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Abstract The chemistry of pore water plays an important
role on the hydraulic and mechanical properties of com-
pacted bentonite used as buffer/backfill material in the
repository of high-level radioactive waste (HLW). In this
study, a series of compacted GMZ bentonite specimen with
a dry density of 1.7 Mg/m® were prepared and initially
saturated with NaCl solutions of different concentrations
(0, 0.5, 1.0 and 1.5 mol/L), respectively. The drying pro-
cess was brought forward on the specimens through
increasing their suction by using vapor phase technique.
During the drying process, the cracking behavior of the
specimens was observed; the volume shrinkage and the
water retention characteristics (WRCs) were investigated
with the consideration of the chemistry. The results
obtained show that the compacted specimen initially sat-
urated with distilled water was observed with cracking
when its suction increased to 82 MPa and others were
found to crack off as their suctions increased to 139 MPa,
while no cracks could be observed for the specimens below
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the suction of 82 MPa. For the confined specimens, volume
shrinkage occurred with increase of the suction, accord-
ingly changing their porosity; the void ratio of the speci-
mens decreased as the suction of the soil increased and
increased with the chemistry of the pore water. Meanwhile,
the chemistry of the pore water has more significant impact
on the WRCs of the specimens at a lower suction.
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Introduction

Nowadays, geological repository is being considered for
disposal of high-level radioactive waste (HLW) in several
countries such as China, Belgium, France, Germany, Japan
and Sweden (Dixon et al. 2002; Nakashima 2004; Rodri-
guez et al. 2007; Ye et al. 2007; Hurel and Marmier 2010).
For such a repository, the multi-barrier concept includes
the natural barrier (host rock), engineering barriers made
from bentonite-based materials (placed around waste con-
tainers or used as buffer/backfill elements) and the metal
canisters in proper order [Swedish Nuclear Fuel and Waste
Management Company (SKB), 2001]. Due to its high
swelling behavior, low permeability property and good
adsorption characteristics, compacted bentonite has been
chosen as the first choice of buffer/backfill material in
HLW repository. The swelling pressure of compacted
bentonite makes it possible to maintain the stability of the
repository structure; the low permeability and good
adsorption make it possible to restrict the transfer of
radionuclide released from the waste packages after pos-
sible failure of the canister (Zhang et al. 2004; Nguyena
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et al. 2005; Ye et al. 2007; Chen et al. 2012a, 2015). Up to
now, several kinds of bentonites have been studied for this
purpose, such as MX-80 (Nakashima 2006), FEBEX
(Lloret and Villar 2007), Kunigel-V1 (Sato and Miyamoto
2004), and GMZ bentonites (Ye et al. 2009).

Once compacted bentonite is emplaced in the HLW
repository at great depth, the hydraulic behavior is a key
issue in this context. However, most studies till now refer
to water flux in bentonite-based materials that are supposed
to be homogeneous (Westsik et al. 1983; Cho et al. 1999;
Ahn and Jo 2009; Ye et al. 2009, 2012; Wang et al. 2013a,
b). In reality, there are technological voids existing
between the canister and the bentonite bricks, among the
bentonite bricks themselves, and between the bricks and
the host rock (Chen et al. 2014). Once the repository is
closed and local groundwater conditions are re-established,
the compacted bentonite absorbs groundwater from the
host rock and swells, thereby filling those technological
voids. On the other hand, the saturation degree of com-
pacted bentonite is likely to decrease by means of evapo-
ration due to the high temperature of 50-210 °C originated
from the waste canister (Garcia et al. 2006) or ventilation
(Guillon et al. 2012); thus, the compacted bentonite expe-
riences cyclic wetting/drying processes. Meanwhile, the
chemical concentration of pore water in the repository
varies with the geological environment, such as ground-
water infiltration from surrounding rock, temperature
increase due to nuclear decay, and chemical composition
produced by concrete decay (Ye et al. 2009; Thyagaraj and
Rao 2013). Therefore, the compacted bentonite is subjected
to cyclic wetting/drying processes accompanied by cyclic
salinization/desalination processes, which have a great
effect on its hydro-mechanical behavior (Castellanos et al.
2008).

