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Executive Summary 

This report presents the proceedings of a workshop on the roles, evolution and 
interactions of cementitious materials in geological disposal facilities for radioactive waste. 
The workshop was organised by the OECD Nuclear Energy Agency (NEA) and hosted by the 
Belgian Agency for Radioactive Waste and Enriched Fissile Materials (Ondraf/Niras). The 
workshop was held in Brussels, Belgium on 17-19 November 2009. 

Cementitious materials are ubiquitous in geological disposal. They have been proposed 
for use as roadways and floors, tunnel linings, waste conditioning matrices, waste packages, 
overpacks, buffers, backfills, tunnel plugs and seals, and fracture grouts. Although some of 
these cementitious materials may be removed before repository closure, large quantities 
(e.g. several million kilograms) may remain in high-level waste and spent fuel repositories 
after closure. Even larger quantities of cementitious materials will remain in repositories 
for low- and intermediate-level radioactive wastes. 

Although few geotechnical problems (e.g., issues of settlement, early structural failure 
of barriers, seepage) are expected in installing cements and concretes in geological disposal 
facilities, this may need to be confirmed by further underground testing and demonstration. 
There will also be a need to consider the variability and quality of concrete materials as 
supplied, and to develop procedures to verify the quality of concrete structures emplaced in 
geological disposal facilities.  

Physical degradation effects (e.g. desiccation, shrinkage, cracking) tend to lead to 
changes in porosity and permeability, and this may cause the materials to develop spatially 
heterogeneous properties that can affect patterns of water and gas flow. In detail, the 
relationships between permeability and porosity in these systems can be complex and 
uncertain. Physical degradation of cementitious materials is often not represented 
explicitly in safety assessments but is instead addressed through the selection of 
parameter values (e.g. for permeability) averaged over appropriate spatial scales. In some 
cases such parameter values are chosen for a series of degradation states or points in the 
degradation history. 

There is good consensus regarding the chemical processes that occur within 
cementitious materials. Our understanding of Ordinary Portland Cement (OPC) systems has 
increased significantly over the last few decades and detailed thermodynamic databases 
and models of the chemistry of these cements are available. Our understanding and ability 
to model the chemistry of low-pH cement systems has also increased in the last few years, 
but is less well advanced. 

There are strong couplings between the chemistry of cementitious materials and the 
solubilities and sorption behaviour of some radionuclides, and these couplings need to be 
considered in performance assessment. This is usually approached through the selection of 
relevant solubility and sorption data, and various approaches have been taken in 
performance assessments to account for the effects of the chemical evolution of 
cementitious materials on radionuclide behaviour.  

Although detailed chemical models of cementitious materials are available, it is difficult 
to develop detailed coupled models that also include physical/mechanical processes (e.g. 
cracking) and take account of the associated hydrological changes. The occurrence of 
cracking and the potential for spatially heterogeneous flow and patchy, localised chemical 
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conditioning, leads to uncertainty in models of radionuclide transport behaviour. There 
may, therefore, be a need for work on upscaling the detailed knowledge of physical and 
chemical processes that can occur in cementitious systems. Although approaches have 
been proposed and applied for upscaling certain hydrological problems, these techniques 
have not yet been applied for considering radionuclide transport in cementitious systems 
at repository scales. However, it is emphasised that a complete understanding of the 
behaviour of cementitious materials and their interactions is not necessarily required for a 
robust safety case for waste disposal to be developed. The remaining uncertainties may not 
be significant and/or may be managed through appropriate disposal system design.  

In geological disposal facilities for low- and intermediate-level wastes, waste 
degradation and metal corrosion may cause significant quantities of gas to be produced. 
Some recent studies suggest the possibility of using cementitious materials to form an 
engineered release pathway for the gas. In some host rocks (e.g. clays), gas generation may 
mean that the near-field of the repository is only partially hydrologically saturated for long 
periods of time (thousands of years). Models of partially-saturated cementitious systems 
are in their infancy, and there may be important couplings between processes in such 
systems, including between hydraulic saturation and gas generation. Partially-saturated 
cementitious systems also occur in near-surface radioactive waste disposal facilities, and 
there may be scope for transfer of information between performance assessment 
programmes being conducted in these two areas.  

Interactions between cementitious materials and other disposal system components 
tend to be localised in their effects. These effects can have positive or negative impacts. For 
example cementitious materials may: 

• Enhance rates of vitrified high-level waste dissolution. 

• Slow the corrosion of steel and copper by causing passivation. 

