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ABSTRACT 

Deep geological disposal is the most accepted management option for High Level Nuclear 
Wastes. The multibarrier system for the isolation of high-level radioactive waste includes the concept 
of the spent fuel encapsulated in canisters of carbon steel. Corrosion phenomena affect the integrity of 
the canister and can modify the chemical environment either at the interface or in the bentonite 
porewater. 

The experimental studies conducted by CIEMAT are focused on the iron canister corrosion 
products interaction with the bentonite system and are based on a series of short term and medium 
term experiments conceived at different scales, from conventional laboratory experiments and 
experiments in cylindrical cells, to those specifically designed 3D mock up experiments, the so called 
“GAME (Geochemical Mock up experiments) scale.” 

The results obtained from the up-scaling could be a useful tool to understand the key processes 
at the steel/bentonite interface and the later modelling work. 

 

1 INTRODUCTION 

Deep geological disposal is the accepted management option for long-lived and highly 
radioactive wastes. According to the European Comission [1], “Deep geological disposal is technically 
feasible now and can demonstrate the guarantees of long-term isolation and protection the public 
demands”. The multibarrier system for the isolation of high-level radioactive waste includes the 
concept of the spent fuel encapsulated in canisters of carbon steel. The Engineered Barrier System 
(EBS) is completed with a bentonite and a concrete layer. The repository is placed in a geological host 
formation: granite or argillaceous formation, depending on the concept chosen by each country. 

The effects of the reactions occurring in the carbon steel/compacted bentonite interface should 
be understood for assessing the waste isolation. If the canister failure due to corrosion occurs [2] the 
iron will be in contact with the bentonite affecting its properties, both in terms of the chemical evolution 
of the pore water and the properties of the bentonite. A significant change of the properties of 
bentonite should be crucial for the migration of radionuclides. 

After sealing the repository, it is expected that the steel container is affected by two corrosion 
phases, one of them will occur under aerobic conditions, as a result of the oxidation process due to 
the air trapped in the bentonite; and a second phase will start when the barrier is completely saturated. 
Then, depending on the physicochemical conditions in the system (e.g. temperature, redox or 
hydrogen production), the corrosion of the container and the formation of a variety of corrosion 
products will occur. A number of studies on natural analogues focused in the thermal effect [3] provide 
evidences on the formation of Fe(II)-rich saponite or dioctahedral nontronite, corrensite and Fe-Mg-
rich chlorite. 

There are also a number of studies on the corrosion of metals that could be used as canister [4-
8], also studies on the iron-bentonite interaction [9,10], but not as much studies are focused to the 
iron-compacted bentonite interaction at the repository conditions [11-13] and the associated 
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mineralogical, chemical and physico-chemical transformations of the bentonite [14-15]. The 
experiments proposed by CIEMAT in the context of NF-PRO integrated project have two main 
objectives; on one hand, the study of the corrosion products generated in the canister/bentonite 
interface at the repository conditions and, on the other one, to establish how the corrosion affects the 
properties of the bentonite. In order to achieve these aims, a set of experiments was designed 
regarding the up-scaling effect.  Two types of hermetic cells (small and medium cells) and two GAMEs 
experiments (Geochemical Advanced Mock-up Experiments) were used. Large-scale experiments 
under controlled conditions outline the validation of the two repository concepts: in granite and 
argillaceous formations. Potential changes in the key parameters of the buffer material, as a result of 
Thermo-Hydro-Mechanical (THM) and Thermo-Hydro-Geochemical (THG-Ch) processes after the 
closure of the repository, will be studied in two GAME tests: First, on the common effect of the canister 
corrosion on the engineered barrier system and on the specific impact of alkaline high saline solutions 
on the conditions on the near-field in the High Level Wastes clay repositories.  

The aim of this work is to evaluate the up-scaling effect on the study of the iron-bentonite 
interface by using different scales in the laboratory tests conducted by CIEMAT. It is also intended to 
validate the results of the cylindrical cell tests by comparing them with data obtained from the post-
mortem analysis of one of the mock-up experiments of the FEBEX (Full-scale Engineered Barriers 
Experiment) Project [16].  
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Figure 1. Scheme of the Engineered Barrier System in a Deep Geological Repository (DGR) and the 

geochemical processes occurring in the clay barrier.  
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2 EXPERIMENTAL PROCEDURE 

 
2.1 Materials 

Bentonite 
The tests have been performed with a bentonite (FEBEX) from the Cortijo de Archidona 

deposit (Almería, Spain). Its main characteristics are detailed in [2] and summarized as follow. The 
bentonite has a content of dioctahedral smectite of the montmorillonite type higher than 90%, as 
determined by X-ray diffraction. Besides, it contains variable quantities of quartz, plagioclase, 
cristobalite, potassium feldspar, calcite and trydimite. The cation exchange capacity is of 111 ± 9 
meq/100 g, 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 %. 
Iron 

Commercial powdered iron with a grain size of 450 µm and 60 µm (Goodfellow, powdered iron 
99% purity) was used in the cylindrical cell tests. 
Hydration solution 

Three waters were used for the experiments: Fontvella water (oxidized calcium bicarbonate 
type granite water from Spain), Grimsel water (reduced calcium bicarbonate type granite water from 
Switzerland) and synthetic concrete water. 

