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a b s t r a c t

In high-level nuclear waste (HLW) repositories, concrete and compacted bentonite are designed to be
employed as buffer materials, which may raise a problem of interactions between concrete and
bentonite. These interactions would lead to mineralogy transformation and buffer performance decay of
bentonite under the near field environment conditions in a repository. A small-scale experimental setup
was established to simulate the concrete-bentonite-site water interaction system from a potential nu-
clear waste repository in China. Three types of mortars were prepared to correspond to the concrete at
different degradation states. The results permit the determination of the following: (1) The macro-
properties of Gaomiaozi (GMZ) bentonite (e.g. swelling pressure, permeability, the final dry density,
and water content of reacted samples); (2) The composition evolution of fluids from the synthetic site
water-concrete-bentonite interaction systems; (3) The sample characterization including Fourier trans-
form infrared spectroscopy (FTIR) and X-ray powder diffraction (XRD). Under the infiltration of the
synthesis Beishan site water (BSW), the swelling pressure of bentonite decreases slowly with time after
reaching its second swelling peak. The flux decreases with time during the infiltrations, and it tends to be
stable after more than 120 d. Due to the cation exchange reactions in the BSW-concrete-bentonite
systems, the divalent cations (Ca and Mg) were consumed, and the monovalent cations (Na and K)
were released. The dissolution of minerals in the bentonite such as albite causes Si increasing in the pore
water. It was concluded that the hydro-mechanical property degradation of bentonite takes place when it
comes into contact with concrete mortar, even under low-pH groundwater conditions. The soil disper-
sion, the uneven water content, and the uneven dry density in bentonite samples may partly contribute
to the swelling decay of bentonite. Therefore, the direct contact with concrete has an obvious effect on
the performance of bentonite.
© 2024 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

The advent of nuclear energy has prompted concerns about the
safe disposal of high-level nuclear wastes (HLW). It is accepted that
the most reasonable way to dispose of the HLW is to build a multi-
barrier system in deep repositories (Villar and Lloret, 2008; Ye et al.,
ock and Soil Mechanics, Chi-

s, Chinese Academy of Sciences. Pr
y-nc-nd/4.0/).
2010). The long-term safety of nuclear waste repositories is a
geological problem faced by all countries with nuclear technology.
Bentonite and concrete are selected as important components of
the multi-barrier system in disposal (Pusch, 1979; Karnland et al.,
2007). Bentonite, due to its inherent material advantages, plays
an important role in the physical and chemical security around
nuclear waste canisters, such as blocking the migration of nuclides
and providing mechanical support. On the other hand, concrete or
cement materials are often used in large quantities to reinforce the
surrounding rock and block the groundwater (Glasser 2001; Liu
et al., 2023). During the long-time storage of the repository, the
oduction and hosting by Elsevier B.V. This is an open access article under the CC BY-

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:cyg@tongji.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jrmge.2024.01.027&domain=pdf
www.sciencedirect.com/science/journal/16747755
www.jrmge.cn
https://doi.org/10.1016/j.jrmge.2024.01.027
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jrmge.2024.01.027
https://doi.org/10.1016/j.jrmge.2024.01.027


Z. Sun, Y.-G. Chen, W.-M. Ye et al. Journal of Rock Mechanics and Geotechnical Engineering 16 (2024) 3786e3797
concrete would suffer from the infiltration of site water. As a result,
the cement degrades with time (Savage, 1997; Nakayama et al.,
2004; Fern�andez et al., 2006; Lehikoinen, 2009). It has been re-
ported that for ordinary Portland cement (OPC), the cement
degradation can be differentiated into three stages, releasing Naþ,
Kþ, and OH� in the first stage, and then Ca2þ and OH� in the second
stage (e.g. Berner, 1992; Glasser and Atkins, 1994; Faucon et al.,
1998; Fern�andez et al., 2010). The main characteristics of cement
degradation are shown in Fig. 1.

It is calculated that the first degradation stage may persist for
approximately 10,000 years from the beginning of cement degra-
dation, and the second stage will last for a long period from 10,000
years to 200,000 years estimated by Heath and Hunter (2012) and
Mon et al. (2017). It would be an ongoing, long-term process during
which the alkaline compositions are released from cement to the
site water and then inject into bentonites. It will induce complex
interactions in the site water-concrete-bentonite system, raising
scientific problems, for example, the impact of concrete degrada-
tion on the barrier performance of bentonite, which is an inevitable
security problem in repository occurring in around 500 years to
100,000 years.

In terms of the long-term reaction of the concrete/bentonite
interface, the mock-up test is the most effective way to investigate
the effect of concrete degradation on bentonite. Some related re-
searches have been performed focusing on the mineralogy evolu-
tion in bentonite impacted by concrete or cement degradation (e.g.
Fern�andez et al., 2006, 2017; Dauzeres et al., 2010, 2016; Dolder
et al., 2014; Lalan et al., 2016; Balmer et al., 2017). Meyer and
Herbert (1999) carried out column tests in which cement blocks
were put in contact with the bentonite blocks under different
temperature and pH conditions. Calcium silicate hydrate (CeSeH)
colloid, analcite, and magnesium clay minerals were found as the
neoformations emerging at the cement/bentonite interface. A
concrete (OPC mortar)/bentonite reaction chamber was employed
for testing with the compacted bentonite of 1.4 Mg/m3 dry density
from La Serrata (Spain) in Fern�andez et al. (2006). The saturated
Ca(OH)2 solution and 0.25 mol/L NaOH solution were injected into
the concrete/bentonite system at 25 �C, 60 �C, and 120 �C. The re-
sults show that Ca(OH)2 fluids failed to alter the bentonite miner-
alogy over the experiment time scale and a tobermorite layer of
1.5 mm formed in the clay side near the interface after the infil-
tration of NaOH solution at 120 �C. Dauzeres et al. (2010) carried out
Fig. 1. Alkaline pore water pH and major solute changes due to cement degradation
(adapted from Heath and Hunter, 2012; Mon et al., 2017).
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experiments on a confined clay/cement systemwith the porewater
of pH 7.1 at 25 �C for 2 months, 6 months, and 12 months. Results
indicate that the degraded zone of cement (about 800 mm) is
composed of ettringite and CeSeH at pH 10e11 after 12 months of
interactions. Additionally, it was found that the potassium fluid
induces an illite enrichment within illite/smectite in-
terstratifications. Cuevas et al. (2013, 2016) obtained pieces of ev-
idence on the physical and geochemical processes occurring in
FEBEX bentonite with a nominal dry density of 1.65 Mg/m3

