dry density
(p, =1.70 g/cm®+0.05) and dimension of the sample [20
(height) X 25 mm (diameter)], we can calculate the mass of
the powder that needs to compact the sample. It should be
noted that the dry density was calculated with the initial
volume, i.e., the sample just after compaction. Then, the

Mineral species and content (%)

Content of clay mineral (%)

Quartz Potash feldspar  Plagioclase Calcite Christobalite Clinoptilolite

23 1.5 4.5 / 8 4.7 58.3

Relative content of clay minerals (%) Mixed-layer ratio
M, %

M ™ I K C C/M ™ C/M

98 / 2 / / / / /

M is montmorillonite, I is illite, K is kaolinite, C is chlorite
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Fig. 1 a Particle-size distributions of GMZ bentonite powder, b pore-
size distribution of GMZ bentonite

prepared powders were compacted in a dedicated steel cylin-
drical mould with a compression speed of 0.1 mm/min. The
first sample was put in a drying oven with a temperature
of 105 °C to check the water content and dry density. If
the target values were reached, the other samples were pre-

In this study, pressure-controlled porosimetry (PCP)
was used to investigate the pore size distribution (PSD) of
the GMZ sample. As shown in Fig. 1 (b), the pore size of
compacted GMZ bentonite exists mainly within the range
of 0.01-1.0pm.

Experimental procedure

Both cylindrical samples and small cubic pieces (used for
ESEM testing) were placed in the desiccators with differ-
ent RH, including 11%, 75%, 85%, 95% and 98%. These
relative humidities were provided by various salt solutions,
see Table 3. These desiccators were put in a room with a
temperature of 22°C+1 °C. Mass and dimension (just for
cylindrical samples) were regularly measured and recorded
every 0.5 h, 1 h, 2 h, 4 h, 8 h, and followed by once per
week. The dimensions were measured regularly during
these steps using digital calipers that are accurate to within
0.01 mm. Recording was stopped when the mass variation
came within 0.01 g in three consecutive measurements.

ESEM was chosen to observe the pore structure of the
GMZ bentonite under different RH. Compared with the
traditional SEM method, ESEM can prevent water loss
during the observation. The entire experimental procedure
is shown in Fig. 2.

Table 3 Salt solutions and corresponding RHs

RH 11% 75% 85% 95% 98%
pared. The obtained physical characteristics for all samples
. . Salt solution LiCl NaCl KCl KNO; K,SO,
are given in Table 2.
Table 2 Primary characteristic GMO0 GMO1 GMO02 GMO3 GMO04 GMO5
of GMZ bentonite sample
miy; (8) 18.30 18.37 18.28 18.31 18.39 18.37
d (mm) 25.22 25.25 25.25 25.24 25.23 25.23
h (mm) 20.01 19.96 20.01 20.00 20.05 20.04
Myry (€9) 17.02 - - - - -
P (g/cm3) 1.70 - - - - -

my; is the mass of the sample just after compaction; d and 4 are the diameter and height of the sample; m,,
is the mass of the sample after oven-drying; p, is dry density of the sample. For samples GM01 ~GMO5,
dry density cannot be measured because they were cut into small pieces to perform SEM test after water

retention test
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Fig.2 Experimental procedure
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Fig.3 Evolution of relative mass vs. time: measured data and fitting
result

Results and analysis
Water retention characteristics
Mass evolution under different RH

Figure 3 shows the relative mass variation vs. time of GMZ
samples under different RH. It can be found that the samples
absorb water under RH=75%, 85%, 95%, and 98%, whereas
the sample loses water under RH=11%. For all samples, mass
increase (loss) mainly occurred during the first week, more
than 90% of the total mass increase (or loss). There is not
much difference regarding the time needed for the mass of
the sample to become stable. Overall, mass variation becomes
stable after 1 month.

The sorption of the spherical sample under constant RH can
be modelled by a series of exponential functions (Crank 1975),

6 v 1 Dx?
MtZMf l—pgﬁexp <F}’l2t> , (1)

S

@ Springer

Cylindrical Macroscopic
sample experiment
. Microscopic
Small cubic cop
. observation test
pieces (ESEM)
Table 4 Fitting parameters RH m, c R
11% —3.92 0.5209 0.955
75% 2.2 0.6894 0.9866
85% 3.1 0.5866 0.9941
95%  4.94 03955 0.9785
98% 6.62 0.2788 09711

where M, is the total mass passed from the surface of a
sphere in a finite time, M, is the total mass passed after the
infinitely long time, D is the diffusion coefficient and R, is
the radius of the sphere.

