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Abstract 

The European project for pre-disposal management of radioactive waste (PREDIS) consists of several work 

packages (WPs), including WP 7 “Innovations in cemented waste handling and pre-disposal storage”. This 

document includes a table of end user waste packages, which was sourced using data from the PREDIS 

WP7.1 state of the art (SoTA) report and Nuclear Decommissioning Authority (NDA) reports. 

 

The collected data was used to provide a cemented waste package to be used as a point of reference 

throughout the rest of WP7. For the reference package, details such as geometry, grout matrix and waste 

container material are provided. Reactive metals, in particular Magnox or magnesium metal, are presented 

as a reference degradation mechanism which should be used to cause the degradation of the grout matrix 

and package. Additionally, several key areas where variants may want to be investigated are included, such 

as the use of aluminium metal instead of Magnox to generate corrosion.   
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1 Introduction 

The European project for pre-disposal management of radioactive waste (PREDIS) consists of 

several work packages (WPs), including WP 7 “Innovations in cemented waste handling and pre-

disposal storage” [1]. This WP is broken down into several sub WPs, which aim to address a variety 

of challenges, such as:  

• Identifying monitoring technologies,  

• Develop digital twin technology,  

• Identifying opportunities for increased store automation, 

• Identify chemical and mineralogical package evolution mechanisms. 

2 Background 

2.1 Packages 

As part of the State of the Art (SoTA) report undertaken for WP7.1 [1], PREDIS partners provided 

information on the various waste packages relevant to their home countries. This information was 

collated into a spreadsheet, included with this technical memorandum, and used to highlight different 

trends within the data. Further waste packages relevant to the U.K. were also added to the 

spreadsheet based on the guidance and specification for 6 m3 boxes [2] and 500 L drums [3]. A 

summary of this spreadsheet can be found in the Appendices in Table 4. 

2.2 Degradation Mechanisms 

A detailed review on the durability of concrete for low level waste (LLW) and high level waste (HLW) 

can be found in reference [4] as well as in the SoTA report itself [1]. In the latter report, six out of 

eight responders detailed that the following degradation mechanisms had been indicated as of 

interest/ observed: 

• Internal/ external corrosion,  

• Cracks linked to the handling of the package,  

• Alkali-silica reaction (ASR) gel formation, 

• Leakage of Liquids 

• Swelling 

• Chemical reactions. 

Given the significant body of work that exists, this document will only provide a high-level overview 

of the above. Leakage of liquids and swelling will not be discussed as they can be thought of as 

consequences of wasteform evolution rather than degradation mechanisms in themselves, even 

though those two processes may cause damage to a container. Instead the focus will be on the 

processes that lead to either wasteform (and potentially waste container) swelling or loss of waste 

containment e.g. leaking liquid. Similarly, cracking linked to the handling of the packages is not 

discussed. Although not listed above carbonation is also briefly discussed as a long-term 

atmospheric process that can affect the wasteform for both stainless steel and concrete containers 

and the container itself, if it is of concrete construction. Similarly, radiation damage is also discussed 

due to it being both an internal mechanism (from the waste itself) and an external process (irradiation 

by surrounding packages). Each mechanism is discussed briefly below: 

2.2.1 Carbonation 

Carbonation is a reaction that occurs between carbon dioxide (usually but not always from the 

atmosphere) and the Ca containing phases present within the hydrated cement microstructure, 
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namely calcium hydroxide (Ca(OH)2) and calcium-silicate-hydrate (C-S-H) to form calcium carbonate 

[1]. The carbonation process can be broken down into three main steps: the dissolution of the calcium 

containing phases into the pore water, adsorption of carbonate ions produced from dissolved CO2 in 

the cement pore solution, followed by the precipitation of calcium carbonate [5], with the overall 

chemical reaction [1] detailed in Equation 1, involving the simultaneous dissolution of Ca(OH)2 and 

the decalcification of the C-S-H phase.  

 

𝐶𝑎(𝑂𝐻)2(𝑠) + 𝐶𝑂2(𝑎𝑞) → 𝐶𝑎𝐶𝑂3(𝑠) + 𝐻2𝑂 

(𝐶𝑎𝑂)1.667 ∙ 𝑆𝑖𝑂2 ∙ (𝐻2𝑂)2.1(𝑠) + 1.667𝐶𝑂2(𝑎𝑞) → 1.667𝐶𝑎𝐶𝑂3(𝑠) + 𝑆𝑖𝑂2(𝑠) + 2.1𝐻2𝑂 

Equation 1: Carbonation reaction equations 

Carbon dioxide consumes OH- ions in the pore water to form the carbonate species which 

subsequently react with Ca2+ ions, resulting in the precipitation of calcium carbonate, and leading to 

a decrease in the pore water pH of a cement matrix from 12.5+ to 8-10, at which point the passivation 

provided to any steel in the cementitious mass by the high alkalinity is lost and the steel will corrode 

[5]–[8]. This is a common issue with reinforcement steel leading to cracking and spalling of cover 

material from reinforced concrete. This may affect concrete radwaste containers if adequate 

reinforcement cover is not in place and appropriate storage environment is not maintained. The 

formation of calcium carbonate is also associated with a volumetric expansion [5], which can result 

in cement cracking and a reduction in the pore volume. However, work investigating cement based 

nuclear wasteforms at 500 L drum scale found a maximum carbonation ingress of 3 mm despite the 

samples being ~10 years old and stored in uncontrolled normal atmospheric conditions [9]. This 

shows that carbonation is unlikely to be a significant issue for cemented nuclear waste.  

 

2.2.2 Alkali aggregate reaction (AAR) 

Alkali aggregate reaction (AAR) typically refers to the deleterious reaction between certain forms of 

silica present in concrete aggregates and the alkaline pore water present in a cement medium, giving 

rise to an alkali silica reaction (ASR) [1], [4], [10]. There is also a form of the reaction that occurs 

between carbonate and alkaline pore water referred to as the alkali carbonate reaction (ACR) [10]. 