impacted by cementitious materials in themock-up study. The tests
were performed in cylindrical cells for 18 months at 60 �C. Results
supply that long-term modified bentonite can be collapsed by K-
substituted smectite. Cation exchange reactions take place in
bentonite on the interface, characterized by a complete replace-
ment of Mg and a predominance of Ca and K. Besides, the porosity
near the bentonite-mortar interface decreases. Dauzeres et al.
(2016) studied the interaction of two different low-pH cements
with Opalinus Clay at the Mont-Terri rock laboratory. Scanning
electron microscopy with energy-dispersive X-ray spectroscopy
(SEM-EDS) analyses presented that an Mg-enriched zone associ-
ated with the decalcification of CeSeH near the clay side was found
after 2.5 years and 5 years. In both two cements, the zone extends
up to 2e4 mm depth. Transmission electron microscopy and
energy-dispersive X-ray spectroscopy (TEM-EDS) investigations
also indicate that the formedMg phase exhibits a gel-like structure.
Balmer et al. (2017) performed small-scale mock-up tests on
bentonite-iron and bentonite-cement systems to study the per-
formance of bentonite close to the interfaces, taking the appro-
priate proportions of cement, bentonite, and iron in the repository
into consideration. Data show the drop in cation exchange capacity
(CEC) in the bentonite after the tests (Balmer et al., 2017; Kaufhold
et al., 2020).

At present, there are many qualitative research results and few
quantitative analyses, and the quantitative analysis mainly focuses
on the mineralogy alteration of bentonite or clay minerals. For
concrete/bentonite systems, the research is quite limitedwithmore
specific and meaningful results expected: (1) The evolution of
bentonite macro-property influenced by the concrete under the
injection of fluids; (2) The interaction of site water-concrete-
bentonite system. To achieve these research targets, a small
mock-up device was designed. Three types of mortar were pre-
pared to simulate the concrete at three degradation stages corre-
sponding to the young, middle, and evolved concrete. In China,
Beishan in Gansu province eventually became the best choice of
HLW disposal site with its advantages on account of a nationwide
survey (Guo et al., 2010; Ye et al., 2010). This work tries to inves-
tigate the long-term interaction of synthetic Beishan site water
(BSW)-concrete-compacted Gaomiaozi (GMZ) bentonite to simu-
late a potential case in Chinese nuclear waste repository. The results
on the swelling pressure, the permeability, the composition evo-
lution of infiltration water, and the sample characters were
observed for further predicting the long-term bentonite barrier
impacted by cement in a repository.

2. Material and experiments

2.1. Materials

2.1.1. Bentonite
The raw GMZ bentonite was extracted from Inner Mongolia of

China, 300 km northwest of Beijing. It has a grain size of no more
than 200 mm diameter (Sun et al., 2018) with the basic physical and
chemical properties of GMZ bentonite listed in Table 1 (Qian, 2007).
The bulk composition (mass fraction) of the sample used in this
work was determined as follows: 58% montmorillonite, 21% quartz,



Table 1
Some basic properties of the GMZ01 bentonite.

Properties Value

Specific gravity 2.66
pH 8.68e9.86
Total specific surface area

(m2/g)
597

BET specific surface area
(m2/g)a

22.8

CEC (cmol(þ)/kg) Naþ 34.7, Ca2þ 22.9, Mg2þ 11.5, Kþ 0.56,
total 76

a BET-calculated by Brunauer-Emmett-Teller (BET) method.

Table 3
Soluble salts and their concentrations in the Beishan site water (BSW).

Content Concentration (mg/L)

NaCl 0.86
Na2SO4 4.24
CaCl2 0.81
MgCl2 1.83
KCl 0.12
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6% cristobalite, 7% microcline, 8% albite, etc.

2.1.2. Concrete
In order to simulate the concrete at different degradation stages,

the concrete mortar at three degradation stages was arranged ac-
cording to the composition of the young, middle, and evolved
stages of concrete. The OPC, quicklime, and quartz sand were
adopted in the preparation of cement mortar or lime mortar ac-
cording to the methods from Cuevas et al. (2013) with their specific
ratio shown in Table 2. The formula determination is in accordance
with: (1) The permeability of concrete mortar is much greater than
that of bentonite, which is convenient for pore water entering into
bentonite after full contact with concrete; (2) The hardened con-
crete has enough strength to ensure that it would not crack during
the swelling of bentonite. The quicklime grade is analytic purity,
and the size of quartz sand is about 40 mesh (Cuevas et al., 2013).