Tada and Watanabe (2005) rewrite the above equation as

M, =Mf<1 —bzll\]%exp(—cnzt)), 2)

N

where b is the inverse of the sum of ), 1/n% and c is equal to
1

Dr*/R%.

Tada and Watanabe (2005) found that Eq. (2) (N=5 is
enough) can simulate the sorption process of the porous
material even though the sample is not strictly spherical.
Similarly, Liu (2011) also verified that this conclusion is
feasible for cylindrical samples. Therefore, we attempted
to simulate the experimental results of sorption with
Eq. (2). As shown in Fig. 3 and Table 4, the mathematic
model can simulate the experimental results very well,
especially at the initial phase of the sorption.

It is assumed that the equivalent radius R of the samples
is constant, because the sample sizes in our tests are invari-
able. The parameter c is equal to Dz /R? in Eq. 2. Then, we
can deem that the parameter c is proportional to the diffusion
coefficient D and the variation in the value of the parameter
c directly reflects the variation in the diffusion coefficient D.
Thus, for the GMZ bentonite, ¢ varies from 0.2788 to 0.6894
and this indicates that RH deviation has a certain influence
on the diffusion coefficient. For GMZ bentonite, parameter
c generally decreases when the RH increases in the sorption
process (in the case of RH="78%~98%), and therefore it can
be said that D increases when RH decreases.
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Fig.4 Comparison of relative volume variation under different RHs
between GMZ bentonite and MX80 bentonite—sand mixture

Volume evolution under different RH

Figure 4 presents the relative volume variation vs. time
of GMZ samples under different RH. The overall trend is
similar to the relative mass variation. It is amazing that the
volume increase at RH=98% is 18.28%. At RH=100%,
we did not measure the volume change of GMZ bentonite
due to some reasons. According to our previous research,
the volume change is 72.48% for MX80 bentonite—sand
mixture (py = 1.7 g/lcm?) at RH=100% (see Fig. 4). There-
fore, it is foreseen that the volume change of GMZ benton-
ite in RH=100% is also very high, which hints a strong
swelling ability of GMZ bentonite. As a result, the benton-
ite can fill the technical voids (e.g., the voids between the
canister and the buffer and between the host rock and the
buffer) in situ when contacting with water from the host
rock, which is favourable for the sealing of the bentonite
buffer.

At RH=11%, the relative volume decreases by 1.85%,
which indicates a limited shrinkage ability of GMZ ben-
tonite when losing water. A similar phenomenon was also
observed by Liu et al. (2014b) for MX80 bentonite—sand
mixture under free swelling conditions, see Fig. 4. It is
found that GMZ bentonite has a higher swelling abil-
ity than MX80-sand mixture at RH=75%~95% except at
RH=98%. In fact, the swelling ability is strongly dependent
on the composition (e.g., montmorillonite content) and the
initial state of the compacted materials (e.g., dry density
and water content). Regarding the two materials, they have
the same initial dry density (1.7 g/cm?) and different initial
water (10.28 vs. 15.2%) content and compositions. Anyhow,
both of the two materials show significant swelling ability
when the materials approach saturation under free-swelling
conditions.

WRCs of GMZ bentonite

Figure 5 presents the wetting path of the water retention
curves (WRCs) for GMZ bentonite obtained under free
swelling conditions (unconfined). It is found that the wet-
ting path is nonlinear. Compared with other two kinds of
bentonite (MX80 bentonite and FEBEX bentonite), their
suction behaviours are very close, especially at high suc-
tion. It seems that the water retention ability of MX80
bentonite is higher than the other two kinds of bentonite
at the low suction. However, the disparity is limited. The
limited difference is related to their small differences in
the mineral compositions.