• Cause localised alteration of bentonite (e.g. cementation, embrittlement). 

• Lead to local alteration of the host rock (e.g. mineral dissolution and precipitation, 
porosity changes, clogging of fractures).  

Because the interactions are local effects, they can be managed using a combination of 
research and design studies. The research studies are aimed at understanding the 
materials and quantifying the processes of interest, while the design studies are aimed at 
selecting suitable barrier materials and using these in appropriate combinations and 
masses or thicknesses so that any negative interactions are insignificant to the 
performance of the entire disposal system.  

Selecting a suitable design will involve various modelling studies aimed at considering 
effects over longer timescales than can be accessed by experiment. At a research level, 
models of such interactions have improved considerably over recent years but, in contrast, 
safety assessments tend to represent interactions between cementitious materials and 
other repository components using rather simple, conservative approaches. These simple 
performance assessment representations may be easier to defend, but still tend to give a 
pessimistic view of disposal system performance. In particular, some potentially positive 
effects of such interactions (e.g. clogging of fractures in the host rock as a result of 
precipitation of cement-related minerals) have been identified but are not included in 
safety assessment models. 

There are always uncertainties when using models to consider long periods of time, but 
some evidence or corroboration can be sought from studies of relevant natural and 
anthropogenic systems. For example, studies of natural systems, such as the cement-like 
rocks at Maquarin in Jordan, can provide useful information on the processes that occur in 
such systems. This type of information may help to build confidence that performance 
assessment models include the relevant effects and processes, and may also provide other 
qualitative safety arguments.  
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Uncertainty and sensitivity analyses can also be used to help build confidence that a 
facility will provide an acceptably safe disposal solution. Uncertainty analysis should be a 
central part of safety assessment. Recent advances in computing power mean that it is now 
reasonable to expect safety cases to include and be supported by extensive structured 
uncertainty and sensitivity analyses.  

Overall, cementitious materials clearly fulfil important and beneficial roles in the 
disposal of long-lived radioactive wastes, but there are some potentially negative effects 
that have to be assessed and managed by using the safety case to inform disposal system 
design. 
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ILW  Intermediate-Level Waste 
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Introduction 

Disposal of high-level, long-lived radioactive waste in engineered facilities, or 
repositories, located deep underground in suitable geological formations, is being 
investigated world-wide as a long-term management solution. Cementitious materials 
will be used in almost every programme developing such a geological repository for 
radioactive waste. For example, many waste disposal concepts use cementitious 
materials in fracture grouts, tunnel plugs and backfills.  

Cementitious materials are in routine use as industrial materials, but have mainly 
been studied with respect to their evolution over periods on the order of several decades. 
The disposal of long-lived radioactive wastes, however, requires understanding and 
assessing the evolution and interactions of cementitious materials with other repository 
materials, host rocks and ground waters over thousands of years. 

The OECD Nuclear Energy Agency (NEA) Integration Group for the Safety Case (IGSC) 
organised a workshop to assess current understanding on the use of cementitious 
materials in radioactive waste disposal. The workshop was hosted by the Belgian Agency 
for Radioactive Waste and Enriched Fissile Materials (Ondraf/Niras), in Brussels, Belgium 
on 17-19 November 2009.  

The workshop brought together a wide range of people involved in supporting safety 
case development and having an interest in cementitious materials: namely, cement and 
concrete experts, repository designers, scientists, safety assessors, disposal programme 
managers and regulators. 

The workshop was designed primarily to consider issues relevant to the post-closure 
safety of radioactive waste disposal, but also addressed some related operational issues, 
such as cementitious barrier emplacement. Where relevant, information on cementitious 
materials from analogous natural and anthropogenic systems was also considered. The 
workshop agenda is included as Appendix A. 

The workshop focused on: 

• The uses of different cementitious materials in various repository designs. 

• The evolution of cementitious materials over long time scales (1 000s to 100 000s of 
years). 

• The interaction of cementitious materials with surrounding components of the 
repository (e.g. waste, container, buffer, backfill, host rock). 

• The workshop comprised: 

• Plenary sessions in which the state-of-the-art on repository design and 
understanding the phenomenology of cementitious materials and their 
interactions were presented and discussed.  

• Dedicated working group sessions, which were used to discuss key safety 
assessment and safety case questions in more detail. For example: 
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How strong is the scientific basis for incorporating the various aspects of the 
behaviour and interactions of cementitious materials in safety assessments and safety 
cases? 