2.1.3. Synthetic site water
According to the geological and hydro-geological surveys, the

main cations of groundwater in the Beishan area include Naþ, Kþ,
Ca2þ, and Mg2þ, and the main anionic compositions are Cl� and
SO4

2� (Guo et al., 2001). The BSW is prepared with sulfates and
chlorides to simulate the groundwater conditions in the potential
Chinese repository. The compositions of BSW are listed in Table 3,
used in this work as the pore water infiltrating through the con-
crete mortar and compacted bentonite. The chemicals were in
analytical grade with purity higher than 99%, meanwhile, all the
reagents were prepared with distilled water (DSW).

2.2. Experimental device

To simulate the interaction of site water, degraded concrete, and
compacted bentonite, the experimental mock-up device was
designed. In this work, tests #1, #2, and #3 were carried out to
observe the reactions of compacted GMZ bentonite with concretes
at early, middle, and evolved degradation stages during the infil-
tration of BSW, respectively. The initial solution flows through the
concrete and bentonite in turn, simulating the seepage path in an
HLW repository. The schematic view of the concrete/bentonite
interface mock-up device is shown in Fig. 2a, and the picture of
each instrument after installation is presented in Fig. 2b. The
testing setup of the site water-concrete-compacted bentonite
Table 2
Design mix rations of concrete mortar at different degradation stages.

Sample #1

Cement degradation stage Young
Formula Quartz-sand : cement : water
Ratio 3.5 : 0.8 : 0.5
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system includes the mock-up device of the concrete-bentonite
interface, the solution control device, and the swelling measuring
device.

2.2.1. Mock-up device of concrete-bentonite
It mainly includes a base, a sleeve, a solution chamber, a con-

crete sample ring, a bentonite sample ring, a porous stone, a sealing
ring, a piston, etc. To maintain the sealing, thermal insulation, and
corrosion resistance of the setup, the units of mock-up devices are
made of stainless steel and Teflon material. The solution chamber,
concrete sample, and bentonite sample are placed closely in the
sleeve from bottom to top. In order to ensure the sealing perfor-
mance of the device during the injection, sealing rings are placed at
the connection positions.

2.2.2. Solution control and swelling measuring devices
It mainly includes a pressure/volume controller, conduits, a

water-solution converter, a water injection base, and a solution
chamber for the solution control system. The pressure/volume
controller can provide external experimental conditions such as
constant water injection or constant pressure, connected with a
water-solution converter by polytetrafluoroethylene pipes with its
injected water volume and pressure of real-time seepage recorded
by a computer. Since the pressure/volume controller is a precision
instrument, a water-solution converter is designed to prevent it
from being corroded by chemical solutions. The water-solution
converter contains three liquids: the distilled water, the chemical
solution, and the silicone oil to separate the former two, as shown
in Fig. 2. The distilled water in the converter is connected to the
pressure/volume controller, and the other end is connected to the
base providing chemical solutions through the conduits (poly-
tetrafluoroethylene pipes). The swelling measuring device is
composed of an axial pressure sensor and a data acquisition in-
strument. When the solution infiltrates through the concrete into
bentonite, the hydration of bentonite will induce a swelling pro-
cess, which would be recorded by a data acquisition instrument via
the axial pressure sensor.

2.3. Experimental procedures

2.3.1. Sample preparation
2.3.1.1. Concrete mortar preparation. The concrete samples #1 and
#2 were placed in a Teflon ring with an inner diameter of 60 mm
and a height of 15mm. The diameter is larger than that of bentonite
samples to prevent the shrinkage gap caused by hardening. For
#2 #3

Middle Evolved
Quartz-sand : (cement+CaO) : water Quartz-sand : CaO : water
2 : (0.75 þ 0.25) : 1.75 2 : 1 : 1.75



Fig. 2. The experimental device of the mock-up test: (a) Schematic view of the experimental device; (b) Photograph of the test system.

Z. Sun, Y.-G. Chen, W.-M. Ye et al. Journal of Rock Mechanics and Geotechnical Engineering 16 (2024) 3786e3797
concrete sample #3, the amount of curing shrinkage is small, and
the sample is in good contact with the boundary. Concrete samples
#3 with the inner diameter of 50 mm and 60 mm were both
employed. They were considered parallel trials with similar results
obtained in this study. To ensure high strength and permeability,
the concrete mortar was thoroughly stirred in the Teflon ring,
placed on filter paper during the preparation process, and then
hardened for 28 d. The photo of concrete #2 is shown in Fig. 3, it can
be seen that the mortar is porous and not dense.
Fig. 3. Photo of concrete #2 used in this work.
2.3.1.2. Bentonite sample preparation. According to the preset dry
density of 1.7 Mg/m3 for GMZ bentonite, the bulk soil with the
initial water content of 10.28% was calculated at 92.1 g for a spec-
imen of 50 mm � 24 mm (diameter � height). To ensure the uni-
formity of compacted bentonites, the compaction process was
carried out in three stages, each with a height of 8 mm. 1/3 GMZ
bentonite powder was poured into the stainless-steel ring each
time, and then slowly compressed at a displacement rate of
0.1 mm/min. After a stage of compaction, a 2e3 mm deep well grid
was drawn on the surface of the sample to ensure adequate oc-
clusion of the specimens at this stage and the next one. After the
compaction, the samples were left in place for 1 h to ensure uni-
form structural adjustment. At last, the sample was unloaded at a
displacement rate of 0.5 mm/min.
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2.3.2. Experimental procedures
Firstly, the hardened concrete sample was placed in the Teflon