 
 

2.2 Experimental set-up for the tests 

Small and medium cylindrical cells 
These were performed in hermetic cells (small – 2.5 cm and medium – 10 cm) (Figure 1) using 

unsaturated FEBEX bentonite blocks. 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 (25ºC, 50ºC and 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 0.1 MPa. 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. To state a sequence of corrosion products the cells were dismantled at different times (1, 2, 
4, 6 months, 1 and 1.5 years) (Table I). 

In the case of the medium cells, besides, Relative Humidity (RH) and Temperature sensors 
were installed at 5 mm and 7.5 cm from the iron-bentonite interface, in order to follow the evolution of 
these key parameters for the THM and THG-Ch processes occurring in the bentonite blocks.  

Table 1 summarizes the set of experiments conducted in anoxic conditions, with the duration of 
the experiments, the temperature and the type of hydration solution. 

 
GAMEs experiments 

The two tests have five elements in common: the confining structure, the hydration and the 
heating system, geochemical instrumentation and the data acquisition system (DAS). The composition 
of the engineered barrier and the composition of the hydration water is variable, depending on the 
repository concept that tries to simulate: in granite or in argillaceous formations.  

The confining structure (1 metre long; diameter: 1 metre) is made in stainless steel 316L and 
placed on metallic beds. It is composed of two concentric cylindrical bodies, which provides the 
hydration (external body) and the heating (core) of the barrier material.  
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Figure 1: Left) Scheme of the cells of 25 mm; Right) Scheme of the cells of 100 mm 

 
Table 1: Experimental conditions in the small and medium cell tests 

Cell type Temperature(ºC) Hydration solution Time 
(months) 

External 
conditions 

25 Reduced granitic water 6 
50 Reduced granitic water 6 
100 Reduced granitic water 6 and 12 

Small 

100 No hydration 1,2,4 and 6 
Medium 100 Reduced granitic water 6 and 18 

Anoxic 

 
The hydration system supplies water (total volume: 0.3m3) for the hydration of the bentonite 

block, at a constant and controlled pressure. Nitrogen was used as propellent, through a hydraulic 
accumulator vessel, which prevent the gas to be dissolved in the water.  

The heating system is composed by the heating surface (core of the structure), divided in eight 
zones and a WEST MLC9000+ closed loop controller that regulates the power supply to each zone. 
The total power supply is 2000 W. 

The geochemical instrumentation consisted on geochemical and relative humidity sensors. 
These sensors were installed in three levels of stainless steels 316L filters in contact with the barrier in 
five different instrumentation rods. The filters are also water sampling ports.  

The Data Acquisition System (DAS) integrates the different types of equipment on a virtual LAN, 
which groups instruments on an Ethernet network. The measured parameters are water inlet, power 
supply, temperatures, RH, pH, Eh and Electric Conductivity (EC). 

The two specific elements are related to each repository concept:  
The Engineered Barrier (EB) is made of compacted bentonite bricks and confined within the 

structure. The clay barrier is 30 cm thick. Compacted bentonite blocks are in contact with a C-steel 
mesh that surrounds the heater. In one of the mock-up tests, the hydration takes place through a 87 
mm-thick concrete plate (reducing bentonite thickness), made of Portland cement CEM1-SR type, with 
aggregates of Q-sand.  

Each GAME is saturated with a water representative of each HLW repository concept: a 
reduced granitic natural water (from borehole BO-ADUS in the Grimsel Test Site, Switzerland; pH 9.4 
and EC 0.2 mS/cm) and a synthetic clay-pore water (pH 7.95 and EC 12.21 mS/cm).  
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Figure 2: Scheme of the GAME experiments. 

2.3 Methods 

The techniques used for the characterization of bentonite after the interaction with iron were: X-
ray diffraction (random powder, oriented aggregates and heated specimens at 550ºC), FTIR 
spectroscopy, chemical analysis to determine CEC capacity (Meier and Kahr, 1999) and the 
exchangeable cations (Shawhney, 1970). thermogravimetrical analysis (TGA), Rutherford 
Backscattered Spectroscopy (RBS), Scanning and Transmission Electron Microscopy (SEM and TEM) 
coupled to Energy Dispersive X-ray  Spectroscopy (EDS). 

