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ABSTRACT
Interaction between the alkaline pore fluids from the concrete engineered barriers and the
bentonite at the repository conditions may generate products that can diffuse through the porous
structure of the bentonite affecting their properties.
A comprehensive study based on series of short term experiments is being performed to
provide experimental evidences on the physical, chemical and mineralogical changes during the
concrete-compacted bentonite interaction.
Samples were analyzed by XRD, SEM-EDS and FTIR. Measurements of swelling capacity,
specific surface area and chemical analysis for cation exchange capacity and soluble salts analyses
were also performed.

1

INTRODUCTION

Deep Geological Repository (DGR), based on the concept of multibarrier, is the solution used
for the most of the countries for the management of the High Level Radioactive Waste (HLW). In order
to isolate the wastes, a serial of barriers are inserted between the wastes and the biosfere.
Repository contains concrete as support of the access galleries and in the final sealing of
access routes. It will be in contact with the geological clay formation and the bentonite barriers.
Cement in contact with the bentonite barrier will be a source of alkaline fluids in wet
conditions. Concrete pore fluids are in quasi-equilibrium with the solid hydrated phases of the matrix.
The Ca solubility is principally controlled by Ca(OH) 2. Sulphate solubility is limited by ettringite. The Mg
contents are controlled by Mg(OH) 2 and Al solubility by C3AH6. Si concentrations are determined by
the solubility of alkali-containing C-S-H gels. Alkaline cement pore water enhances the solubility of
many radioactive elements [1]
Furthermore, concrete degradation generates a diffusive alkaline plume which can affect the
swelling and transport properties of the bentonite, as well as the properties of the adjacent host rock
and groundwater flowing through.
Many studies have been performed on the alkaline transformation of montmorillonite. Eberl et
al.[2] reported the formation of illite or illite/smectite mixed layers in experiments where montmorillonite
was reacted with alkaline solutions. The formation of non-expanding layers depended on solution
concentration rather than on temperature and time of reaction [3], [4]. Formation of mixed layer
phases seems to be an intermediate step in a series of dissolution-precipitation processes, including
the formation of zeolite minerals.
Cuevas et al. (2006) [5] have carried out a set of batch and column experiments in order to
study the influence of alkaline media on FEBEX bentonite. The main phases identified in the alkaline
reaction of FEBEX bentonite are phillipsite, Mg-clays, analcime, tobermorite and C-S-H gels. The
formation of a new smectitic trioctahedral phase was confirmed as well.
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The scope of the present study is to give experimental data about the alteration products at
the concrete/bentonite interface and the related changes of the bentonite properties in contact with the
concrete.
2

EXPERIMENTAL

2.1

Materials

2.1.1

Bentonite

The tests have been performed with a bentonite (FEBEX) from the Cortijo de Archidona
deposit (Almería, Spain). The conditioning of the bentonite prior its use in the laboratory is detailed in
[6]. Its main characteristics are detailed in Villar (2002) [7] and summarized as follow. The bentonite
has a content of dioctahedral smectite of the montmorillonite type close to 92%, as determined by Xray diffraction. Besides, it contains variable quantities of quartz (2±1%), plagioclase (2±1%),
cristobalite (2±1%) and traces of potassium feldspar, calcite and trydimite. The cation exchange
capacity is of 79 ± 2 meq/100 g using the Cu-triethylenetetramine method (102 meq/100g when the
NH4 AcO method is used), and the exchangeable cations are Ca (38%), Mg (28%), Na (23%) and K
(2%). The water content of the clay at laboratory conditions is about 13.7 ± 1.3 %.
2.1.2

Concrete

The cement used in the tests is an Ordinary Portland Cement CEM-I-SR. Chemical composition
is showed in Table 1 [8].
Table 1: Chemical Composition of the cement.
Chemical
composition
(%)

SiO2

Al2O3

Fe2O3

CaO(total)

MgO

SO3

Na2O

K2O

CaO(free)

CEM-I-SR

19.6

4.43

4.27

64.5

0.95

3.29

0.11

0.28

1.92

2.2

Experimental Set up

The tests were carried out in hermetic cylindrical cells (10.1 cm high, d=7cm). The body of the
cell is made out of Teflon, although an external steel cylinder prevents its deformation swelling. A
plane heater constitutes the bottom of the cell and on the top of the cell a chamber allows the
circulation of water at a controlled temperature (around 22ºC), lower than that of the heater (100ºC),
so a gradient of temperature is established. A hydration channel crosses the upper chamber and
allows the hydration of the sample through a stainless steel sinter. Water is injected under a pressure
of 12 bars. The clay, with its water content at equilibrium with the laboratory conditions, is uniaxially
compacted outside the cell to a dry density of 1.65 g/cm3. The cells are inside a methacrylate
chamber, under vacuum, to prevent oxidation.
Six medium cells were assembled (Figure 1a). In them, a concrete slab was placed on the top
of the compacted bentonite block. For hydration, a saline solution, whose composition is described in
Table 2, was used. In the context of NF-PRO project, three cells were dismantled after 6, 12 and 18
months. The remaining cells are planned to be operating for at least two years more.
Two sensors were installed in each cell to monitor the evolution of water content and
temperature with time. Sensors were located at 50 and 95 mm from the top of the cell, at the hydration
zone and the interface, respectively.