How can the behaviour and interactions of cementitious materials best be 
incorporated within the safety case, and how can the safety case be used to help inform 
repository design choices? 

Which are the main open questions and uncertainties? 

In preparation for the workshop, a review was undertaken to identify and describe 
relevant examples of the use and functions of cementitious materials in geological 
disposal concepts from a range of settings. In accordance with the intent of the workshop, 
the review covered geological disposal concepts for high-level wastes (HLW) and spent 
fuel, as well as for intermediate-level wastes (ILW) and their equivalents.  

Abstracts and supporting papers for oral presentations and posters presented at the 
workshop are included as Appendices C and D. 

This report provides a synthesis of the workshop, and summarises its main results 
and findings. The structure of this report follows the workshop agenda: 

• Section 2 summarises plenary and working group discussions on the uses, 
functions and evolution of cementitious materials in geological disposal, and 
highlights key aspects and discussions points.  

• Section 3 summarises plenary and working group discussions on interactions of 
cementitious materials with other disposal system components, and highlights 
key aspects and discussions points.  

• Section 4 summarises the workshop session on the integration of issues related to 
cementitious materials using the safety case. 

• Section 5 presents the main conclusions from the workshop. 

• Section 6 contains a list of references. 

• Appendix A presents the workshop agenda. 

• Appendix B contains the abstracts and, where provided, technical papers 
supporting oral presentations at the workshop. 

• Appendix C contains the abstracts and, where provided, technical papers 
supporting posters presented at the workshop.  

• Appendix D records the workshop participants and the composition of the working 
groups.  
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Uses & Evolution of Cementitious Materials in Geological Disposal 

Plenary Session 1 

The presentations and discussions during the first day of the workshop were focussed 
on the use and evolution of the cementitious materials. This section provides a summary 
of the papers presented in Session 1 and related discussion points. 

Uses and Functions of Cementitious Materials in Geological Repositories for Radioactive 
Wastes 

The workshop began with an introductory presentation by David Bennett of 
TerraSalus Limited on the intended uses and functions of cementitious materials in a 
range of ILW, HLW and spent fuel disposal concepts.  

The focus of the presentation was on identifying the main functions and 
requirements of the cementitious materials, and noting similarities and differences in 
approaches between disposal programmes.  

Key points were: 

• Cementitious materials are ubiquitous in geological disposal; all disposal concepts 
reviewed (Appendix B) include cementitious materials in their designs. For 
example, cementitious materials have been proposed for use as roadways and 
floors, tunnel linings, waste conditioning matrices, waste packages, overpacks, 
buffers, backfills, tunnel plugs and seals and fracture grouts. These uses range 
from those related to operational safety through to those related to post-closure 
safety. 

• There are complex relationships between components of the Engineered Barrier 
System (EBS) and safety functions. Individual EBS components often have several 
functions. The EBS needs to be considered as a system and the interactions 
between its components understood and assessed. For example, some EBS 
components provide conditions that allow neighbouring components to fulfil 
safety functions. 

• Cementitious materials play an important and positive role in many disposal 
concepts, but the associated effects of the materials on the disposal system 
environment must be taken into account. 

• The process of determining or defining which safety functions individual 
repository components should fulfil needs to be as transparent as possible and 
should be consistent with the safety strategy, relevant safety case arguments, and 
results from safety and performance assessment (NEA and EC 2010).  

• Many factors can affect the choice of materials for use within EBS, including 
cementitious materials. These factors range widely and may include technical 
implementation issues (feasibility), operational and post-closure safety issues, 
costs, the availability of materials, quality assurance and quality control, and 
conventional environmental impacts. 
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• There is no simple correlation between host rock type and the type of 
cementitious materials used. For example, OPC and low-pH cements have both 
been proposed for use in clay and for use in fractured crystalline host rocks. What 
is appropriate depends on the particular disposal programme and disposal system. 

Engineering Feasibility of the Fabrication and Emplacement of Cementitious Repository 
Materials 

María Cruz Alonso of the Spanish National Research Council gave a presentation that 
summarised relevant findings on cementitious materials from the EC ESDRED 
(Engineering Studies and Demonstration of Repository Designs) Project (Seidler, 2009). 
Concrete will be used for different purposes during the construction of geologic 
repositories for radioactive waste. These purposes include grouting, tunnel and drift 
lining, and tunnel plugging and sealing. Although some of the concrete may be removed 
before repository closure, a significant amount of concrete will remain in the repository.  