ring. Then, put the whole device together in sequence as shown in
Fig. 2a. The mock-up device was connected to the water-solution
converter and the pressure/volume controller. The axial pressure
sensor was installed. At last, the infiltration process was controlled
by the pressure/volume controller with injection pressure kept at
200 kPa. Besides, the injection water in the stainless-steel solution
chamber was collected regularly through the drainage port of the
base. After that, the concentration of cations in the solution was
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determined by an inductively coupled plasma source mass spec-
trometer (ICP, PerkinElmer, America). After the mock-up tests, the
samples were taken out, and the soils at 6 mm, 12 mm, and 18 mm
height away from the interface were cut out for water content and
dry density measurements. The water content was obtained by
drying the soils in an oven at 105 �C for 24 h. The dry density of
samples was measured by using the wax sealing method. All the
data were recorded with the averages in triplicate.

2.4. Characterization

After the mock-up tests, some samples in the middle part were
washedwith ethyl alcohol 3 times. The suspensionwas subjected to
centrifuge for 4 min at 7000 r/min. After that, the purified samples
were dried in an oven at a temperature of 50 �C. Finally, the dried
soils were ground finely and screened through a 200-mesh sieve to
obtain powders for mineralogy characterizations. The GMZ
bentonite characterization was conducted using the random pow-
der by Fourier infrared spectroscopy (FTIR) (Model Nicolet Avatar
360, USA) and X-ray diffraction (XRD) (Model APD-10, Philips,
Netherlands). The GMZ bentonite samples were pretreated in
pressed KBr pellets to determine their functional groups in FTIR
tests. In each spectrum, 32 scans were collected with a resolution
setting at 2 cm�1. The scanning wavelength range is
400e4000 cm�1 at room temperature. The bentonites were char-
acterized with CuKa (0.15418 nm) radiation from 5� to 45� in XRD
tests with a scanning rate of 2�/min. The XRD patternwas identified
based on the PDF2 database (ICDD 2013).

3. Results and analysis

3.1. Sample observations after mock-up tests

After the mock-up tests, the bentonite specimens were taken
out of the metallic cells (Fig. 4). Due to the tight connection be-
tween the bentonite sample and the units (Bentonite sample ring,
Piston, and Seal ring in Fig. 2a), it was failed to take sample #2 out.
From Fig. 4, two sides of the concrete/bentonite interface in tests #1
and #3 are shown, that is the top surface of concrete and the bot-
tom surface of bentonite, respectively. Due to the uneven surface of
concrete #1, the bottom surface of bentonite is also irregular, and a
ring of bentonite colloids is formed on the edge of sample #1. The
bottom surface of sample #3 seems flatter and more regular. It can
be observed that the cement or lime component from the mortars
has entered the underside of bentonite samples. Additionally, after
removing the uneven undersurface, the bottom of bentonite is
displayed in Fig. 4c and f. It is found that the bottom and longitu-
dinal sections of samples are distinctly different. The brittleness of
sample #1 is higher than that of sample #3, which can be
confirmed by the flatness and regularity of the soil notch in Fig. 4c
and f. Besides, after the reactions of BSW-concrete-bentonite, the
bottom color of sample #1 is dark green, and it reduces gradually
with height. From the longitudinal section, the color transitions
from dark green to yellow. The yellow with light green color in
sample #1 is similar to the samples’ color identified by Fern�andez
et al. (2009, 2013) and the color of GMZ bentonite infiltrated by
young cement water (YCW) on Sun et al. (2019). These features
suggest that the reactions between bentonite and OPC might be
similar to the reactions between YCW (pH 13) and bentonite, which
reflects the rationality of using a strong alkaline solution
(NaeKeOH type) to simulate the early degradation of concrete. In
addition, the color of sample #3 is deep brown, which is also similar
to that of bentonite in Evolved cement water (ECW) (Sun et al.,
2019). There are some white spots on the bottom surface of
bentonite and the longitudinal section near the interface, which
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should be the hydrated lime.
The final dry density of bentonite samples (initial dry density of

1.7 Mg/m3) after the reactions was also detected. Three soil samples
were cut from the bottom to the top according to the height from
the concrete-bentonite interface to measure the final dry density
and water content. The results are shown in Fig. 5. It is seen from
Fig. 5a that the dry density is lower than the initial value. It was
observed by Dong (2020) that there is about 0.1 Mg/m3 of density
decrease in bentonite (with an initial dry density of 1.7 Mg/m3)
after hydration by distilled water during the constant volume tests,
which is speculated due to the systematic error caused by space at
the junction. In this work, it is more than 0.1 Mg/m3 of density
decrease, especially at the bottom side. From Fig. 4, the soil is found
entering concrete pores, which should be one of the main reasons
for the dry density loss. It makes sense that the dry density of the
bentonite sample decreases from the top to the bottom. In addition,
the dry density of sample #3 is higher than that of sample #1,
suggesting that the reactions in sample #1 are more intense than
those in sample #3. The final dry density was also measured by Liu
et al. (2020) while the GMZ bentonite was subjected to 0.1e1 mol/L
NaOH solutions for 27 d, ranging from 1.525Mg/m3 to 1.614Mg/m3.
All these results indicate that the chemical conditions have signif-
icant impacts on the dry density of bentonite.