202.2

Proceedings of the International Youth Nuclear Congress 2008

At the end of the experiments the cells were dismantled. Special care was taken to avoid
disturbances and to have measurements of the final water content. Different sections were obtained to
perform the studies described below (Fig. 1b).
Hydration (1.2 MPa)
Saline water

25ºC
30mm

Concrete

50 mm

95 mm

71.4 mm

FEBEX
Bentonite
ρ=1.65 g/cm3

Tª and RH
sensors

(a)

(b)

Heating (100ºC)

Figure 1. - (a) Scheme of the cells; (b) bentonite after dismantling and sampling scheme
Table 2: Chemical composition of the saline solution
Chemical species
Concentration (M)
Fe
1.1 E-05
Na
1.3 E-01
K
8.2 E-04
Ca
1.1 E-02
Mg
8.2 E-02
Si
2.7 E-04
SO427.0 E-02
Cl2.3 E-02
HCO31.8 E-03
pH = 7.54
pE = -3.16
log P CO2 = -2.65
2.3

Methods

Two types of samples were collected and analyzed: (1) The precipitates found at the
concrete/bentonite interface and some millimetres far away from interface; (2) Bentonite samples at
different distances from the interface, named sections 1, 2 and 3 (Fig. 1b). The samples collected
were analyzed by using different techniques. X-ray diffraction (XRD) and Fourier transform-infrared
(FT-IR) analysis are carried out on the precipitates collected from the concrete/bentonite interface.
The XRD equipment used is a Philips Xpert-MPD diffractometer and the FT-IR spectroscope used is a
Nicolet 4700 in the range of 4000 to 400 cm-1. XRD patterns of the bentonite samples were obtained
on the total sample, ethylene glycol (EG)-saturated and calcinated specimens. The morphology and
chemistry were analyzed by scanning electron microscopy (SEM) with microanalysis (XEDS) using a
JEOL JSM 6400. Specific surface was analysed by gas adsorption methods (N2-BET measures).
Cation exchange capacity (Cu-triethylenetetramine method) [9], and exchangeable cations (CsNO 3
method) [10] analysis were also performed.
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3

RESULTS

3.1

Mineral phases at the concrete/bentonite interface

The first evidence of the interaction between the concrete and the bentonite under the studied
conditions is the formation of a quite homogeneous white precipitate at the interface in the three cells
dismantled after 6, 12 and 18 months. Figure 2a is a SEM image showing the appearance of this
precipitate. An amplified image of it allows us to measure the thickness of this layer being around 2
µm (Fig. 2b).

Figure2.- (a) Imaging of the precipitate layer on the bentonite surface obtained by SEM.
(b) Thickness of the precipitate layer.
The SEM-EDX analysis of a cross-section of this area shows the formation of a continuous
layer of portlandite. In figure 3a, it can be seen the portlandite precipitate and the clay layers stacked
below it. These precipitates are the consequence of the previous leaching of the matrix concrete by
diluted groundwaters providing pore water oversaturated with respect to portlandite.

Figure 3. - (a) Imaging of the bentonite interface profile obtained by SEM. (b) Variation of the
Ca concentration from interface
Other secondary mineral phases were found at the interface: calcium silicate hydrates or CSH
gels tobermorite-type with Ca/Si molar ratio of 0.6 (Fig. 4), magnesium hydroxide (brucite) (Fig. 5a)
and ettringite (Aft) (Ca6Al2(SO4)3(OH)12 26(H2O)) (Fig. 5b).
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Figure 4.- New phases formed at the interface concrete-bentonite
(a)

(b)

Figure 5.- (a) SEM characterization show brucite and (b) Ettringite found at the interface
In the 18-month test, dissolution of quartz was detected (fig.6). This process enables the
precipitation of CSH minerals such as tobermorite [11].