The drying of compacted bentonite and the evaporation
of its pore water decrease its volume by shrinkage, thereby
resulting in desiccation cracks (Uday and Singh 2013).
Tang et al. (2011) investigated the shrinkage process of soil
resulting from progressive drying; they found that the soil
volume shrinkage was induced by water loss from the
deformable pores. Morris et al. (1992) reported that the
presence of cracks in soil resulted in decreasing the overall
mechanical behavior and increasing the hydraulic proper-
ties. For example, the hydraulic conductivity of cracked
soil is typically several orders of magnitude greater than
that of intact soil (Boynton and Daniel 1985; Albrecht and
Benson 2001; Chen et al. 2009). Thus, the understanding of
volume shrinkage in compacted bentonite is an issue for
the safety analysis of the HLW repository (Hallett and
Newson 2005).

The water retention characteristics (WRCs) are widely
used to describe unsaturated soil; its permeability
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vfunctions, shear parameters, and volume change proper-
ties could be predicted based on its WRCs (Ye et al.
2013). Generally, the WRCs are affected by soil structure,
mineralogy, dry density, initial water content, temperature,
and confining conditions (Lu and Likos 2004; Villar and
Lloret 2004; Thu et al. 2007; Thyagaraj and Rao 2010).
For the HLW repository, the chemical environment at near
field plays a very important role in the WRCs of com-
pacted bentonite (Mata 2003; Mokni 2011; Ravi and Rao
2013). Many experiments for the WRCs of compacted
bentonite showed that the measured total suction was
higher for specimens saturated with salt solution than that
saturated with distilled water, while the measured matric
suction for specimens hydrated with salt water was smaller
than that hydrated with distilled water (Mata 2003;
Thyagaraj and Rao 2010; Mokni 2011; Ravi and Rao
2013). In addition, many empirical equations were
developed for describing the WRCs of compacted ben-
tonite taking into account the effects of dry density (Jac-
into et al. 2009; Villar et al. 2010) or volume change
(Gallipoli et al. 2003). However, in-depth research about
the chemical effects of pore water on the WRCs of
compacted bentonite is still scarce.

In the Chinese concept of the HLW disposal, Beishan in
Gansu Province has been chosen as the preferred con-
struction site (Ye et al. 2009). Previous in situ investiga-
tions indicated that the average total dissolved solids (TDS)
of the groundwater in Beishan was 3—12 g/L, up to 80 g/L
(Guo et al. 2001). Meanwhile, a local Na-bentonite named
GMZ bentonite, collected from Gaomiaozi County (Inner
Mongolia, China), has been selected as the first choice of
buffer/backfill material because of its low permeability,
high swelling property, and availability in huge amounts
(Ye et al. 2010). Many experiments have been set up to
investigate the hydraulic performance (Ye et al. 2009,
2012a), mechanical properties (Ye et al. 2013), and
adsorption characteristics (Chen et al. 2012b, 2013, Chen
et al. 2015a, b). Some attempts have also been made to
study the effects of chemistry on its hydro-mechanical
behavior (Ye et al. 2014a, b; Chen et al. 2015a). Definitely,
investigation on the chemical effects on the hydro-me-
chanical behavior, such as volume change properties and
WRCs, is of great importance for compacted GMZ
bentonite.

In the present work, to investigate the chemical effects
on GMZ bentonite, various concentrations of solution (0,
0.5, 1.0 and 1.5 mol/L) were considered for the specimen
preparation. The drying process was conducted on the
specimens through increasing their suction by using the
vapor phase technique; the cracking behavior of the spec-
imen surface was observed, the volume shrinkage proper-
ties and the WRCs of compacted bentonite were analyzed.
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Materials and methods
Materials

A local Na-bentonite named GMZ (GaoMiaoZi) bentonite
tested in the present work was extracted from the northern
Chinese Inner Mongolia autonomous region, 300 km
northwest from Beijing. It presents a grain size of no more
than 200 pm as shown in Fig. 1. The basic properties of
this material are listed in Table 1 (Ye et al. 2012a). A high
cation exchange capacity and adsorption ability can be
identified. It appears that the proportion of montmorillonite
is dominant in the GMZ bentonite, with a high smectite
content of 75.4 %. The bulk chemical components of the
sample were analyzed using the X-ray fluorescence spec-
trometry as follows (in mass): SiO, 67.43 %, Al,O3
14.20 %, TFe,03 2.40 %, Na,O 1.75 %, CaO 1.13 %, K,O
0.73 %, FeO 0.29 %, TiO, 0.12 %, MgO 0.10 %, P,0s
0.02 %, MnO 0.02 %. Besides, GMZ bentonite also con-
tains some lanthanon, such as La, Ce, and Nd (Chen et al.
2012a).