The final water contents of compacted GMZ bentonite after
reacting with concrete and BSW are presented in Fig. 5b. It can be
observed from Fig. 5b that the water content of bentonite decreases
from the bottom to the top according to the height from the
concrete-bentonite interface for both samples #1 and #3, turning
an opposite trend of the dry density. The water content in sample
#1 is lower than that in sample #3. Under normal circumstances,
the water content of bentonite should be higher when its dry
density is lower because its internal porosity is bigger in this case.
However, when comparing the two samples, sample #1 has a lower
dry density and a lower water content at the same time in Fig. 5. It
suggests that the materials of sample #1 and sample #3 differ from
each other, and the water retention capacity of sample #1 is lower
than that of sample #3 (Sun et al., 2019).

3.2. Swelling pressure of bentonite in mock-up tests

The swelling pressure development in compacted GMZ
bentonite infiltrated by BSW with and without contact with con-
cretes is shown in Fig. 6. It is observed that the maximum swelling
pressure of pure bentonite without contact with concrete is
4.9 MPa (Sun et al., 2018), which is higher than that of 4.5 MPa for
the bentonite in the mock-up tests. In addition to the variable of
concrete, the height of bentonite is 10mm in the former and 24mm
in the latter, both of which may affect the swelling of bentonite.
During the hydration process of bentonite infiltrated by BSW, the
swelling pressure presents a “double-peak” structure, which is in
agreement with the results reported by Chen et al. (2019) and Sun
et al. (2018). The swelling pressure of GMZ bentonite increases
rapidly and reaches its first peakwith the value of about 4MPa after
around one day's hydration in the mock-up tests. It takes the
shortest time for the swelling pressure of pure bentonite to reach
its first peak and the longest one for that of sample #2. Associating
with the findings from Sun et al. (2018), the effect of chemical pore
solutions on compacted GMZ bentonite is negligible in the initial
hydration process. The possible reason is that the penetration path
of the liquid affects the swelling rate of bentonite. Additionally,
mortar #2 may have a higher strength and lower permeability due
to the hydration reactions in the cement-lime mixture (Corinaldesi
et al., 2015), which can slow down the rate of water infiltration and
the hydration process of bentonite. It was also in agreement with
the findings from Ince (2015) that the hydrated lime mixes may



Fig. 4. The samples after mock-up tests. Sample #1: (a) Top surface of the concrete; (b) Bottom surface of the specimen; (c) Bottom and longitudinal sections. Sample #3: (d) Top
surface of the concrete; (e) Bottom surface of the specimen; (f) Bottom and longitudinal sections.

Fig. 5. The dry density and water content of samples at different positions: (a) Dry density; (b) Water content.
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influence the water transport characteristics of the cement mortar.
It is also observed that after reaching the second peak, the

swelling pressure of bentonite in contact with concrete decreases
with the extension of time. In order to quantitatively describe the
reduction of bentonite swelling pressure in the concrete/bentonite
system, the decay rate (y) of swelling pressure is calculated ac-
cording to the equation from Sun et al. (2020), as follows:

y¼ P1 � P2
t1 � t2

(1)

where P1 and P2 are the swelling pressure of samples at time t1 and
t2, respectively. The calculated swelling pressure decay rates are
1.35 kPa/d in sample #1, 1.26 kPa/d in sample #2, and 1.35 kPa/d in
3791
sample #3, respectively.
3.3. Permeability of bentonite in mock-up tests

The fluids are injected from the bottom of the mock-up device
under pressure controlled by a pressure/volume controller. In this
permeability test, the injection pressure was set at 200 kPa. While
keeping the pressure constant, the water volume injected into the
concrete-bentonite samples over time was recorded. The flux rate
(DQ/Dt) was calculated as shown in Fig. 7. The permeability is ob-
tained in sample #1> sample #3> sample #2. The permeability of
the concrete sample is significantly greater than that of bentonite,
as evidenced by the results presented in Fig. 6. It takes approxi-
mately 15 min for BSW to infiltrate through the concrete, interact



Fig. 6. Swelling pressure development in samples contacting with/without concrete
under the infiltration of BSW.
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with the bentonite, and induce its swelling. Thus, it is neglected in
the analysis. From Fig. 7, it is also found that the permeability of
bentonite samples in the three devices decreases slowly with time.
The reasons for the permeability decrease may be: (1) The complex
chemical reactions between bentonite and the pore solution; (2)
Some minerals in bentonite dissolve and clog pores (Sun et al.,
2019); (3) Some bentonite particles disperse into the solution
forming a colloid solution increasing the water viscosity. This can
be confirmed by the findings of Yoon et al. (2022) which demon-
strate that the change in the hydraulic properties of bentonite can
be related to the change in the kinematic viscosity of the permeant.
Compared with the other permeability results in GMZ bentonite
(1.7 Mg/m3) by Ye et al. (2013, 2014) and Chen et al. (2021), the flux
rate is also highest at the beginning and then decreases gradually to
a stable seepage state, which takes about 16 d to reach a stable
state. In the concrete-bentonite system, it takes about 120 d to
reach a relatively stable state for GMZ bentonite. This implies that
the bentonite required a considerable period of time to reach its
chemical equilibrium state in the system (Katsumi et al., 2008),
which illustrates the complexity and persistence of internal
reactions.
Fig. 7. Evolution of fluxes over time in concrete-GMZ bentonite interaction system.
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It was reported that the saturated hydraulic conductivity of GMZ
bentonite (1.7 Mg/m3) is about 1.5 � 10�13e2 � 10�13 m/s when
injected by DSW under the head pressure of 1 MPa (Ye et al., 2014;
Chen et al., 2021), which is much lower than the values obtained in
this work. It also indicates that the injection pressure influences the
permeability of compacted bentonite significantly. Fig. 8 presents
the flux rate versus the hydraulic gradient for GMZ bentonite of
1.7 Mg/m3 at the infiltration time of 16 d. From Fig. 8, it can be seen
that the flux rate of GMZ bentonite differs with the head pressure
and solution types. The higher the pressure is, the larger the flux
rate is within the scope of these tests. Under the same DSW con-
ditions, the head pressure of 1 MPa is 50 times of 20 kPa, while the
corresponding flow rate in bentonite is 5.5 times the latter case
(Fig. 8). According to Darcy's law, hydraulic conductivity is inde-
pendent of osmotic pressure (hydraulic gradient), which is
considered as a material constant. However, for the same material
(GMZ bentonite of 1.7 Mg/m3) and the sample area (with a diam-
eter of 50 mm), the change in flow rate and pressure is not pro-
portional. It can be deduced that the high hydraulic gradient may
induce the material or seepage path change resulting in a reduction
in the hydraulic conductivity. The specific reason was inferred as
internal erosion or microstructure clogging in bentonite (Pusch
et al., 2011), or the material compression caused by the high
gradient (Al-Taie et al., 2014).