Figure 6.- Dissolution marks in quartz
The presence of brucite was assessed by the powder diffractogram (XRD) of the precipitate
found at the interface. Figure 7 shows the 3 main reflection lines of brucite (2.36 Å, 4.77Å, 1.79Å).
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Figure 7.- XRD diffraction profile show brucite founded at the interface.
Furthermore, a detailed X-ray diffraction study of the bentonite shows the possible presence of
a new phase. The study was made at different depths from the interface. It shows a peak at 1.53 Å
only in bentonite interface that belongs to a smectitic trioctahedral phase (saponite) (Fig. 8).
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Figure 8.- XRD of the bentonite at different depths.
The XRD analysis of the oriented aggregates of the <2 µm fraction, shows an increase of the dspacing, as expected, because of the interaction with concrete. The interlayer space in the smectite is
a brucite-saponite-smectite mixture phase. In Figure 9 we can observe that the diffactogram is similar
in cells dismantled after 6 and 12 months, what proves that this process does not depends on time.
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Figure 9.- XRD diffraction profile of the oriented aggregates
Bentonite close to the concrete surface and the precipitate found at the interface from the cell
dismantled at 18 months were also analysed by FTIR. In Table 3, the wavenumbers of the peaks
obtained and their assignments, (p) denotes peaks found only in the sample containing the precipitate.
These spectra show the main features of clay minerals [12]. A small band that could
correspond to the Mg3OH deformation of a smectitic trioctahedral phase (saponite) was observed at
669 cm-1. In the spectra of the precipitate, three bands at 1417, 874, 712 cm-1 reveal the occurrence of
calcite. At 3700 cm-1, the spectrum of brucite shows an absorption band [13]. This agrees with the
presence of Mg(OH) 2 in the precipitate.
Table 3.- Group assignment of FTIR spectra
Wavenumber (cm-1)

Assignment

3700 (p)

OH stretching of structural hydroxyl groups

3614

OH stretching of structural hydroxyl groups

3433

OH stretching of water

1637

OH deformation of water

1417 (p)

streching of calcite

1032

Si-O stretching

912

Al-Al-OH deformation

874 (p)

out of plane bending of calcite

839

Al-Mg-OH deformation

712 (p)

CO3 of calcite

796

Si-O vibrations of quartz

669

Mg3OH deformation

521

Al-O-Si deformation

467

Si-O-Si deformation
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3.2

Chemical changes

Regarding the distribution of the exchangeable cations, Ca2+ and K+ do not manifest
appreciable variations along of the compacted bentonite block. Nevertheless, an increase of Na + is
noticed as we move closer to the interface. An increase of Na+ and a drop in Mg2+ is observed at the
interface. These facts are possibly due to the uptake of Na+ from saline solution in the exchangeable
positions of bentonite and the release of Mg2+ from these places to octahedral sites.
One of the most important changes in the chemical composition is Mg content. In the SEMEDS analysis, an increase of the Mg concentration is detected. (Table 4)
Table 4.- Variation of the MgO/CaO ratio in bentonite throughout the experimental time
Sample

%MgO / %CaO

Unaltered FEBEX bentonite

2.3

Bentonite after 6 months

5.3

Bentonite after 12 months

4.1

Bentonite after 18 months

4.9

In this zone, the increase of the Mg content is located in the octahedral sites instead of the
exchange complex. The study of exchangeable cations shows that Mg2+ is released from the
exchange positions. Because of the mobility of Mg2+ from interchangeable positions to octahedral
sites, a new smectitic trioctahedral phase (saponite) just at the interface can be formed.
The results of the determination of Cation Exchange Capacity (CEC) (Figure 10) in bentonite
after 6 and 12 months indicate a clear trend to rise as we approach towards the interface. The CEC
value obteined for unalterated FEBEX is 88 mmol/100g with the Cu-triethylenetetramine method,
approximately the same one that the obtained for the most remote section from the interface.
Precipitation of CSH has as result an outstanding increase in CEC [14].

6 months

6 months

CEC (mmol/100g)

100

12

12 months
months

90

85
Interface

Section 1

Section 2

Section 3

Figure 10.- CEC variation in compacted bentonite
It has been observed that the temperature gradient (25ºC section 1 - 100º C section 3) causes
a soluble salt movement towards the heater. [Cl-], [SO4 2-] and [Na+] increase in the section closer to
the heater (Fig.11).
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Figure 11.- Distribution of soluble salts through compacted bentonite
Other properties such as the specific surface area (BET), measure in the first millimetres of
the bentonite, tend to increase, which could be related to the formation of new phases at the
concrete/bentonite interface (Fig.12).
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Figure 12.- Specific surface area of the bentonite close to the interface
4

CONCLUSIONS

The study of the interaction between concrete and bentonite under the experimental conditions
shows that secondary mineral phases are formed just in the clay surface in contact with concrete. This
new products found as a precipitate layer in the interface are: CSH-gel tobermorite-type (Ca/Si = 0.6),
portlandite, brucite and ettringite. These phases could increase the specific surface area.
The interlayer space in the smectite at the interface is a brucite-saponite-smectite mixture
phase.
Concentration of chlorides, sulfates and sodium increases near the heater causing the
precipitation of NaCl.
A variation in the mineralogy and chemistry of the bentonite in contact with concrete was
observed. An increase of the CEC was detected because of the formation of calcium silicate hydrate
gel. A significant variation in the magnesium content and sodium at the exchange positions were
measured. Mg2+ in bentonite belongs to a new smectitic trioctahedral phase, saponite, just formed in
the first millimeter of bentonite interface. Na + replaces Mg2+ from the exchangeable complex in this
zone.These changes involve a modification in the structural characteristics of the bentonite, which was
202.9
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evidenced by XRD, FTIR and SEM analyses. Accessory minerals, such as quartz, present some
dissolution signs.
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