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ABSTRACT 

The durability of reinforced concrete is currently investigated jointly by the CEA and ANDRA for the design of 
interim storage and disposal containers for radioactive waste. The main objectives of this study are to verify that the 
container design guarantees performance criteria for 300 years under atmospheric conditions and that the containers 
can be produced industrially. One of the performance requirements concerns off-gas diffusion, which must be 
ensured via the container covers throughout the interim storage period; other requirements include chemical and 
mechanical protection of the internal packages from external aggression. The main points examined include the 
concrete composition, the reinforcing structure and the container geometry. Substantial work has been accomplished 
on concrete formulations to address the requirements of container durability and production feasibility, and have led 
to the development of high-performance concrete that is virtually self-placing. Numerical models were used to assess 
the concrete carbonation depth over time. Testing led us to select 204Cu stainless steel armatures to limit the long-
term expansion observed with ordinary steel rebars and to control manufacturing costs. Concrete characterization 
tests were carried out to verify the major parameters affecting durability (porosity, permeability, diffusivity) or 
indicative of long-term durability (mechanical strength). Other measurements were performed to supplement the 
available data for these concrete materials, and tests were carried out to verify the concrete placement in industrial 
production. 
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1. INTRODUCTION 

This article describes the approach adopted for the design of a concrete container for long-lived intermediate-level 
waste packages and more precisely for bituminized waste drums designated “B2” in the ANDRA Design Inventory 
Model (MID) [1]. The container was designed to ensure five main functions: 
• chemically protect the waste package, 
• minimize voids and disposal footprint, 
• vent radiolysis gases—hydrogen in particular, to limit its internal concentration to 2%, 
• provide for easy handling, 
• offer mechanical protection in the event of a handling incident. 

The design emphasized the reduction of voids and overall dimensions for disposal, and the release of radiolysis 
gases. A satisfactory solution was found for the other functions, but can be improved by further optimization. 

2. CONTAINER DESCRIPTION 

The container is a rectangular parallelepiped 1.54 meters square and 1.40 meters high, with a prefabricated shell and 
a prefabricated cover secured by a fiber-reinforced concrete mortar joint around the periphery of the cover and at 5 
anchoring points as shown in Figure 1. The container body includes 4 vertical receptacles for waste packages. The 
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total weight of the container including waste packages is about 6.6 metric tons. Fork-lift pockets are provided at the 
bottom for handling purposes. Four containers can be stacked in interim storage. Loads are transferred via the 
container anchor bolts rather than the cover, which ensures the release of radiolysis gases. All the outer edges are 
chamfered. Relief angles are provided on all vertical walls and around the fork-lift pockets for ease of removal of the 
formwork. A centering pin at the center of the cover facilitates the placement of the cover on the container.  
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Figure 1. Container schematic 

The body-to-cover linkage was reinforced to improve its mechanical strength in the event of a drop. This was done 
by placing a helical insert around the anchor bolts and a metal washer to distribute tensile and shear loads (Figure 2). 
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Ten containers were manufactured in an industrial prefabrication plant to verify the feasibility of the design concepts 
and to identify any weaknesses. Because of the complex container geometry (Figure 3) the usability of fresh concrete 
was a key issue in developing the industrial fabrication process. 

 

Figure 3. Top view of B2.1 fiber-reinforced container 

3. DESIGN HYPOTHESES 

The containers were designed for enhanced durability, after identifying the problems most likely to affect them 
during their 300-year service life. The container lifetime can be affected by four main types of degradation: 
• Internal disorders due to the degradation of the initial concrete components, notably the aggregates, which can 

contain reactive elements such as amorphous silica or sulfates. Internal disorders may also arise from a 
temperature cycle resulting in severe thermomechanical stresses, or to the precipitation of ettringite formed from 
monosulfoaluminates released when the concrete temperature rises during the first few hours of hydration, or to 
prevented shrinkage. 

• External chemical aggression such as atmospheric carbonation, sulfate corrosion and chloride penetration in a 
marine environment. 
– Atmospheric carbonation is characterized by closure of the porosity by calcite precipitation and a diminishing 

pH as a result of portlandite consumption. Ambient CO2 is in contact with the container outer faces, and 
radiolysis of bituminized waste inside the container generates similar quantities [1]. The drop in the pH leads 
mainly to corrosion of the concrete rebars, and can also favor reactions such as the formation of thaumasite at 
low temperatures [2]. The reduced porosity slows this phenomenon, but also limits the concrete transfer 
parameters and thus its ability to diffuse radiolysis gases such as hydrogen. 