3.4. Geochemical evolution of pore water

As reported, the cations released in the early stage of concrete
degradation are mainly Kþ and Naþ, while in the evolved stage it is
mainly Ca2þ (Berner, 1992; Savage et al., 2002; Fern�andez et al.,
2009). The cations released in the middle stage should have the
characteristics of both the two stages. When the solution infiltrates
through the concrete-bentonite system, it reacts with cement and
bentonite, which will also affect its chemical compositions in turn.
In order to observe the chemical evolution of solution compositions
during the interaction, the concentrations of main cations and the
pH of output solutions were measured. The initial BSW and the
solutions after the reaction of BSW-concrete-bentonite were
analyzed with the concentration of cations detected by ICP tests.
The results are shown in Fig. 9. It can be seen from Fig. 9a that the
concentration of Kþ in test #1 after reactions in the BSW-young
concrete-bentonite system increases significantly compared with
that in the initial water. This result is consistent with the conclusion
Fig. 8. The flux versus the hydraulic gradient for GMZ bentonite of 1.7 Mg/m3.
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that Kþ is the main cation released in the early stage of concrete
degradation (Berner, 1992; Fern�andez et al., 2006). The concen-
tration of Kþ in test #2 increases significantly in the first 100 d, and
then in the next 100 de240 d. It is close to that in the initial BSW.
The Kþ concentration in test #3 is quite different from those in the
other two tests, which is lower than that in the initial solution.
Considering that concrete #3 is lime mortar, which does not
contain Kþ, it can be inferred that the reason for the decrease of Kþ

may be that Kþ from the solution was absorbed by the bentonite
Fig. 9. Evolution of cation content in each case. (a) Concentration of K; (b) Concentratio
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and the hydrated lime. Fig. 9b and c presents the concentrations of
Mg2þ and Ca2þ in the solutions. The concentrations of Mg2þ and
Ca2þ from the three systems are all lower than their initial con-
centrations, suggesting that Mg2þ and Ca2þ are consumed from the
pore water. Different from Kþ, the contents of Mg2þ and Ca2þ in
sample #3 are higher than those in tests #2 and #1. It may be
attributed to the reasons that: (1) The evolved concrete releases
more Ca2þ during the interactions, so there will bemore Ca2þ in the
solution, and this leads to less Mg2þ reacting with bentonite; (2)
n of Ca; (c) Concentration of Mg; (d) Concentration of Na; (e) Concentration of Si.



Fig. 11. The pH evolution of each solution.
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The hydrated cement in concretes #1 and #2 adsorbs more Mg2þ

and Ca2þ than hydrate lime resulting in more consumptions of
these cations. From Fig. 9d and e, both of Naþ and Si4þ concentra-
tions in the solutions present a significant increase compared with
those in BSW. The order of Naþ and Si4þ contents in different
conditions follows test #1 > #2 > #3 > BSW. Because the main
composition of concrete #3 is quartz and Ca(OH)2, it does not
contain Na and Si. Therefore, Na and Si in test #3 should come from
the reactions between bentonite and solutions. The more Na and Si
in tests #1 and #2 than those in test #3 should be due to the
presence of Portland cement.

The average concentrations of cations (K, Na, Ca, Mg, Si) in tests
#1, #2, #3, and initial BSW are summed up, respectively, as shown
in Fig. 10. It is found that the cation content in test #1 is the highest,
followed by that in the initial BSW. The one in test #2 is the lowest.
The reason for the minimum cations in test #2 may be that the
hydration process in the quicklime-cement mixture during the
concrete preparation generates more stable substances. While
interacting with BSW and bentonite, these substances not only
reduce the release of chemical components but also absorb some
chemical components from outside.