Regarding the confinement conditions, the effect is
not clear at low water content (high suction), whereas an
obvious difference is observed at high water content (low
suction). As indicated by many researchers (Cariou et al.
2013; Hoffmann et al. 2007; Liu et al. 2018), bentonite is
a double-porosity network material. At high suction (low
RH), there is sufficient space at an inter-aggregate scale to
allow the swelling of intra-aggregate pores. As a result, the
water retention behaviour is insensitive to the confinement
conditions before the inter-aggregate pores are completely
filled with swelling clay aggregate. At low suction (high
RH), the volume of inter-aggregate pores will increase
because of the swelling of the intra-aggregate pores. As
a result, there is an increase in the total volume and more
water is absorbed when the swelling condition is uncon-
fined. However, this is not the case in a confined condition.

B Pure MX80 bentonite-unconfined-1.70 (Materical, 2002)
3 v. ® Pure FEBEX bentonite-unconfined-1.76 (Lloret, 2007)
F Pure GMZ bentonite-unconfined-1.70-current study
100 | 9592, v Pure GMZ bentonite-unconfined-1.70 (Ye, 2014)
[ : 4 Pure FEBEX bentonite-confined-1.70 (Villar, 2007)
| w s Pure MX-80 bentonite-confined-1.70 (Marcial, 2003)
’:3\ 10 b "’ Pure GMZ bentonite-confined-1.70 (Ye, 2014)
E [ v ‘. ]
= L [ ]
(o) 1 E * v
o r ° "
5% L
(% 0.1F v
0.01 | v
E T R PR | I SR S S |
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Fig.5 Water retention curves of GMZ bentonite, MX80 bentonite
and FEBEX bentonite
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Void ratio evolution
Evolution of void ratio under different RH

Void ratio is an important factor to evaluate the hydraulic
property of the unsaturated soil. The initial void ratio is
given by

Vv—ini Vini - Vs
e. . = — = _—
ni = v 3)

S S

where e is the void ratio, V;,; is the initial volume of the
sample, V,_; . is the initial volume of the voids and V/ is the
volume of the solid particle. In addition, V can be calcu-
lated by the following equation:

my

V= —,
o “
where m is solid particle mass, which is equal to the dry
mass m, - p, is the granule density, which is 2.64 g/cm? for
GMZ bentonite. Therefore, we can rewrite Eq. (3) as
Vii = Vs _ Viai
Cini = TS = mi:Ps -1 (5)
During the sorption (or desorption) process, the void ratio
e, at time t can be calculated as follows:

e = | (Vt_VS)ps _ (V‘_ Ts)p“ _Viog—mg  Vipg 1
=, = = = =—-1,

Vs m m m my
Q)

where V, is the volume of the sample at time t which can
be measured directly. As shown in Fig. 6, the void ratio
increases rapidly during the first week, and then its value
tend to be stable. Again, it is found that GMZ bentonite
has a strong swelling (a limited shrinkage) ability at high

S S S
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L 4
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Fig.6 Evolution of void ratio with time
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(low) RH. The changes in the void ratio are 0.028, 0.109,
0.158, 0.226, 0.283 and 0.312 for RH=11%, 75%, 85%, 95%
and 98%. The difference of the void ratio at RH=11% and
RH=98% is 0.312, which hints at an apparent change in the
pore structure under high RH (low suction). This phenom-
enon will be further analysed with ESEM technology.

Relationship between void ratio and suction

For unsaturated soil, the volume change is due to the suc-
tion change and (or) the action of external stress. Sheng
et al. (2008) proposed a SFG model, which can simulate
the deformation of the unsaturated soil.

de - b dp + A ds
Vo oy T h+s) ()]

)

whereey, is the volume change, v = 1 + e is the specific vol-
ume and e is the void ratio, p = p — u, is the mean net stress,
u, is the pore-air pressure, s = u, — u,, is the suction, 4, is
the normally consolidated consolidation coefficient, 4, is the
consolidation coefficient corresponding to the suction and
A, gradually decreases to zero at high soil suctions. Usually,

A, can be taken from

A §s<S
A, = w -
Vs /Iv St s> (8)

G sa

where s, is the saturation suction; 1 is added to avoid the
singularity of functions and can be overlooked if s, is not
equal to zero. According to experimental data, the suction-
void ratio curve can be fitted very well where Avp = 0.049,
see Fig. 7. According to this model (curve), it is easy to
predict the void ratio (porosity) at a given suction (RH).