These AAR’s form a gel that absorb water and volumetrically expand, resulting in cracking of the 

concrete. These reactions normally occur when the silica or carbonate are provided via aggregate, 

making them unlikely to occur in the nuclear wasteform which typically uses grouts rather than 

concrete. It could however occur in concrete used for the waste package construction such as a 

concrete box or concrete layer in double skinned drums. It may also be possible for an AAR type 

reaction to occur if the reactive silica/ carbonate normally present in the aggregate were to be present 

in the nuclear waste itself. This idea has some substantiation as there have been reports of ASR 

occurring within cemented waste packages [11], however it is unclear if this is referring to the typical 

ASR reaction associated with aggregate. 

2.2.3 Radiation damage 

Radiation damage of cement and concretes has been examined by several papers. For gamma 

radiation, the literature has noted the following effects: changes in the porosity [12], [13], reductions 

in compressive strength [12]–[14] and increased carbonation ingress [15]. Gamma radiation also 

contributes to hydrogen gas generation through radiolysis of both the pore water and gel water [16] 

in addition to the breakdown of organic waste components [17], which can lead to package 

pressurisation and potentially swelling. It is noted that in the U.K. there has been a significant body 

of work to show that radiolytic hydrogen gas generation can be effectively managed using suitably 

developed permeable grout matrices and vented packages [18], [19]. The effects of the neutron 

irradiation literature are not discussed due to it being more applicable to nuclear power plants. Whilst 

alpha radiation studies on grouted wasteforms are applicable, there has only been a limited amount 
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of research carried out at present due to the high costs of experimentation, requiring the 

immobilization of an alpha-emitter to realistically assess the internal pressurization effects on 

wasteforms as a result of the short penetrating range of alpha radiation causing radiolysis of the 

aqueous phase in regions of closed or low porosity within the matrix [20]. 

2.2.4 Metal corrosion 

Metal corrosion was also identified as a potential degradation mechanism within the SoTA report [1], 

that effects both the waste container itself as well as the metal encapsulated in the wasteform which 

can subsequently impact on the waste container. In a cemented waste form, this can occur due to 

the incorporated waste itself, with aluminum, Magnox and uranium all being examples of reactive 

metals cited in the literature [4]. These metals can corrode in both aerobic and anaerobic alkaline 

conditions, such as those found in a cemented nuclear waste package [4]. The corrosion products 

formed occupy a greater volume than the parent metal, which results in cement cracking even at as 

little corrosion as 0.014-0.016 % [21]. As the metal continues to corrode the induced stress in the 

grout wasteform continues to increase [22]. It is noted that whilst reactive metals corrosion in nuclear 

waste treatment processes is typically thought of in terms of aluminum, Magnox and uranium 

corrosion, steel also poses a long-term issue given the large volumes present in decommissioning 

wastes, as it will also corrode over long timescales, forming a similarly expansive product.   

 

In a Magnox system, there is an initial stage after grouting, in which the corrosion rate is greater, 

called acute corrosion, which then transitions into a steadier long-term chronic corrosion rate [4]. It 

has been shown in grout that Magnox also goes through a transitional intermediate phase, before 

reaching the long-term steady state chronic rate which may take several months/years [4]. In the 

case of Magnox corrosion in grout matrices, the chronic corrosion rate increases with temperature 

[23] and also increases when subsequently exposed to chloride after immobilization e.g. if the 

wasteform is cracked and exposed to chloride under saturated long-term repository conditions [4]. 

Conversely, if chloride is present in the grout mix water, an increase in the corrosion rate is notable 

only at concentrations greater than 2000 ppm [4]. The corrosion reactions can lead to the generation 

of hydrogen gas, which has the same effects as hydrogen generation due to radiolysis. An example 

reaction is given for Magnox [24]. 

 

𝑀𝑔(𝑠) + 2𝐻2𝑂 → 𝑀𝑔(𝑂𝐻)2(𝑠) + 𝐻2(𝑔) 

Equation 2: Magnox corrosion reaction 

For Magnox, the long-term chronic corrosion rate in grout at 298 K  is ~0.2 µm∙a-1 [25], whereas mild 

steel possesses a chronic corrosion rate under anaerobic conditions (anticipated in a cemented 

wasteform containing a blast furnace slag component) of ~0.01 µm∙a-1, which shows little 

temperature dependence [26]. The corresponding volumetric expansion can also be calculated by 

accounting for the difference in density of the corrosion products formed. Table 1 provides an 

illustrative comparison of calculated volumetric expansion amounts for mild steel, Magnox and 

aluminium in grout media, which were taken from reference [4]. The values included were selected 

from typical storage conditions calculations, which made the following assumptions: 

• Surface storage at 20 °C for 100 years, 

• GDF operational phase temperature of 30 °C for 150 years, 

• Backfilling and post-closure temperature of 50 °C up to 1000 years, 

• Steel and aluminium were assumed to be in the form of sheet geometries (500 mm x 500 mm 

x 6 mm), 

• Maghaemite was assumed to be the corrosion product formed from iron corrosion, as this 

would yield the largest volumetric expansion of possible corrosion products formed. 

• Magnox was in the form of swarf of surface area 1.39 m2/kg 
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Table 1: Calculated volumetric expansion values in grout media for mild steel, Magnox and 
aluminium in surface store conditions at 20 °C. Taken from reference [4]. 

Time (years) 
Volume expansion (L/kg of original metal) 

Mild Steel Magnox Aluminium 

100 0.0001 0.058 0.088 

250 0.0003 0.275 0.088 

1000 0.0010 1.260 0.088 

 

The figures in Table 1 show that Magnox corrosion under the conditions assumed results in a 

significantly greater amount of volumetric expansion in grouted wasteforms than both mild steel and 

aluminium over 1000 years. Aluminium is an interesting case as it appears to offer a greater 

volumetric expansion than Magnox over short timescales making it ideal as a degradation simulator. 