Specimen preparation

The cylindrical specimen of 20 mm diameter and 6 mm
height was compacted at a dry density of 1.7 g/cm®. For
specimen preparation, a given quantity of GMZ bentonite
power with a water content of 11.76 % was statically
compacted in a stainless steel ring mold to a target dry
density. The displacement-controlled compaction method
described by Ye et al. (2009, 2012b) was followed and the
compaction speed was controlled at 0.1 mm/min. Once the
target displacement was reached, the current load was kept
for 60 min to minimize the possible rebound during the
following unloading. Then, the vertical load was released
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Fig. 1 Grain size distribution of GMZ bentonite

and the compacted specimen was pushed out from the
compaction mold at a rate of 0.2 mm/min (Fig. 2). Finally,
the specimen was confined in ring preventing it from
swelling deformation laterally.

Experimental methods

Firstly, the specimen was saturated with different concen-
trations of NaCl solution of 0 (distilled water), 0.5, 1.0 and
1.5 mol/L, respectively. After that, its corresponding water
content was measured. Specifications of the compacted
specimens prepared for this study are listed in Table 2.

Secondly, the specimen was subjected to a drying pro-
cess through increasing its suction. In this process, the
vapor phase technique proposed by Delage et al. (1998)
was employed for controlling suction of the specimen. For
a given saturated salt solution, specific relative humidity
was found and the corresponding total suction could be
calculated (Table 3). The drying process applied in the
present work was induced by increasing suction from 4.2 to
139 MPa. Once a specimen was placed in a desiccator
filled with the target saturated salt solution, it was regularly
weighted until equilibrium was reached.

When the drying process was finished, the cracking
phenomena on the specimen surface were observed by the
microsoft for crack measurement (KON-FK(B)). This
apparatus is composed of a probe, a host with a visual
interface, a power supply and a USB cable. The host and
the probe shown in Fig. 3 are the key components. Once
cracking occurred on the specimen surface, the maximum
width was measured and the crack pattern images were also
recorded.

Lastly, the water content and density of the specimen
were measured. The gravimetric water content w was
measured by drying for 24 h at 105 °C in an oven. The
density was measured using paraffin-coated specimens
(ASTM 2002). Thereby, the void ratio of the specimen
could be calculated as follows:

G,(1+0.01
14

where w is water content, p is density, G is specific
gravity, and e is the void ratio of the specimen.

Results and discussion

Cracking behavior

The cracking patterns for the specimens initially saturated
with different concentrations of the solution are shown in

Fig. 4. It can be seen from Fig. 4 that the cracking occurred
for the specimen initially saturated with distilled water
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Table 1 Basic properties of GMZ01 bentonite (Ye et al. 2012)

Property Description
Specific gravity of soil grain 2.66

pH 8.68-9.86
Liquid limit (%) 276

Plastic limit (%) 37

Total specific surface area (m* g~") 570

Cation exchange capacity (mmol g~ ") 0.773 0

Main exchanged cation (mmol g~ ")
Main minerals

Na™t (0.433 6), Ca*™ (0.291 4), Mg?™ (0.123 3), K™ (0.025 1)
Montmorillonite (75.4 %), quartz (11.7 %), Feldspar (4.3 %), cristobalite (7.3 %)
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Fig. 2 The compacted GMZ bentonite with a dry density of 1.70 Mg/
3
m

(concentration = 0) when the suction increased to 82 MPa;
the cracks were also observed for all the specimens when
the suction increased to 139 MPa. Besides these, no cracks
were found in the specimen surface when a lower suction
was applied, indicating that the soil would not crack below
the suction of 82 MPa.

Generally, when the microsoft for crack measurement is
applied, the various shades of gray in the crack pattern
images can reflect the water content of the specimen. It is
obvious that the shade of the crack pattern image changed
from charcoal gray to light gray when the suction of the

Table 3 Saturated salt solutions and corresponding suctions (20 °C)
(Delage et al. 1998)

Saturated salt solutions Total suction (MPa)

K,SO, 4.2
ZnSO, 12.6
(NH4),S0, 24.9
NaCl 38
Mg(NO3), 82
CaCl, 139

specimen increased from 82 to 139 MPa. The phenomena
indicated that more residual water retained in the specimen
with a lower suction, which was also confirmed by the
terminal water content of the specimen related to the cor-
responding suction. On the other hand, the maximum width
of the crack was related to the initial concentration of the
solution applied to saturate the specimen. It is evident that
the maximum width of the crack in the specimen surface
increased with increase of the initial solution concentration
from O to 1.5 mol/L. Additionally, for each cracked spec-
imen, the cracking patterns look like “T” shapes. Similar
results were also reported by Tang et al. (2011).