0.85¢ 10.48
0.80 1
0.75 y,! = measured void ratio 1045
.g v measured porosity Jo42 2
S 0.70F W void ratio fitting curve 'g
Tg 0.65 - - porosity fitting curve 10.39 3
2 ~
0.60 10.36
L . v
0.55 T, 4033
0.50
| .30

0 50 100 150 200 250 300
Suction (MPa)

Fig. 7 Relationship between the void ratio and suction
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Micro-analysis of GMZ bentonite

Evolution of the microstructure of GMZ bentonite
under different RH

As indicated before, the ESEM method is chosen to analyse
the changes in the pore structure of GMZ bentonite under
different RH (suction). As shown in Fig. 8a—c, we chose
the samples under RH=11%, 75% and 85% of the three
representative RHs to analyse. It is clear that the aggregates
are densely assembled and there are many small and con-
nected pores in the surface of the sample at low RH. With
the increase in RH (or decrease in suction), the clay particles
absorb water and fill some pores, which make the surface of
the sample look smoother. The numbers of small and con-
nected pores decrease greatly. Other researchers attribute
this phenomenon to the exfoliation of the particle when RH
increases (Wang et al. 2013). Considering the good swell-
ing ability of GMZ bentonite (Fig. 4), the former explana-
tion seems to be more suitable. It seems that the porosity
decreases when RH increases, because the number of the
pores decreases significantly (see Fig. 8 (c)). However,
according to Fig. 7, the porosity increases with the increase
in RH (decrease in suction). This difference will be analysed
later.

Regarding the seepage property of GMZ bentonite, it
seems to be that there are fewer pores (connected pores)
in the surface of the sample at high RH, which makes fluid
migration more difficult. However, the volume of the sam-
ple actually increases at high RH, which hints that there
are more pores for fluid migration. There exists a contradic-
tion between the observation from the ESEM image and the
actual volume (or porosity) measured by the suction test.
This contradiction is closely related to the pore structure of
the bentonite.

Quantitative analysis of porosity (void ratio)

To quantify the change of the porosity, we use box counting
method in the MATLAB to analyse the ESEM photograph
and to determine the representative elementary area (REA).
It should be clarified that the calculation only involve 2D
image only, so it is not really the porosity. To make the
analysis more statistically reliable, we select five different
locations of the image (top left, top right, center, bottom
left, bottom right) (see Fig. 9a). Then, a box is wrapped over
the top of the image and is served as the virtual boundary
of the image. The image is binarized using the determined
threshold value. The criterion for the determination of the
threshold value is based on the consideration of two factors.
The first factor is the discrepancy between the thresholded
and the original images, while the second factor is the num-
ber of bits required to represent the thresholded image. More

B
mode spot| HF
> SE [ 4.0 149 um

A

\ WD |mag O| det |mode|spot| HFW
30.00 kV[10.9 mm|2000x |GSED| SE [4.0 [149 um

Fig.8 ESEM photographs of GMZ bentonite samples equilibrated at
aRH=11%,b RH=75% and ¢ RH=98%
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.

HY | WD |mag O

30.00 kV[10.8 mm| 2 000 x

Fig.9 a The different locations selected at ESEM image for the
determination of REA, b Different size of REA

details can be found in Yen et al. (1995). The internal poros-
ity in the virtual boundary is calculated by dividing the area
of the pores in the virtual boundary the box by the area of
the box. Lastly, the boundary is increased by every 50-pixel
points until arriving at the margin of the image and the cor-
responding porosity is calculated (see Fig. 9b).

Figure 10a—c present the porosities calculated by analys-
ing the ESEM images from RH=11%, 75% and 98%. It
is found that the values of the porosity fluctuate obviously
when the box size is less than 30 pm. This means that this
box size cannot represent macro GMZ bentonite sample due
to the poor homogeneity. With the increase in the box size,
the value of the porosity at the same position is gradually
converged and the curve tends to be gentle. The convergence
value is the porosity of the GMZ bentonite sample under

@ Springer
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the corresponding RH. When the stable value is reached,
the corresponding box size is the length of the characteriza-
tion unit. These values are 100 um for RH=11%, 90 um for
RH=75% and 110 um for RH=98%, and the correspond-
ing unit areas are 10000um?, 8100pum? and 12100um?,
respectively.