However, aluminium possesses a very high acute corrosion rate followed by a rapid decrease to 

negligible levels, which occurs within the first 24 hours of the grout contacting the aluminium surface 

[4]. This trend of rapid corrosion (on the order of 102 -103 µm.a-1) followed by a sharp decrease in 

corrosion rate has been observed by several papers [27]–[29]. This means that the peak corrosion 

rate occurs whilst the cement is in a plastic state, with the associated hydrogen generation creating 

voidage in the cement at the grout/metal interface; this voidage can then accommodate the 

volumetric expansion from the corrosion products meaning that aluminium corrosion is not 

anticipated to significantly alter the performance of the bulk wasteform or the container [30]. This 

porous phase surrounding the aluminium has also been reported in other studies [29], [31], with 

Setiadi et al., reporting microcracking of the cement at ≈ 90 days for OPC cements and ≈ 720 days 

for a blast furnace slag (BFS) blended system [29]. It has also been reported that aluminium 

corrosion can persist in higher pH grout systems i.e. those containing  only CEM I powder, however, 

these results were observed only when the grout sample was re-saturated with alkaline water by  

immersion in solution to restart corrosion, which is not representative of normal storage conditions 

(but could be applicable in the case of a repository flooding) [27]. When exposed to increased 

humidity atmospheres (>95 % RH), the corrosion did restart for a CEM I only grout formulation, 

however, it was at a significantly reduced level (0.45 µm.a-1 after 1 year exposure) compared to the 

alkaline water re-saturation (several hundred µm.a-1after ~4 months exposure). It is noteworthy that 

this trend only occurred in the CEM I system, whereas a high BFS replacement CEM III/C grout did 

not show a corrosion restart even after 1200 hours of re-saturation in the alkaline water or when 

subjected to high relative humidity environments. This comparison of OPC cement systems being 

more affected by aluminium corrosion than BFS blended cements is also in line with the literature 

[29], [32]. 

2.2.5 Chloride Corrosion 

Corrosion can also occur due to chloride interaction, which can occur due to exposure to external 

chloride conditions or from chloride content in the concrete/cement matrix itself [1]. In this scenario 

chloride ions do not partake in the corrosion reaction but break down the passivating layer that 

protects the steel, accelerating corrosion. The chloride ions also interact with iron to form 𝐹𝑒𝐶𝑙3
− 

which is unstable and leads to the formation of the expansive Fe(OH)2 product [4]. This reaction 

scheme is detailed in Equation 3. 

 

2𝐹𝑒(𝑠)  +  6𝐶𝑙− ↔ 2𝐹𝑒𝐶𝑙3
−  +  4𝑒− 

2𝐹𝑒𝐶𝑙3
−   +  4𝑂𝐻− ↔ 2𝐹𝑒(𝑂𝐻)2(s)  +  6𝐶𝑙− 

Equation 3: Chloride corrosion reaction scheme 
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2.2.6 Chemical reactions 

The final degradation mechanism listed as of interest in the SoTA report is from chemical reactions, 

which in this report is discussed as sulfate attack. In the case of sulfate attack, dissolved 𝑆𝑂4
2− can 

react with calcium hydroxide to form gypsum, which is an expansive reaction [4]. The newly formed 

gypsum can then react with further sulfate ions, to form ettringite (calcium sulpho-aluminate, 

𝐶6𝐴𝑆3𝐻32), which is a highly expansive phase and so can lead to cracking of the cement phase. 

Ettringite can also be formed directly from the reaction of monosulfate (𝐶4𝐴𝑆𝐻12) with Ca in a sulfate 

rich environment. If metastable monosulfate is formed, a delayed ettringite formation (DEF) reaction 

can subsequently occur, where ettringite is formed at later ages in curing and can lead to the cement 

matrix cracking due to volumetric expansion [33], [34]. At high hydration temperatures (>70 °C) [4], 

[34] ettringite can decompose into monosulfate which could subsequently result in DEF if 

temperatures are lowered in a Ca and sulfate rich environment.  

 

2.2.7 Organic Material Degradation  

Whilst not specifically singled out in the SoTA report [1] by the respondents, degradation of organic 

material can lead to package degradation and so a small summary is included here. Microbial 

degradation specifically refers to the biochemical processes caused by the activity of micro-

organisms which can impact the durability of cement and concrete. Examples of micro-organisms 

that may be present are thiobacillus thiooxidans and thiobacillus ferrooxidans, which are sulphur-

oxidising bacteria [4]. In the presence of sulphur, these bacteria will produce sulphuric acid, 

increasing the probability of sulfate attack; this is more likely to occur in a BFS system due to the 

sulfide content (typically 1-4 wt%) associated with the BFS itself [35]. However, these bacteria are 

most efficient in aerobic conditions and at a pH range of 2 - 4.5. The significantly higher pH range of 

Portland cement based wasteforms means sustained microbial attack is unlikely [4]. 

 

Organic material degradation can also occur through organic waste, e.g. cellulose containing 

material, being encapsulated [1]. Organic materials can be separated into two categories: slowly 

decomposable and rapidly decomposable [36], with cellulose being taken as an important example 

of the latter category. There are several scenarios under which a gaseous product can be formed 

from cellulose degradation [1], which will lead to similar consequences to gas production from 

radiolysis in terms of package pressurization. Carbon dioxide will be formed when the pH is ~11 in 

oxidising or anaerobic conditions, whereas strongly reducing conditions will lead to CO2 and CH4 

gas being produced.  In a recent paper, where cellulose was encapsulated with plutonium in blended 

Portland cement grouts, the addition of cellulose substantially increased the radiolytic hydrogen yield 

[17]. There have been several other papers examining the effects of cellulose degradation, however, 

these have used synthesised cement pore solutions [37]–[39].  

 

A summary table of the aforementioned degradation mechanisms is provided in Table 2, which 

describes the mechanism, what changes may result, and the consequences of this change on the 

wasteform/package. Cement cracking will lead to a reduction in waste immobilisation integrity as 

well as provide greater opportunity for ingress by air or other species (e.g. chloride) which could 

cause further degradation reactions. Volumetric expansion will cause cracking of the cement phase 

but can also lead to package deformation if the expansion is sufficient, which can lead to an initial 

loss of package stacking stability, affecting the ability to handle the packages and make marking 

illegible, and ultimately, if distortion is large enough may lead to loss of container integrity. Waste 

package pressurisation due to hydrogen production could have potentially similar effects to that of 

volumetric expansion in terms of package deformation in the case of sealed packages, but also 

creates a potentially explosive gas pocket if not managed. 
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Table 2: Summary of the different degradation mechanisms, their resulting changes to the 
wasteform and package. 