Iron corrosion products were analysed by means of X-ray diffraction, FTIR spectroscopy, SEM-
EDS and Mössbauer spectroscopy. 

 

3 RESULTS 

3.1 Small cells  

Fifteen small cells have been dismantled in the last two years. These tests have been running 
for different times. Different types of hydrating solution and temperatures were introduced as 
variables. In order to simulate the geochemical conditions occurring during the different stages that the 
repository may undergo, in some tests hydration was not applied. Tests without hydration can simulate 
the first stages of the repository lifetime (post-closure and transient state), whereas tests subjected to 
hydration will reproduce the geochemical phenomena, once the barrier is fully saturated.  
 
Tests without hydration 
 Four tests were realized and dismantled at different times: 21 days, 2, 4 and 6 months. In 
them, no chemical alteration of bentonite was observed. The only appreciable change consisted, as 
expected, of the decrease of the water content of bentonite from an initial 13.7% to a final 9.7%. 
 Some spots that correspond to corrosion products generated during the test were seen on the 
surface of the compacted bentonite block. Some of them seem to be filling the retractive cracks 
generated during the heating process. Iron oxyhydroxides (goethite and lepidocrocite) were the main 
corrosion products found in all cases.  
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Tests subjected to hydration 
 As a previous step to these tests, three different types of hydrating solution were attempted. 
No significant differences were observed among the results from the three experiments. As it was 
foreseen, bentonite seems to buffer the pH and the chemical composition of the porewater at the 
interface. This is the reason why no relevant differences were seen in the geochemical or corrosion 
processes occurring at the iron/bentonite interface.  
 The rest of the essays were done using reduced granitic water (Grimsel groundwater). 
Different temperatures were used: 25, 50 and 100ºC. Experiments were running for six months (at all 
temperatures) and 1 year (at 100ºC). 
 In this set of experiments, significant changes were observed. Temperature is one of the key 
factors when trying to explain the geochemical processes affecting the iron-bentonite interface. At 
100ºC and 50ºC, similar results were obtained. It was observed the reduction of structural Fe(III) from 
bentonite and the formation of a ferrosic phase together with magnetite. 
 At 25ºC, goethite and magnetite were found as main corrosion products. Little chemical 
alteration of bentonite was found.  
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Figure 3: Photographs of the different scales used in the experimental work: a) small cells; b) medium 
cells and c) GAME experiments. 

 
3.2 Medium cells 

Until the moment, only two out of the six medium cells that were assembled have been 
dismantled.  

The monitoring of the Relative Humidity % (RH) and Temperature has shown that, in the first 
moments of the experiment, a quick redistribution of water content takes place along the bentonite 
block. A sharp decrease of the relative humidity has been observed in areas close to the interface. In 
figure 4, it is shown the evolution of %RH as a function of time in areas near the interface (where 
temperatures close to 90º are reached) and near the cold end of the bentonite block (≅ 40ºC). At the 
interface, relative humidity drops from an initial value around 50% to 20%, whereas at the cold end of 
the bentonite block, it raised from 50% to an average value of 90%.  

High temperature causes the desiccation of the bentonite block and induces the precipitation of 
salts at the interface (chlorides and carbonates mainly). Salt precipitation may play a relevant role in 
the performance of the carbon steel canister in the repository. Chloride precipitates are well-known for 
being hygroscopic. This fact could lead to the formation of very concentrated brines on the surface of 
the canister, what could favour localized corrosion. 

c) b) 

a) 
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In the medium cells dismantled, it has been observed the transformation of the corrosion 
products as a function of time. In the cell dismantled after 18 months, haematite was the main 
corrosion product. Goethite (α-FeOOH) formation is favoured against lepidocrocite (γ-FeOOH) at low 
relative humidities, haematite is the typical product of the dehydration of goethite. 

The nature and morphology of iron oxide phases is highly dependant on environmental 
conditions. The two different iron oxides found could indicate that the cells are able to simulate the 
different stages that the repository will undergo during its lifetime.  

No iron enrichment of the clay was detected, as no water is available at the interface. Apart 
from salt precipitation, no other geochemical processes were observed at the interface.  
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Figure 4. Evolution of Relative Humidity (%) with time. 