Based on ESEM images, the calculated porosities (appar-
ent porosity) are 0.13 (RH=11%), 0.19 (RH=75%) and
0.14 (RH=98%), which are largely different from the values
calculated by the volume changes (macro-porosity) in the
suction test (see Table 5). This difference is closely related
to the pore structure of the bentonite and the threshold value
chosen for the binarization of SEM image. As shown in
Fig. 11, the basic unit of bentonite particles is a crystal layer.
There are some small pores (Pore I: inter-laminar pore) in
the crystal layer, and a number of crystal layers compose of a
granule. These granules gather together to form aggregates,
and there exist some pores in the aggregate (Pore II: intra-
aggregate pore), and between the aggregates and aggregates
(Pore II: inter-aggregate pore). That is, the pores in the ben-
tonite are composed of these three kinds of pores. With the
increase in RH, the clay particles absorb water and swell,
leading to the increase in the porosity. However, with the
ESEM images, only Pore III in the surface of the sample can
be observed, and the porosity calculated with ESEM images
is in fact the apparent porosity @,

Table 5 The porosity calculated with different methods

Porosity RH=11% RH=75% RH=98%
Volume change method 0.34 0.40 0.45
ESEM method 0.13 0.19 0.14

Fig. 11 Schematic distributions
of the basic unit of bentonite
particles (Agus et al. 2010)

ARRANGEMENT OF
CLAY CLUSTERS

_ Vin
a = , )]

where V] is the volume of inter-laminar pore, V}; is the vol-
ume of intra-aggregate pore, Vy; is the volume of inter-
aggregate pore and V is the volume of solid particle (see
Fig. 12). From RH=75% to RH=98%, V|;; decreases while
V; and V}; increase, which lead to a decrease in @,. With the
traditional method, the porosity calculated by the volume
change is in fact the macro-porosity @,,,,

g = Vi+Vi+ Vi
m

TV V4 Vg + Vs (10)

N
Vi inter-aggregate pore
Vi Intra-aggregate pore
Vi inter-laminar pore
Vs bentonite solid
-

Fig. 12 Schematic diagram for the calculations of apparent porosity
and macro-porosity
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From the Eqs. (8) and (9), it is clear that why @, is cur-
rently smaller than @,,. Generally, there are some empirical
formulas, which can predict the fluid permeability from
the porosity. However, the inter-laminar pores and intra-
aggregate pores contribute little to the transport of fluid
flow. It means that we should adopt @, rather than §,, to
calculate the permeability. Overall, the two-dimensional
microscopic observation can be used to observe the evolu-
tion of pore structure more intuitively, which can be used
to further study the seepage characteristics of GMZ ben-
tonite and to provide some micro-scale basis.

Conclusion

The water retention and microstructure characteristics of
compacted GMZ bentonite were investigated by both theo-
retical analysis and microscopic observation. It is found
that GMZ bentonite has a good swelling ability at high RH
and a limited shrinkage ability at low RH, which is favour-
able for the sealing of the entire artificial barrier. Com-
pared with MX80 bentonite and FEBEX bentonite, their
suction behaviours are very close, especially at high suc-
tion. Regarding the confinement conditions, their effects
are obvious at low suction (high RH), whereas the effects
can be overlooked at high suction (low RH).

The mathematic mode can fit the experimental data very
well with a very high fitting coefficient. Mass evolution
data indicate that RH has a certain effect on the diffusion
coefficient, and its value increases with the decrease in
the RH. With the SFG model, it is possible to predict the
porosity (void ratio) when the sample reaches the stable
state under a certain RH (or suction).

ESEM observation shows that there are many small and
connected pores in the surface of the sample at low RH,
and the granular sensation is obvious. With the increase
in RH, the numbers of small pores and connected pores
decrease greatly and the surface of the sample becomes
smoother. The value of porosity calculated by the ESEM
image is largely different from the value measured in
the suction test. This phenomenon has a close relation-
ship with the pore structure of GMZ bentonite, because
the inter-laminar pores and intra-aggregate pores cannot
be observed by ESEM technology. Additionally, ESEM
observation can supply some intuitive basis for the further
research of the seepage property of GMZ bentonite.
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