Degradation 

Mechanism 

What is 

caused 

Effect on the package/ 

wasteform 
Comment 

Carbonation 

Drop in grout 

pH, expansive 

carbonate 

phases formed 

Drop in pH can reduce passivation 

of metals and allow for metallic 

corrosion, i.e. if carbon steel 

package is used. 

Cement cracking due to carbonate 

formation.  

Only occurs to small 

extent. The reduction 

in porosity could 

potentially be a 

positive. 

ASR 

Expansive 

reaction with a 

gel like layer 

formed 

Grout cracking, 

wasteform expansion.  

Should be minimal in 

grout matrix due to 

lack of aggregate. 

Evidence silica 

present in nuclear 

waste could 

contribute however. 

Reactive Metal 

Corrosion 

Expansion, H2 

gas production 

Wasteform cracking and package 

deformation/ perforation due to 

expansion. 

Waste package pressurisation from 

H2 gas generation if not managed. 

Typically associated 

with aluminium, 

Magnox and uranium 

from the nuclear 

waste. Steel could 

also be an issue as it 

will corrode given 

enough time and 

forms similarly 

expansive products 

as the other metals 

mentioned. Main 

method of controlling 

the reaction is via 

limiting amount of 

reactive metal in the 

packages. 

Chloride 

Corrosion 

Expansion 

Deterioration of 

container  

Wasteform cracking and package 

deformation due to expansion. 

General and pitting corrosion of 

container - may result in breach of 

containment and/or loss of 

strength. 

Can be managed 

internally by 

controlling chloride 

content in the 

cement powder. 

Canister 

deterioration can be 

managed externally 

by wearing gloves 

and managing 

chloride content in 

atmosphere. 
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Degradation 

Mechanism 

What is 

caused 

Effect on the package/ 

wasteform 
Comment 

Chemical 

Processes 
Expansion 

Wasteform cracking and package 

deformation due to expansion. 

Can be managed by 

controlling sulfate 

content and using 

grout formulations 

with low heat 

exotherms. 

Radiolysis/ 

Radiation 

Damage 

H2 gas 

production 

Waste package pressurisation from 

H2 gas generation if not managed. 

Can be managed 

through grout 

formulation and 

vented packages. 

Organic 

Decomposition 

Multiple 

mechanisms 

depending on 

the waste (e.g. 

gas production, 

sulfate attack 

etc.) 

Wasteform cracking and package 

deformation due to expansion. 

Waste package pressurisation from 

H2 gas generation if not managed. 

 

There are numerous 

ways in which this 

mechanism can 

occur, each which 

can cause different 

effects. High pH 

formulations should 

reduce microbial 

degradation. 

Controlling organic 

material loading into 

cement will reduce 

this mechanism. 

 

2.3 Reference Degradation Mechanism 

One clear trend from the degradation mechanisms listed as of interest by the PREDIS partners is 

that the most common degradation ‘consequence’ is volumetric expansion, which will lead to 

cracking of the cement matrix and potentially package deformation. Given only a small amount of 

corrosion is required before surface cracking occurs, for example between 0.1 % and 1.7 % corrosion 

for steel1 in a cement matrix [21], combined with the fact that the internal stresses only increase with 

corrosion amount [22], reactive metal corrosion will likely be a significant contributor to wasteform 

degradation. Therefore, the reference degradation mechanism should be to examine wasteform 

cracking and package deformation due to corrosion of reactive metals. There are two cases that can 

be assessed for this:  

1. local corrosion and expansion due to a singular large metal piece, 

2. global expansion due to small pieces of metal dispersed homogeneously within the grout 

matrix. 

 

It is recommended that Magnox metal be used to generate corrosion, however, Mg metal can also 

be used as a substitute. Whilst uranium offers better applicability to the wider PREDIS partners, the 

active nature of the material may make it impractical to use in experimental trials. Aluminum was 

also considered, however, the acute corrosion rate, whilst high (typically ~15, 000 µm∙a-1) is very 

short lived (0.365 days) [26], which is followed by a chronic corrosion rate that ultimately decreases 

linearly to negligible levels with time meaning actual expansion of the waste package is unlikely [27], 

[30]. Steel was also considered as a reference reactive metal as it is applicable for multiple PREDIS 

 
1 Experimental data was at the top of this range and modelling techniques at the lower end 
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partners. However, the slow corrosion rate (~0.01 µm∙a-1) and resulting small amount of volumetric 

expansion over prolonged timescales, as shown in Table 1, means it is an impractical choice that 

would need to be heavily accelerated, which may in turn significantly affect grout matrix properties. 

Magnox therefore provides a compromise between these metals as it possesses a reasonable long-

term corrosion rate under ambient temperature conditions, and provides a relatively large volumetric 

expansion (approximately 580 times greater than that of mild steel over 100 years at 20°C) and can 

be handled in inactive facilities. Furthermore, any learnings from package expansion should still be 

applicable to the other metals from a volumetric expansion and package deformation viewpoint. 

However, following discussions with the PREDIS partners, aluminum is also included as a variant 

metal due to it being widely applicable across the partner countries as well as potentially not offering 

the same concerns in terms of the effect on cement phase evolution, which are discussed in the next 

paragraph.  

 

A point of discussion between the PREDIS partners following the first issue of the technical 

memorandum was whether the inclusion of Magnox (or aluminium) will alter cement phase formation. 