Volume shrinkage

During the drying process, volume shrinkage was recorded
for the specimen when the suction increased, resulting in
its porosity change. The relationship between the void ratio
(e) and the corresponding suction (s) is presented in Fig. 5.

Table 2 Specifications of the

compacted specimens Specimen  NaCl concentration (mol/L)  Dry density (Mg/m3 ) Average saturated water content (%)
So 0 1.70 24.8
M 0.5 1.70 25.4
S, 1.0 1.70 26.0
S3 1.5 1.70 26.2
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(a) The host of the microsoft for crack measurement (b) The probe

Fig. 3 The microsoft for crack measurement. a The host of the microsoft for crack measurement; b the probe

Fig. 4 Crack patterns with
different salt concentrations and
suctions. a S, = 139 MPa,
C = 1.5 mol/L,
b S, = 139 MPa, C = 1.0 mol/
L ¢ Sy = 139 MPa,

= 0.5 mol/L,
d Si = 139 MPa, C = 0 mol/L.
e S, = 82 MPa, C = 0 mol/L,
f S, = 82 MPa, C = 1.5 mol/L

(a) S=139 MPa, C=1.5 mol/L (b) S=139 MPa, C=1.0mol/L

(¢) S=139 MPa, C=0.5mol/L  (d) S=139 MPa, C=0 mol/L
(€) S=82MPa, C=0 mol/L (f) S=82MPa, C=1.5 mol/L
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It can be seen from Fig. 5 that the void ratio of the spec-
imen decreased as the suction increased. For the same
suction, the void ratio of the specimen increased with the
solution concentration conducted to saturate it. This phe-
nomenon demonstrates that the chemistry of pore water
plays a very important role in the volume change properties
of compacted bentonite during the wetting/drying process.

Alonso et al. (1990) has pointed out that with the
increasing suction in soil, the drying process may result in
volume shrinkage and then a decrease in the void ratio. The
vapor phase technique is usually employed to control the
total suction in the specimen. At a given total suction, the
specimen initially saturated with high concentration solu-
tion deservedly has a larger osmotic suction and conse-
quently has a lower matric suction (Mata 2003; Mokni 2011;
Zhang et al. 2012). According to the WRCs, a lower matric
suction corresponds to a higher water content, resulting in a
higher degree of hydration for the soil. Therefore, the
specimen initially saturated with high concentration solu-
tion was hydrated and induced a large porosity.

The influence of suction variety on porosity can be
described by the following equation (Alonso et al. 1990;
Hu et al. 2013):

e=f(s) = ey — A xIn(s), (2)

where s is the total suction (MPa), e is the void ratio at
current suction, e is the initial void ratio, and 4 is the
deformation parameter related to suction.

Considering the different concentrations of the solution
used in the test, the values of ey and A presented in Fig. 5
can be fitted using Eq. (2):

ep = 0.6544 4 0.07786 x C, (3)
A= —0.04809 — 0.01386 x C, 4)

where C is the concentration of the solution (mol/L).

0.6

Measured Fitted

0.52

048 -

10 20 30 40 50 60 70 80 9010°

Suction/(MPa)

Fig. 5 Changes of void ratio with suction
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Using Eq. (2), the simulated parameters are presented in
Table 4 and the fitted results are shown in Fig. 5. It can be
seen from Fig. 5 that Eq. (2) can satisfactorily describe the
relationship between the void ratio of the soil and its suc-
tion with consideration of the chemistry effects of its pore
water.

Changes of water content and porosity versus salt
concentration for the specimen under a suction of
139 MPa are plotted in Fig. 6. As it can be seen, for the
specimen under the suction of 139 MPa, the water content
as well as its void ratio continuously decreased with
increase of the chemistry of pore water. The explanation
to this observation could be that under the high suction,
the specimen which contained salt contracted sharply by
the coupling effects of chemical consolidation and evap-
oration, resulting in cracking off in the soil (Barbouarn
and Fredlund 1989). Therefore, increasingly more chan-
nels appeared in the interior of the specimen, increasingly
more cracks occurred on the sample surface, and then
increasingly more moisture was lost from the soil by
evaporation.