– The presence of sulfates in the container environment can lead to the formation of chemical species including 
ettringite, gypsum, or thaumasite, which are capable of altering the concrete due to the swelling inherent in 
their formation. Sulfates originate in air polluted by combustion smoke or in industrial waste produced by the 
chemical industry. 

– The presence of chlorides can lead to the formation of Friedels salt, which is expansive [3] and can catalyze 
the formation of rebar pitting corrosion. 

4. ASSESSING THE IMPACT OF CARBONATION OVER TIME 

Atmospheric carbonation is the design-basis degradation taken into consideration for the container because it is very 
difficult to prevent. Carbonation computations were performed with a model developed by the CEA [4] covering both 
carbonation and drying. Carbonation affects both porosity and transport, taking into account the pore filling by 
calcite precipitation. The model was developed in CASTEM2000, using diffusion parameter values determined by 
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hydrogen testing. The calculated result is expressed as a carbonation depth on the exposed face versus time for 
different relative humidity values (Figure 4). 
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Figure 4. Projected carbonation depth for different relative humidity and concrete porosity values 

5. MATERIAL SELECTION 

The durability and implementation requirements led us to specify containers made of high-performance fiber-
reinforced concrete characterized by high binder concentrations and water/binder ratios of less than 0.4. The 
container body represents a volume of 1.8 m3, the cover 0.25 m3, with 200 kg of rebars for the body (111 kg·m-3) and 
42 kg for the cover (168 kg·m-3). 

5.1 Reinforcement 

Considering the uncertainties on the projected carbonation depth over time, it is not impossible that steel will be 
outside their passivity range operation before the end of the interim storage facility operating lifetime. Low-nickel 
204 Cu stainless steel rebars will therefore be used in the container body and cover. The stainless steel fibers are 
304L grade. Stainless steel has several advantages: 
• its failure elongation limit is much higher than for conventional Fe500 steels, 
• its corrosion resistance is substantially greater, and the corrosion products occupy smaller volumes than for 

ordinary steel. 

A research program was designed to investigate the behavior of stainless steels in contact with chlorides in solutions 
simulating different stages of concrete evolution [5]. Electrochemical tests to assess the sensitivity of different 
stainless steel grades to pitting corrosion were carried out in various media representative of concrete evolution in 
contact with different chloride concentrations. The test specimens were 316L and 204Cu austenitic steel (Figure 5), 
and 45N austenoferritic steel. 

The main test results can be summarized as follows: 
• The corrosion potentials are comparable regardless of the material, and depend on the composition of the 

medium: the more basic the pH, the more negative the potentials. 
• The repassivation potentials are not pH-dependent, and are characteristic of each material. 
• The potentials at which pitting occurs depend both on the material and on the medium. 

316L stainless steel offers the best repassivation performance and 204 Cu is currently the least expensive. 
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Figure 5. Binocular magnifier (×10) images of pitting in contact with [Cl-]=35 g/L at pH=11.7 

5.2 Concrete composition 

The constituents of the concrete used to manufacture the containers (Table I and Table II) were selected to limit the 
risks of container degradation. Different concrete formulations are specified for the container body and the cover. The 
body is less reinforced than the cover, and better mechanical properties were specified accordingly. Both 
formulations use CEM I cement with limestone fillers, limestone aggregates and hooked metal fibers. The use of 
high-purity limestone aggregates with good mechanical properties limits the risk of alkali-silica reaction. 