It has been shown that a silico-magnesia gel (M-S-H) can be directly synthesised from brucite 

(Mg(OH)2) in the presence of silica fume [40], [41]. There is also evidence that C-S-H can be 

destabilised within a few months in the presence of Mg or M-S-H, with the substitution of Mg for Ca 

leading to either M-S-H or M-(C)-S-H being formed [42]–[44]. The formation of M-S-H has been 

linked to both low Ca/Si hydrates [42] and lower pH cement systems [45], both of which are more 

likely to occur in blended cement systems. However, there is some discrepancy in the literature, with 

a previous study by Lothenbach et al. finding that synthetic samples containing both calcium and 

magnesium would form separate C-S-H and M-S-H gels, with little uptake of Mg in the C-S-H or Ca 

in the M-S-H [46]. Similarly, there is also some evidence that Mg would form hydrotalcite with other 

Mg phases, instead of substituting into the C-S-H phase [47]. The corrosion product for Magnox or 

magnesium is brucite [24] which is stable under the high pH conditions found in PC grouts and does 

not form hydrates, Mg(OH)2∙xH2O. Consequently, it would be expected to remain in that state 

indefinitely, suggesting the potential for M-S-H or M-(C)-S-H formation is minimal. The work of Cronin 

and Collier [24] demonstrated that Mg content in the grout depleted rapidly as distance from the 

corrosion interface increased, supporting the claim that the bulk cement phases within a wasteform 

will be unaltered. This is supported further by Setiadi et al. [29] who found an interfacial area of 

<100 µm extending from the magnesium metal; outside of this intermediary zone the cement was 

unaltered in terms of  phases formed or microstructure compared to control samples.  

 

Setiadi et al. [29] identified the predominant corrosion product formed for aluminium in BFS/OPC 

grouts to be bayerite with strätlingite, Ca2Al[(OH)6AlSiO2(OH)4]∙5/2H2O also present.  Bayerite is 

metastable and ages over the timescale of interest to form gibbsite or nordstrandite. In their study, 

Setiadi et al. [29] found an interfacial area extending to 2 mm from the edge of the aluminium into 

the cement phase. Beyond this area showed little change in the phases formed or microstructure 

compared to the control samples [29]. In their paper, Kinoshita et al. [31] examined the phases 

present at 21 days curing in OPC and BFS blended cements with varying amounts of aluminium (up 

to 7 wt %) included. For OPC, it was observed that increasing aluminium decreased portlandite and 

C-S-H content whilst ettringite, monosulphate and an alumina gel phase increased. The trend was 

similar for the BFS blended cements, however, the decrease in C-S-H and increase in alumina was 

less pronounced. Evaluating the literature, it therefore appears that both Magnox and aluminium 

metal will cause local changes to the cement phases and microstructure, however, the bulk cement 

would remain essentially unchanged [24], [29], [48]. 

 

It is known that Magnox does display an initial higher (acute) corrosion rate than the long-term 

chronic rate, which is given in this report. However, for the purpose of this study the chronic rate is 

more applicable to long term storage and degradation issues. The chronic corrosion rate of Magnox 

shows a temperature dependance [23]–[25]. The following Arrhenius equation can be used to 
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calculate the corrosion rate (in µm∙a−1) for temperatures between 5 and 90 °C [25], which is 

applicable for corrosion in grout free of chloride content: 

 

𝑅𝑎𝑡𝑒 (μm ⋅ 𝑎−1)   =  𝑒𝑥𝑝 [ 
−13500

𝑇(𝐾)
+ 43.4] × 𝑒𝑥𝑝 [

0.732

2
] 

Equation 4: Magnox corrosion rate in a grout matrix 

 

The end term is required to calculate the correct corrosion rate due to the data distribution type. A 

subsequent report [49] found a chronic corrosion rate of 0.1 µm.a−1, at 20 °C and 0.4 µm.a−1, at 30 °C 

which shows excellent agreement with the corrosion rate equation shown above. When corroding, 

Magnox will form Brucite (Mg(OH)2) which has an absolute expansion factor of 1.76 and an effective 

expansion factor of 2.6-4.1, when accounting for porosity and depending on the degree of constraint 

imposed by the grout matrix. The corrosion of the Magnox and subsequent formation of brucite leads 

to a tensile strength development of 0.33 MPa/wt% Magnox corroded [24]. In their report, Cronin 

and Collier [23] used a loading of 155 kg of Magnox swarf for a 500L drum, which equates to 62 kg 

for a 200 L drum, assuming a linear correlation. The studies that have examined aluminum corrosion 

appear to have used a combination of coupons or rods for the metal inclusion in the grout matrix. 

For the variant degradation mechanism, it is recommended aluminum be treated in the same way 

as Magnox (or Mg metal). However, the amount of metal included may want to be trialed at smaller 

scale first to establish whether the large initial hydrogen production will be problematic.  

3 Reference Package 

3.1 Waste package geometry and construction 

One reference package has been formulated based on the information available from references 

[1]–[3]. The data on concrete waste packages was extracted from these three references to create 

the  54 data entries in the waste package spreadsheet (provided in Table 4). Of these 54 data entries, 

26 utilised cylindrical geometry (drums) and 28 used prismatic geometry (boxes). From Table 4 it 

can be observed that the most common package dimension and geometry combination is the 200-

216 L cylindrical packages, therefore this is recommended for the reference package. The most 

common dimensions are 90 cm in height and 60 cm in diameter.  
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Figure 1: Breakdown of the waste package 

materials for cylindrical packages 

Figure 2: Breakdown of the number of skins 

associated with cylindrical packages. 

Examining the data for key characteristics, where specified, identified stainless steel to be the most 

common package material, followed by concrete and carbon steel, as shown in Figure 1, which used 

data from Table 4. No details were provided on the grade of stainless steel used for cylindrical 

packages in the data based on the SoTA report [1], however, one prismatic package used 304L 

grade stainless steel and U.K. cylinders use 316L grade stainless steel [50]. For specificity, it is 

recommended that a 300 grade austenitic stainless steel be adopted for the reference package. For 

the U.K. cylindrical packages, a skin thickness of 3 mm is used. When examining the data on the 

package construction type (Figure 2), most data did not provide further breakdown on the number of 

skins. Where it was provided, double skin construction was the most readily used, which consisted 

of a 5 cm thick bund of concrete between the steel layers. However, discussion between the PREDIS 

WP7 partners revealed that the single skin package was the more universal design and so the 

recommended reference package should be single skinned. Scaling the package skin thickness 

down from the U.K. specification would result in a 1.2 mm skin for a 200 L package, assuming a 

linear relationship between volume and skin thickness. To allow partners to tailor the package it is 

suggested 1.2 ± 0.2 mm be used for the reference package. This calculation appears to be in line 

with international drum wall thicknesses [51]. 