The pH of BSW and solutions from tests #1, #2, and #3 were
measured periodically, as shown in Fig.11. The pH of the initial BSW
is relatively stable at about 6.9. It is found that the solutions from
test #3 have the highest pH, which is about 8 in the first 120 d and
7.5 in the next days with a decreasing tendency. This should be due
to the limited amount of concrete that cannot provide a stable
CaeOH component with time. It is in agreement with the study by
Mosser-Ruck and Cathelineau (2004), in which a decrease of pH is
observedwith a final pH ranging from 7.1 to 8 after Na-, Ca-smectite
reacted with solutions (pH 10) mixed by KCl (3 mol/L) and KOH.
Moreover, the pH of solutions from test #1 is slightly higher than
the pH of BSW. The pH of solutions in test #2 (about 6.5) is different
from the above two cases, which is lower than the pH of the initial
BSW. It can be drawn that the hydroxide is consumed most within
this system.
3.5. Sample characterization after mock-up tests

The FTIR spectra of GMZ bentonite before and after the inter-
action with concretes are presented in Fig. 12 in the range of
400e4000 cm�1. The broad bands at 3621 cm�1 and 3442 cm�1

represent the OeH stretching vibration of the SieOH group and the
HeOH vibration of water molecules (Sun et al., 2020). The band at
1643 cm�1 reflects an overtone of the bending vibration of water.
The peak at 1035 cm�1 is due to the SieO stretching vibration (Hu
Fig. 10. Comparison of the total content of cations in each solution.
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et al., 2010), which is the characteristic peak of bentonite repre-
senting the anti-symmetric stretching vibration of silica oxygen
tetrahedron. It indicates that the main component of GMZ
bentonite is montmorillonite. According to the Beer-Lambert law,
the absorbances of raw GMZ bentonite, bentonite samples #1 and
#3 are almost the same, which can be estimated that the content of
montmorillonite in the three kinds of GMZ bentonite is similar. In
addition, the intensity of reacted bentonite in samples #1 and #3
changes obviously compared with that of raw bentonite.

The XRD patterns of raw GMZ bentonite, sample #1, and sample
#3 are presented in Fig. 13. The peaks marked as M are character-
istic of montmorillonite. From Fig. 13, it can be observed that after
interactions between bentonite and concretewith the infiltration of
BSW, the (001) peaks of montmorillonite shift. A diffraction peak
appears at 6.04� corresponding to the typical diffraction peak of
montmorillonite in raw GMZ bentonite. From Bragg's Law, it could
be determined that the interlayer spacing is 1.46 nm. The basal
spacing (001) of montmorillonite in GMZ bentonite turns to
1.53 nm in GMZ bentonite from sample #1, which means that after
the interaction, the montmorillonite layers present a little bit larger
pore structure and layer spacing. It indicates that fewermonovalent
cations occur in the crystal layer of GMZ bentonite. For the
bentonite in sample #3, the basal spacing (001) is 1.37 nm. The
peaks of montmorillonite at 19.71� (0.45 nm) and 34.74�

(0.258 nm) change and become rough. In summary, according to
the XRD results, the main reaction in GMZ bentonite is the cation
Fig. 12. FTIR spectra of GMZ bentonites.



Fig. 13. XRD patterns of GMZ samples (M: montmorillonite; Q: quartz; cr: cristobalite;
al: albite).
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exchange reaction of montmorillonite. Besides, the albite peaks at
27.57� (0.323 nm) and 28.00� (0.318 nm) in raw bentonite dis-
appeared in the samples after themock-up tests. So, it can be drawn
that albite dissolves during the test, which is in agreement with the
findings from Gruber et al. (2019) that the albite dissolution occurs
in synthetic NaCl solutions at pH 5e8.25 at 25 �C.
4. Discussions

4.1. The reactions in the BSW-concrete-bentonite system

The total change of cation contents from the interaction of 230 d
is shown in Table 4. It can be found that a significant loss of Mg and
Ca takes place in the three tests. Even in sample #3, the concrete
was made of CaO, the content of Ca was also found a decrease. In
addition, the increase of Na, K (except in the case of test #3), and Si
is observed in the mock-up tests. The releasing content of Si and Na
from the site water-concrete-bentonite system follows the order of
#1 > #2 > #3. It indicates that the releasing Si and Na is dependent
on the concrete type. It is obvious that the divalent cation is
consumed and the monovalent cation is released in the mock-up
system. It is known that after hydration, the main products
generated in the cement include portlandite (Ca(OH)2 or CH), cal-
cium (aluminate) silicate hydrates (C-(A)-S-H), calcium aluminate
hydrates (C-A-H), and ettringite. In the lime mortar, CH is the hy-
dration product. These hydrations have good sorptivity to cations,
especially the CeSeH gels presenting a high specific surface area
(Pan et al., 2015).

According to the typically competitive order of cation ex-
changes: Naþ < Kþ < Mg2þ < Ca2þ (Mata Mena, 2003; Sun et al.,
2018), the cation sorption or cation exchange onto the bentonite
and hydrated concretes in the BSW-concrete-bentonite system also
follows this order, which could partly explain the great loss of Ca
and Mg in the solutions and the increase of Na and K at the same
Table 4
Total cation content changes.

Test Total cation content change (mg/L)

Na K Ca Mg Si

#1 1560 881 �1366 �1210 18.3
#2 1075 319 �1402 �1236 6.5
#3 596 �404 �702 �717 3.8
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time. In the case of test #3, the K contents fall, which may be
attributed to the reactions between K2SO4 and lime. It was reported
that because of the longer atomic radii, the bonds of K2SO4 aremore
likely to break and adsorb to the lime particles than Na2SO4, which
induces an increase in transfer sorptivity (Ince, 2015). In addition, it
was observed that syngenite (K2Ca(SO4)2$H2O) was forming in a
cement : lime : sand mortar exposed to the K2SO4 solution (Gaze
and Crammond, 2000). Besides, it was also found that the pH can
drop from 12.3 to 6.5 when this mortar was exposed to MgSO4
solutions due to the reaction between lime and MgSO4, which is
similar to the pH results in this work (test # 2) since the dominant
ions of BSW are also Mg and SO4

2�. It explains the low alkalinity pH
in tests #1 and #3 as well.