Table I. Body concrete formulation 

Constituents kg/m3 

CEM I 52.5 N CE PM ES CP2 NF (Le Havre)  376 

Limestone filler OMYA Betocarb P1 (Orgon) 102 
Silica fume Condensil S95DM 38 
Limestone sand 0/4 mm (Boulonnais) 1003 
Limestone gravel 4/6 mm (Boulonnais) 238 
Limestone gravel 6/10 mm (Boulonnais) 465 

Superplasticizer MBT Glenium SKY 500 4.888 
Viscosity agent MBT Rheomac 885 F 1.128 
Shrinkage reduction additive GRACE Eclipse Floor 4.96 
Total water 178 
Hooked fibers IRIS DL 25/40 – 304  30 

 

Table II. Cover concrete formulation 

Constituents kg/m3 

CEM I 52.5 R CP2 (Contes les Pins) 390 
Filler Betocarb P1 OMYA 155 
Sand 0/2 (L’Estaque) 920 
Gravel 2/6.3 mm (Le Beausset) 660 
Total water 198 
Superplasticizer Chryso Optima 175  7.63 
Hooked fibers IRIS DL 25/40 – 304  25 

 

The container body formulation contains silica fume for greater compactness and mechanical strength of the 
hardened concrete. The hydrogen diffusion requirements precluded the use of this constituent for the cover. The 
cover formulation uses a type R cement containing nearly 10% C3A, and could be replaced by a cement with a lower 

316 L 204 Cu

SMiRT 19, Toronto, August 2007 Transactions, Paper # H03/4



SMiRT 19  

6 

concentration such as type PM ES. This formulation was successfully tested with respect to sulfate corrosion, and the 
cover geometry prevents any heat-related problems. 

The concrete formulations were characterized, and the measured values on hardened concrete are indicated in 
Table III. 

Table III. Concrete performance 

Parameter Body Cover 

Compressive strength (MPa) at 28 days ~ 90 ~ 75 
Young’s modulus (GPa) at 28 days ~ 38 ~ 34 
Tensile strength (MPa) at 28 days ~ 8 ~ 8 
Total shrinkage (µm/m) (i) at 28 days ~ 220 ~ 400 
Chloride diffusion (m2/s) ~ 7 × 10-13 ~ 4 × 10-12 
Air permeability (m2) ~ 10-17 ~ 10-17 
Relative density (dry) ~ 2.35 ~ 2.23 

 

6. PERFORMANCE TESTS 

Tests were devised to check the behavior of the containers or of representative container components to validate the 
design options: 
• Containers were dropped onto a corner from a height of 6 meters, demonstrating that the concrete container 

adequately protected the integrity of the primary packages. 
• A gaseous diffusion tester currently undergoing qualification testing was developed to monitor gas transfer by 

diffusion with controlled or monitored relative humidity. The tester will be used to check for possible scale 
effects on diffusive transport mechanisms in the gas phase and to verify the maximum permissible H2 
concentration in the design specifications. 

• A comparative performance tester was developed to compare different design options with respect to the presence 
of chlorides in order to quantify the gain obtained using stainless steel rebars over ordinary steel reinforcements. 

7. CHLORIDE DIFFUSION TEST 

Performance testing in hostile environments was carried out by comparing the degradation due to corrosion of rebars 
on miniature containers in order to confirm the advantages of this choice under very unfavorable conditions: a 
carbonated medium with a high chloride concentration. The comparative tests assessed the influence of the steel 
grade, the concrete porosity, the effects of the fibers, the encapsulation, the chlorine concentration (5 g/L and 30 g/L), 
the moisture cycles (2 days in the chloride solution and 5 days of drying) and the presence of cracks. The 
experiments last several years and require simultaneous testing of several different configurations because of the 
kinetics of the phenomena involved. 

The test specimens represent a 1:10 scale container with eight rebars at various positions, on which the potential is 
measured with respect to a reference electrode. Figure 6 shows the experimental setup with the miniature containers 
and salt solution tanks. 

The miniature containers were fabricated using the same concrete formulations as for the demonstrators: one for the 
demonstrator body, another for the cover. The test specimens were placed in different chlorinated solutions. The 
central recess filled with pure water allows the chloride diffusion rate to be monitored by ion chromatography. 
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Figure 6. Container specimens and setup for chloride migration tests 

8. CONCLUSIONS 

Work began in 2002–2004 to design durable high-performance concrete containers. This approach is based on a 
description of the required functions over time, an inventory of the phenomena liable to alter these functions in the 
container environment, prior experience with cement materials and the current state of knowledge concerning rebar 
corrosion, the technical feasibility of the concept and integral performance tests. Metal fibers do not significantly 
improve the tensile behavior of the concrete after cracking. The performance tests currently in progress will confirm 
the design options developed in this program. 
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