 

A strong trend was found for the grout matrix type used for encapsulation with 92.3% of cylindrical 

package data entries including pure Portland cement, (PC) formulations and BFS/PC blends in the 

data. It is recommended that the reference package use a BFS:PC blended system, which is used 

by three countries, as the reference degradation data is based on this system. For specificity, it is 

recommended that the U.K. formulation be used as this is well defined and has been studied 

extensively [17]–[20], [23], [24], [30], [52]. This formulation uses a high replacement (>3:1 wt/wt) 

BFS:PC mix at a 0.35 - 0.5 water to solids (w/s) ratio [53]. No additives or superplasticisers should 

be used for this reference package, as no information was provided on this for the SoTA dataset [1] 

in the majority of cases.  

 

The final specification required for the waste package is the closure system. Most data entries imply 

a metallic lid is used, with 31 % of the entries also specifying that a concrete or cemented layer is 

included on top of the solidified waste. Therefore, it is recommended that the reference package 

utilise a cemented layer between the wasteform and metallic lid. It is recommended that an attempt 

be made to ensure the cemented wasteform or grout layer are in contact with the metallic lid. It is 

also recommended that the lid should be constructed from the same material as the package. A 

Stainless Steel Concrete

Carbon Steel Not Specified
Single Double Not Specified
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variety of package closure mechanisms were noted, including clamping, screwing and bolting. It is 

noted that the U.K. entries also included that the lids are vented, which is recommended to be 

included in the reference package design containing Magnox or Mg (or aluminium as variant) to 

prevent the pressurisation of the package and the potential generation of high hydrogen 

concentrations in the ullage of the package. 

3.2 Other details for reference package 

Trends based on waste loading were less clear. For the cylindrical packages it was a 50:50 split 

between homogeneous and heterogeneous wasteforms, according to the definition prescribed in the 

WP7.1 SoTA report [1]. Expanding the trending to include the prismatic geometry, showed that 

72.2 % of the 54 data entries listed heterogeneous wasteforms whilst 27.8 % of the data was 

associated with homogenous waste. Therefore, it is recommended that a heterogenous wasteform 

be used for the reference package, composed of either large discrete metal pieces or smaller pieces 

that are evenly distributed throughout the grout.  

 

Further to this, little detail was given on the storage conditions of the packages. For specificity, it is 

recommended that the reference package be stored under the following conditions, which are based 

on reference [50], [53]: 

• Controlled air changes, 

• Temperatures between 0 and 20 ºC, 

• Relative humidity less than 50 %, 

• Controlled chloride deposition density on surface of packages2 (<100 µgCl
∙cm-2). 

4 Conclusions 

This document has provided a high-level overview of the different mechanisms reported in the SoTA 

report as of interest to the end users. This shows that volumetric expansion is a common degradation 

mechanism consequence, which will lead to cracked cement matrices and could ultimately cause 

package deformation in the correct circumstances. It is recommended that corrosion from reactive 

metals will be the largest contributor to this.   

 

This document also provides a summary of the data entries obtained from the SoTA report as to the 

waste packages currently in use. This was added to reflect U.K. packages, with the overall data set 

assessed to identify any trends/common characteristics, which were then used to recommend a 

reference package to be used throughout PREDIS WP7. Table 3 supplies a brief summary of the 

reference package criteria.  

Table 3: Summary of the reference package details. 

Criteria Single Skin 

Geometry Cylindrical 

Size 200 L (60 cm Ø, 90 cm height) 

Construction material Austenitic Stainless Steel (300 grade, 1.2 ± 0.2 mm thickness) 

No. of skins One 

Closing system 
Concrete layer between wasteform and lid. Stainless steel (300 
grade) lids. Suggested this be vented. Closing system can be screw, 
clamp or bolted. 

 
2 This is for solely the chloride content, but it is assumed that the chloride will be in a soluble form e.g. NaCl. 
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Criteria Single Skin 

Wasteform grout 
formulation 

>3:1 wt/wt BFS: OPC blended mix, 0.35-0.5 w/s, no additives, sand, 
aggregate or superplasticisers 

Waste type 
Magnox metal (or Mg). Large discrete pieces or small bits evenly 
distributed throughout the grout matrix. Recommended use 62kg of 
Magnox (or Mg). 

Storage Environment 
0-20 ºC, RH < 50%, controlled air change and controlled chloride 
content (< 100 µgCl

.cm-2) 

5 Optional Variants 

It is noted that the reference package specified is quite specific. After conversations following Issue 

1 of the technical memorandum it was agreed that aluminium should also be included as a potential 

reference waste type, which could be implemented in a nearly identical manner to that as Magnox 

or magnesium.  

 

From discussions with the fellow partners of WP 7, several areas were identified that could be used 

as potential variants. The first area is package geometry. Out of the 54 data entries collected, 28 

used prismatic geometry which is not reflected within the current reference package. It is therefore 

recommended that if an additional reference package is desired it should be based on a prismatic 

package.  

 

Examining Table 4, 17 of the 28 entries specify concrete construction, whilst 11 specify steel. 

Excluding the U.K. entries, the trend becomes more evenly split with 9 entries specifying concrete 

and 11 specifying steel. It is recommended that if a prismatic package is pursued concrete 

construction should be used to provide a distinct difference to the cylindrical packages. Only a few 

entries indicated that steel reinforcement should be used, with most not specifying this. It is therefore 

recommended that steel reinforcement be used, as it was also specified in the case of some concrete 

cylindrical packages. Excluding U.K. data entries, the modal value for prismatic package volume was 

1500 L, whereas the median value was 1728 L. It is recommended that the 1500 L size be used.  

 

Another area for potential variation is the grout matrix. A BFS:PC blend was supplied for the 

reference package as it was used in the references used to provide data for the degradation 

mechanism, such as the metal corrosion rates outlined in this report. A common formulation used 

throughout the entries was pure PC, and so it is recommended this be used as a potential variant. 

During a WP 7 workshop it was also discussed that the addition of a larger sized component into the 

grout formulation, such as a graded limestone, may improve the grout performance due to increasing 

the resistance to cracks. This could then also be included as an additional variation. 