 
 

3.3 GAMEs experiments 

The experimental setup of GAME test is installed and the corrosion processes should go on in 
the experiment. Due to some technical problems, the experiments were flooded initially (so natural 
suction of bentonite will happen), in spite of the simultaneous heating and hydration. 
Once the modifications have finished, the heating and hydration phase will continue.  A two-year 
experimental phase is considered as the optimal. So, comparison of the future data, from the post 
mortem analysis of the GAME components, against the data currently obtained from the corrosion 
experiments in small and medium cells will be possible. 

4 DISCUSSION 

4.1 Comparison between the results obtained in the small and the medium cells 

It seems to be good correspondence between results obtained in small cells without hydration 
and the medium cells dismantled after six months of operation. In both cases, iron oxyhydroxide was 
the main corrosion product and not appreciable changes in bentonite were detected.  

In both cases, similar conditions to the ones reached during the post-closure stage of the 
repository are simulated. 

No direct comparison can be done between the small and the medium cell dismantled after 6 
months of operation. The bentonite block from the small cell was fully saturated, whereas the 
hydration front in the case of the medium cell only penetrated a few centimetres. Different 
geochemical processes occurred at the iron/bentonite interface. Thus, different corrosion products 
were found (fig. 5). 
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Figure 5. Photographs of the small and medium cells during their dismantling after 6 months of 
operation.  

 
There was not a small cell equivalent to the medium cell dismantled after 18 months. This 

medium cell is the most representative test we have until the moment to study the transient state of 
the repository, as in the small cells, the hydration of the bentonite blocks is too quick to allow the study 
of the intermediate stages.  

Four medium cells are still operating they are expected to be dismantled in 3, 5, 7 years. The 
last one is foreseen to be operating for a longer period of time not yet defined. So, in a future time, it 
could be possible to evaluate the effect of up-scaling on all geochemical occurring at the iron-
bentonite interface after the fully saturation of the compacted bentonite. 

 
4.2 Comparison between the results from the cell tests and the data provided by the post-

mortem analysis of one of the FEBEX in-situ experiments 

According to Madina & Azcárate [17] iron oxyhydroxide (goethite) and amorphous ferric 
hydroxide were the main corrosion products found on the surface of the heater. A rough crust of iron 
oxide was grown on the metallic surface. The thickness of the corrosion products layer was variable 
and its depth, depending on the zone, went from 5 to 20 µm. This seems to indicate that an initial 
localized corrosion process is taking place in the first moments after the closure of the repository. 
Then, corrosion starts to spread all over the metallic surface, leading to the formation of a non-
homogeneous layer. The authors described this fact as a non-homogeneous generalised corrosion 
phenomena.  

These results seem to be consistent with the ones obtained from the small cells not subjected to 
hydration and from the medium cell dismantled after six months of operation. Goethite was the main 
corrosion product found, as well. In all cases, chloride together with silicon, aluminium, sodium or 
calcium was detected in the iron oxide layer. So as expected, precipitation of salts occurs since the 
closure of the repository, and its role could be extremely important to explain the corrosion process 
during the first moments of the lifetime of the repository. 
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4.3 Effect of Scaling-up  

The use of different scales seems to indicate that long-term experiments are necessary, 
especially at larger scales. Another option could be to identify the different stages a repository will 
undergo during its performance and to design specific experiments for each of these stages.  

In this work, several tests have been conducted at different scales and its results have been 
compared. From this comparison, it has been concluded that in order to study the transient state of the 
repository (the stage that goes from the closure of the repository to the fully saturation of the barrier) 
large scales are necessary.  

Medium cells and GAMEs experiments can simulate quite well the evolution of the geochemical 
conditions in a repository, as the saturation of the barrier takes much longer than in the case of small 
cells. This makes that the duration of the transient state is sufficient to be studied and that, in both 
cases, physical parameters such as relative humidity and temperature can be monitored.  

Small cells are very useful for simulating the conditions generated in the post-closure stage of 
the repository and predict quite well the evolution of the geochemical processes when the barrier is 
fully saturated.  

5 CONCLUSIONS 

Although, we are still waiting for the dismantling of the GAME experiments, initial up-scaling 
results seem quite promising.  

When large scale experiments are used, each stage in the lifetime of the repository lasts longer. 
This fact enables the detailed study of each stage. This is particularly helpful, in the case of the 
transient state, until the moment, little information has been compiled about this period, but its 
importance is key in the performance of the repository.  

The experimental set-up used in this work seems to reproduce quite well the geochemical 
conditions occurring in the repository.  

However, laboratory experiments at a small scale and simpler conditions have shown that large 
scale experiments are needed to get a better understanding the barrier system (EBS) and to validate 
the numerical models existing for the prediction of medium and long term. 
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