Water retention characteristics

The WRCs for the confined compacted GMZ bentonite
initially saturated with the solution were measured by
following a drying path and the results are presented in
Fig. 7. It can be observed from Fig. 7 that the chemistry of
pore water has a considerable influence on the WRCs. For
all the specimens initially saturated with different con-
centration solutions, the water content decreases as the
suction increases. For a given suction, the water content
increases with increase of the solution concentration, which
means that the specimen saturated with a high concentra-
tion solution has a high water retention capacity. Further-
more, the effects of the chemistry on the WRCs also
depend on the suction in soil. For lower suction (lower than
82 MPa), water retention capacity increases as the con-
centration increases, while for higher suction (higher than
82 MPa), the influence can be negligible, as confirmed by
Fig. 7 that all the specimens have the same water content in
the suction of 139 MPa. This observation could be inter-
preted that for low suction, the high saturation degree
induced the increase of macro-pore size in the specimen
(Mata 2003; Musso et al. 2013), which was enhanced by
the increasing pore-water concentration. However, this
phenomenon fades as the suction increases, which may
result from the decreasing water content.

Many attempts have been made on modeling WRCs
(van Genuchten 1980; Fredlund and Xing 1994; Houston
et al. 2006). Among these, the study of the deformation
effects on the WRCs is still scare (Gallipoli et al. 2003;
Zhou et al. 2012). van Genuchten (1980) and Gallipoli
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Table 4 Parameters related to

. . . . Parameters So M
void ratio with suction

Ss S5 Correlations

e 0.6548

A 0.04848

0.6931

0.05454

0.7314 0.7718 eo = 0.6544 + 0.07786 x C
R? = 0.9997
/.= —0.04809 — 0.01386 x C

R* = 0.9968

0.06176 0.06918

4 0.40

w (%)
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Fig. 6 Changes of void ratio and water content with salt concentra-
tion under 139 MPa
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Fig. 7 WRCs of compacted GMZ bentonite specimens with different
salt concentrations

et al. (2003) proposed the following equation to describe
the water content variety for a deformable soil:

w=f(e,S) = wy x {1 + [(gy x sr}m, 5)

where a, ¢, n, and m are model parameters.
Substituting Eqgs. (2) and (3) into Eq. (1), the following
equation can be obtained:

e=f(s)
= (0.6544 + 0.07786 x C)
— (—0.04809 — 0.01386 x C) x In(s). (6)

Combining Eqgs. (5) and (6), the WRCs could be
described for the confined compacted GMZ bentonite with
the consideration of concentration of pore water and
deformation of soil. In this study, the WRCs for the
specimen were fitted by using Eqgs. (5) and (6), and the
parameters obtained are presented in Table 5 and the fitting
curves are shown in Fig. 8. Comparison between the cal-
culated results and the measured ones indicate that the
proposed equations well describe the influences of the
chemistry of pore water and the deformation of soil on the
WRCs for the tested specimen.

Conclusions

In this study, the chemistry of pore water took into account
the hydro-mechanical properties of compacted GMZ ben-
tonite. The cracking behavior induced by the drying pro-
cess was observed; the volume shrinkage resulted from
increasing suction was also recorded. Finally, the water
retention characteristics were analyzed with consideration
of the influence of chemistry and deformation. Based on
the obtained results, the main conclusions can be extracted
as below:

1.  For compacted GMZ bentonite, the chemistry of pore
water plays an important role on its cracking behavior
during the drying process. The specimen initially
saturated with distilled water was observed with
cracking when its suction increased to 82 MPa and
others were found to crack off as the suction increased

Table 5 WRC parameters of different salt concentrations

Parameters So M S5 S3

a 15.81 36.66 77.03 99.04

n 0.7322 0.7578 0.6019 0.6339
m —2.337 —-2.161 —2.550 —1.058
¢ —2.962 —2.063 —1.805 —1.175
R? 0.9742 0.9714 0.9592 0.9736
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Fig. 8 WRCs models verification of compacted GMZ bentonite specimens with different salt concentrations. a Sy, b S;, ¢ S5, d S3

to 139 MPa. No cracks could be observed for the
specimen below the suction of 82 MPa.

2. For confined specimen, volume shrinkage occurred
with increase of the suction and accordingly changed
its porosity. The void ratio of the specimen decreased
as the suction increased and increased with the
chemistry of pore water.

3. The chemistry of pore water has a considerable
influence on the WRCs. For all the specimens, the
water content decreased as the suction increased. For a
given suction, the water content increased with
increase of the solution concentration. The chemistry
of pore water has more significant impact on the
WRCs at a lower suction.
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