 

Finally, during the workshop there was some discussion as to a variant for the degradation 

mechanism. Cellulose was mentioned as a mechanism of interest, where the main consequence 

relevant to package deformation will likely be gas generation arising from degradation of the 

cellulosic component in the high alkaline grout matrix environment. As far as these authors are 

aware, there is limited information on the gas generation data from cellulose encapsulated in a grout 

matrix, and so obtaining robust baseline data on this may be a worthwhile endeavour to support 

package evolution and monitoring studies.  
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Table 4: Summary of the spreadsheet containing the waste package information. 

Material 
Steel 

Reinforcement 

Steel 

type 
Matrix 

Matrix 

Additions 

Package  

Shape 
Skins 

Package 

Volume 

(Litres) 

Closure  

System 

Pre-

Treatment 
Conditioning 

Waste 

Classification 

Main 

Element 
Waste Type 

Concrete Y N/A 
BFS:PC 

Blends 
 Cylindrical  1000 

Concrete lid 

cast after waste 

solidification 

 Homogeneous ILW   

Steel NA 
Not 

Specified 
Bitumen  Cylindrical  60 - 216 sealed lid  Homogeneous    

Steel NA Stainless OPC  Cylindrical  200 

upper lid with a 

ring plus screw 

for 200, and 

upper lid for 

metallic 

In-Drum 

mixed 
Homogeneous LLW  Sludge 

Steel NA Stainless OPC  Prismatic  1500 

upper lid with a 

ring plus screw 

for 200, and 

upper lid for 

metallic 

In-Drum 

mixed 
Homogeneous LLW  Sludge 

Steel NA 
Not 

Specified 

Sulfate 

Resistant 

Portland 

cement 

Zeolites  

(for 

sorption) 

Cylindrical  200 
Lid, screwed or 

clamping ring 
 Homogeneous LLW  Sludge 
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Material 
Steel 

Reinforcement 

Steel 

type 
Matrix 

Matrix 

Additions 

Package  

Shape 
Skins 

Package 

Volume 

(Litres) 

Closure  

System 

Pre-

Treatment 
Conditioning 

Waste 

Classification 

Main 

Element 
Waste Type 

Steel NA 
Not 

Specified 

Sulfate 

Resistant 

Portland 

cement 

Zeolites  

(for 

sorption) 

Cylindrical  200 
Lid, screwed or 

clamping ring 
 Homogeneous LLW  Concentrates 

Steel NA 
Not 

Specified 
OPC  Cylindrical  200 Locking clips 

Dewatered; 

In-Drum 

mixed 

Homogeneous ILW   

Steel NA Carbon OPC  Cylindrical  200 Double lid Thermal Homogeneous LLW   

Steel NA 
Not 

Specified 

Sulfate 

Resistant 

Portland 

cement 

Zeolites  

(for 

sorption) 

Cylindrical  200 
Lid, screwed or 

clamping ring 
 Homogeneous LLW  Resins 

Steel NA 
Not 

Specified 
OPC  Cylindrical 

Double; 

5cm 

Concrete 

200 

cemented on 

top, then closed 

with steel lid 

Compression Homogeneous   Mixed waste 

Steel NA Stainless OPC  Cylindrical  2196 
bolted lid,  

metallic gasket 
Alkalinization Homogeneous ILW   
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Material 
Steel 

Reinforcement 

Steel 

type 
Matrix 

Matrix 

Additions 

Package  

Shape 
Skins 

Package 

Volume 

(Litres) 

Closure  

System 

Pre-

Treatment 
Conditioning 

Waste 

Classification 

Main 

Element 
Waste Type 

Steel NA 
Not 

Specified 
OPC  Cylindrical 

Double; 

5cm 

Concrete 

200 

Cemented on 

top. Then 

closed by lid 

Compaction Homogeneous LLW  Mixed waste 

Concrete Y N/A 
BFS:PC 

Blends 
 Cylindrical  1000 

Concrete lid 

cast after waste 

solidification 

Evaporation; 

Cs Separation 
Homogeneous LLW   

Steel NA 
Not 

Specified 
OPC  Cylindrical  216 

sealed lid with 

screw 

Polymer 

solidification 
Homogeneous LLW   

Steel NA Stainless OPC  Prismatic  1000 -  Homogeneous -   

Steel NA Stainless OPC  Prismatic 

Double, 

5cm 

mortar 

1500 upper lid  Heterogeneous ?   

Steel NA Stainless OPC  Prismatic 

Double, 

5cm 

mortar 

1500 upper lid  Heterogeneous 
LLW mainly but 

some ILW 
 Rubble 

Concrete Unknown N/A 
Lightweight 

Cement 
 Prismatic  9600 Concrete lid  Heterogeneous LLW  Rubble 

Concrete Unknown N/A OPC  Prismatic  1200 Concrete lid 
Polymer 

solidification 
Heterogeneous LLW   

Steel NA 
Not 

Specified 
OPC  Cylindrical  216 

sealed lid with 

screw 
Sorting Heterogeneous LLW   

Steel NA 
Not 

Specified 
OPC  Cylindrical 

Double; 

5cm 

Concrete 

200 

Cemented on 

top. Then 

closed by lid 

Compacting Heterogeneous LLW  Mixed waste 
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Material 
Steel 

Reinforcement 

Steel 

type 
Matrix 

Matrix 

Additions 

Package  

Shape 
Skins 

Package 

Volume 

(Litres) 

Closure  

System 

Pre-

Treatment 
Conditioning 

Waste 

Classification 

Main 

Element 
Waste Type 

Steel NA 
Not 

Specified 
OPC  Cylindrical  216 sealed lid 

Sorting; 

Fragmentation 
Heterogeneous LLW   

Steel NA 
Not 

Specified 

Sulfate 

Resistant 

Portland 

cement; 

Lightweight 

Cement 

 Cylindrical  200 
screwed lid or 

clamping ring 
 Heterogeneous LLW 

Al, Cu, 

stainless 

steel 

Scrap;  

Smaller metal 

scrap 

Concrete Unknown N/A 

Sulfate 

Resistant 

Portland 

cement; 

Lightweight 

Cement 

 Prismatic  4500 concrete lid  Heterogeneous LLW 

Al, Cu, 

stainless 

steel 

Scrap;  