As to the effect of concrete mortar on bentonite, it was reported
that the addition of cement (or lime) to clays triggers a cascade of
reactions, which includes hydration reaction, cation exchange,
pozzolanic reaction, etc., generating products and inducing floc-
culation and agglomeration of soil (Nelson and Miller, 1992; Abbey
et al., 2019). Among the reactions, the pozzolanic reactions would
consume the clay minerals (montmorillonite) from bentonite.
Associated with the increasing brittleness and lower water content
of sample #1 (see Figs. 4c and 5b), it can be deduced that the
cementitious compounds filling into the compacted bentonite have
impacts on both the material and behavior of bentonite. It is in
agreement with the findings from Abbey et al. (2019) that the in-
clusion of cement (5% or 8%) reduces the plasticity index and
swelling pressure of the kaolinite-bentonite mixed clays.

4.2. The macro-performance degradation of bentonite

The XRD results indicate an albite dissolution taking place in the
systems (see Fig. 13), which would lead to an increase in Si con-
centration (Gruber et al., 2019). Additionally, it was reported by
Rozal�en et al. (2008) that the concentration of Si increases in the
smectite dissolution experiments with pH around 6e8. From Fig. 9
and Table 4, it is shown that the increment of total Si is the smallest,
which suggests the dissolution reactions are not dramatic. The
altered macro-performance of bentonite might be partly due to the
interactions in the BSW-concrete-bentonite system. Compared
with the property of bentonite infiltrated by BSWwith the absence
of concrete, the swelling pressure decays in this work and the
permeability of the samples increases. These results indicate that
the direct contact of concrete and bentonite has an obvious effect
on the properties of bentonite. The evidence observed in Fig. 4
shows that bentonite enters into the concrete pores and forms
colloids at the interface. It can be deduced that the decrease in dry
density in bentonite samples should be partly due to the soil
dispersion during the infiltration. Additionally, the different
apparent morphology of samples indicates that the bentonite
alteration varies with the type of concrete mortar (e.g. cement
mortar or lime mortar). The lower water content and higher dry
density loss in sample #1 suggest the significant effect of cement
mortar. The higher the distance from the interface, the lower the
water content of the sample, indicating that thewater absorption of
bentonite farther away from the water inlet end is affected. In
summary, the uneven water content and the dry density loss of
samples in the longitudinal direction may also be part of the reason
for the swelling reduction of bentonite.

From Fig. 7, the order of flow rate is sample #1 > sample #3 >
sample #2, which is consistent with the order of total cation con-
tent (see Fig. 10). That is, the permeability of GMZ bentonite in-
creases when the chemical concentration of infiltration solutions
increases. This phenomenon can be explained by the compression
of the diffusion double layer when the chemical concentration of
the permeated solution increases. This leads to the formation of
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larger pores between soil particles, creating a wider seepage
channel, and thus increasing the soil permeability (Castellanos
et al., 2008).

It can be concluded from this work that the mineral dissolution
and hydro-mechanical property degradation in bentonite occur
under the conditions of strong alkali solutions and also when
bentonite directly contacts with cement (or lime) mortar, even in
groundwater with an approximate neutral pH. Besides, the
bentonite dispersion at the interface should be taken into consid-
eration, which can also affect the barrier performance of bentonite.
4.3. Limitations of this work and suggestions

As a preliminary experimental study, this work still has many
shortcomings and many improvements need to be made. The
overall test is easy to repeat, and the difficulty mainly lies in the
sealing problem of each joint during the installation of setup.
During the test, the vent hole above the sample was open, but the
exudate could not be obtained for a long time due to the high
density and low permeability of the bentonite. Moreover, the head
pressure of 200 kPa is not a low level, however, thewater content of
bentonite at different heights is still uneven. These can be improved
by adjusting the size of specimen and soil parameters such as initial
dry density. In addition, this work only simulates the effects of
concrete mortar on bentonite under the infiltration of neutral
groundwater. In fact, in more extreme cases, mixed alkaline solu-
tion may induce more obvious alteration of bentonite. Therefore,
more works are needed in this field to verify the engineering and
mineralogical impact of concrete mortar on bentonite. It is also
worth emphasizing that the results of cement-bentonite in-
teractions were obtained under laboratory-scale conditions, and
their applicability in this field remains to be further explored.
5. Conclusions

A mock-up device was designed to simulate an in situ interac-
tion of concrete-bentonite under the infiltration of Beishan site
water in a potential Chinese repository. The hydro-mechanical
performance of compacted GMZ bentonite in the site water-
concrete-bentonite system at different concrete degradation
stages was studied. The chemical evolution of solution composi-
tions and the sample characters after the mock-up interactions
were also investigated. Based on the above results, the following
main conclusions are drawn.

(1) The swelling pressure of bentonite in the three devices de-
cays slowly with time.

(2) The flow rate of bentonite samples in tests #1, #2, and #3
takes more time to stabilize, and it is related to the total
cation content of injections and affected by the head
pressure.

(3) After the reactions in the synthetic site water-concrete-
bentonite system, the divalent cations (Ca and Mg) are
consumed, the monovalent cations (Na and K) are released,
and the Si content increases weakly. The cation exchange
reaction is the dominant reaction in the system.

(4) The dissolution of albite in bentonite was identified, and the
bentonite dispersion at the interfaces was observed, which
resulted in a dry density loss in bentonite affecting the bar-
rier performance of bentonite.

(5) The hydro-mechanical property degradation of bentonite
takes place when it contacts with concrete mortar even un-
der low alkaline conditions.
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