Smaller metal 

scrap 

Concrete Unknown N/A 

Sulfate 

Resistant 

Portland 

cement; 

Lightweight 

Cement 

 Prismatic  6240 concrete lid  Heterogeneous LLW 

Al, Cu, 

stainless 

steel 

Scrap;  

Smaller metal 

scrap 

Concrete Unknown N/A 

Sulfate 

Resistant 

Portland 

cement; 

Lightweight 

Cement 

 Prismatic  9600 concrete lid  Heterogeneous LLW 

Al, Cu, 

stainless 

steel 

Scrap;  

Smaller metal 

scrap 

Steel NA Stainless OPC  Prismatic  5156 
bolted lid, 

metallic gasket 
Compaction Heterogeneous LLW   

Concrete Unknown N/A OPC  Prismatic  1728 

clean layer on 

top of steel 

container or 

concrete lid for 

concrete 

container 

 Heterogeneous LLW   
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Material 
Steel 

Reinforcement 

Steel 

type 
Matrix 

Matrix 

Additions 

Package  

Shape 
Skins 

Package 

Volume 

(Litres) 

Closure  

System 

Pre-

Treatment 
Conditioning 

Waste 

Classification 

Main 

Element 
Waste Type 

Steel NA 
Not 

Specified 
OPC  Prismatic  1728 

clean layer on 

top of steel 

container or 

concrete lid for 

concrete 

container 

 Heterogeneous LLW   

Concrete Unknown N/A 
Lightweight 

Cement 
 Prismatic  9600 Concrete lid  Heterogeneous LLW Steel 

Metal scrap 

pellets 

Concrete Unknown N/A 
Lightweight 

Cement 
 Prismatic  6240 Concrete lid  Heterogeneous LLW Steel 

Large 

components 

Steel NA Stainless OPC  Prismatic 

Double, 

5cm 

mortar 

1500 upper lid  Heterogeneous LLW  Sources 

Steel NA Stainless OPC  Cylindrical 

Double, 

5cm 

mortar 

200 upper lid  Heterogeneous LLW  Sources 

Steel NA Stainless OPC  Prismatic 

Double, 

5cm 

mortar 

1500 upper lid  Heterogeneous LLW  
Cartridge 

filters 

Steel NA Stainless OPC  Cylindrical 

Double, 

5cm 

mortar 

200 upper lid  Heterogeneous LLW  
Cartridge 

filters 

Concrete Y N/A OPC  Cylindrical  3859 
single concrete 

lid 
 Heterogeneous LLW   

Steel NA 
Not 

Specified 

BFS:PC 

Blends 
 Cylindrical  400 Seam folding 

Incineration; 

Compaction 
Heterogeneous LLW   

Steel NA 
Not 

Specified 

BFS:PC 

Blends 
 Cylindrical  400 Seam folding 

Incineration; 

Compaction 
Heterogeneous ILW   

Concrete Y N/A   Cylindrical  665   Heterogeneous LLW   
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Material 
Steel 

Reinforcement 

Steel 

type 
Matrix 

Matrix 

Additions 

Package  

Shape 
Skins 

Package 

Volume 

(Litres) 

Closure  

System 

Pre-

Treatment 
Conditioning 

Waste 

Classification 

Main 

Element 
Waste Type 

Steel NA 
Not 

Specified 
OPC  Prismatic  1728 

protective clean 

layer of 

concrete 

 Heterogeneous LLW   

Concrete Unknown N/A Bitumen  Prismatic  1728 concrete lid  Heterogeneous LLW   

Steel NA Stainless 

OPC; Altri 

non 

specification 

 Prismatic  1000 -  Heterogeneous -   

Concrete Y N/A FA:RHPC
3
  Prismatic  6000 Concrete lid  Heterogeneous ILW  

Activated and 

Contaminated 

Metals 

Concrete Y N/A FA:RHPC  Prismatic  6000 Concrete lid  Heterogeneous ILW  

Activated and 

contaminated 

other 

materials e.g. 

concrete 

Concrete Y N/A FA:RHPC  Prismatic  6000 Concrete lid  Heterogeneous ILW  Graphite ILW 

Concrete Y N/A FA:RHPC  Prismatic  6000 Concrete lid  Heterogeneous ILW  Mixed waste 

Concrete Y N/A 

Fine iron 

oxide: 

RHPC 

 Prismatic  6000 Concrete lid  Heterogeneous ILW  

Activated and 

Contaminated 

Metals 

 
3 FA:RHPC is a blend of fly ash (FA, formerly pulverised fly ash) and rapid hardening Portland cement 
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Material 
Steel 

Reinforcement 

Steel 

type 
Matrix 

Matrix 

Additions 

Package  

Shape 
Skins 

Package 

Volume 

(Litres) 

Closure  

System 

Pre-

Treatment 
Conditioning 

Waste 

Classification 

Main 

Element 
Waste Type 

Concrete Y N/A 

Fine iron 

oxide: 

RHPC 

 Prismatic  6000 Concrete lid  Heterogeneous ILW  

Activated and 

contaminated 

other 

materials e.g. 

concrete 

Concrete Y N/A 

Fine iron 

oxide: 

RHPC 

 Prismatic  6000 Concrete lid  Heterogeneous ILW  Graphite ILW 

Concrete Y N/A 

Fine iron 

oxide: 

RHPC 

 Prismatic  6000 Concrete lid  Heterogeneous ILW  Mixed waste 

Steel NA Stainless 
BFS:PC 

Blends 
 Cylindrical  500   Heterogeneous ILW   

Steel NA Stainless 
BFS:PC 

Blends 
 Prismatic 

Double 

Skinned 
3000   Heterogeneous ILW   

Steel N/A Stainless 
BFS:PC 

Blends 
 Cylindrical 

Single 

skin 
560 

Concrete lid; 

steel flange; 

vented 

Controlled Heterogeneous ILW  
Reactive 

Metal 

Steel N/A Stainless 
BFS:PC 

Blends 
 Cylindrical 

Single 

Skin 
560 

Concrete lid; 

steel flange; 

vented 

Controlled Heterogeneous ILW Uranium 
Reactive 

Metal 

 

 