An important concern regarding the use of cementitious materials in geologic 
repositories for HLW and spent fuel is their interaction with the bentonite buffer, backfill 
material, and the host rock close to the repository near-field. For this reason, the ESDRED 
project has developed a low-pH concrete formulation as an alternative to standard 
ordinary Portland cement (OPC) concrete formulations with the aim of reducing the 
interaction of the cementitious materials with the near-field components.  

The main functional requirement required in the development of the low-pH material 
was a pore fluid pH < 11, which is considered acceptable for preventing or reducing the 
alteration of the bentonite EBS. Other functional requirements considered in the 
development of the low-pH concrete were: 

• Hydraulic conductivity. 

• Mechanical properties. 

• Durability. 

• Workability and pumpability. 

• Slumping. 

• Peak hydration temperature. 

• Thermal conductivity. 

• Use of organic components. 

• Use of other products.  

The development of the low-pH concrete involved laboratory work, as well as field 
testing at the Äspö underground research laboratory (URL) in Sweden, and in the Grimsel 
URL and at the Hagerbach site in Switzerland.  

The ESDRED project demonstrated that low-pH cements can be formulated and used 
for production of concrete plugs and rock support (Figure 1).  
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Figure 1: Trials of the use of low pH cements for rock support (top)  
and tunnel plugs (bottom) 

 

OPC can be used as the cement included in low-pH blends, but at least 55% of SiO2 
must be in the binder, or pozzolan additions above 40% have to be employed. However, 
uncertainties still remain with respect to the use of low-pH concrete, including its long-
term performance and durability in contact with groundwaters, and associated with the 
risk of corrosion of carbon steel, which may be present in the form of reinforcement or 
fibres. 

Compositions and Uses of Cementitious Materials: Experience from the ONKALO facility 
in Finland 

Johanna Hansen of Posiva in Finland summarised experiences of working with 
cementitious materials in the Finnish disposal programme. Posiva is responsible for 
geological disposal of spent nuclear fuel from the Finnish nuclear power plants at Loviisa 
and Olkiluoto. Posiva plans to submit a construction license application in 2012 and, if 
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approved, repository construction will begin in 2014-2015. The geologic disposal facility 
will be a KBS-3 type repository (see Appendix B) at a depth of 400 to 500 m in crystalline 
bedrock.  

Construction of the repository will require using a large quantity of cementitious 
materials. A 2007 estimate indicated that approximately 20 million kilograms of 
cementitious material will be introduced into the repository, although much of this 
material will be removed, with only approximately 6 million kilograms remaining in the 
repository after closure, mostly in the form of tunnel plugs.  

To minimise the potential negative effects of cementitious materials, low-pH cement 
and colloidal silica both were studied as alternative materials. Based on experience 
gained in constructing the ONKALO underground characterisation facility, Posiva decided 
that from the spring 2008 onwards, mainly low-pH cement will be used as grouting 
material because the grout cannot be removed for repository closure. 

The low-pH grout is composed of Portland cement, silica fume, and superplasticizer. 
Various recipes were tested in the laboratory, and field mixing and grouting tests were 
conducted at ONKALO. The effects of organics on radionuclide retention and the leaching 
of organics from the cement also were evaluated.  

The studies indicated no impediments to the use of low-pH grout at ONKALO and 
showed that low-pH cementitious grout has better penetration ability and stiffness than 
regular grout. It was also concluded that the amount of cementitious materials in the 
repository can be reduced with careful design; for this, cooperation is needed between 
repository designers and long-term safety assessors. 

Physical Degradation of Cementitious Materials during the Pre-closure Phase 

Jian-Fu Shao of Lille University in France described a study into the physical 
degradation of cementitious materials. Desiccation can contribute to the degradation of 
structures made of cement-based materials. This study was conducted to:  

• Characterise the damage and fractures that result from drying processes. 

• Examine the effects of different aggregates. 

• Develop relevant constitutive and numerical models 

• Demonstrate the use of multiscale approaches. The nucleation and propagation of 
microcracks due to drying was studied using x-ray micro-tomography. 

Microcracks were shown to initiate at the interface of the aggregate and the hardened 
cement paste. Experiments used aggregates in the size range 1 to 6 mm. Smaller 
aggregates resulted in higher desiccation strength and smaller damage densities. Smaller 
aggregates also resulted in higher mechanical strength of the hardened cement-based 
material.  

Numerical modelling of fracture propagation was performed using the XFEM code, 
which uses a damage force criterion and is a code applied largely in mechanical 
engineering.  

The approach developed in the study can be used to evaluate the effects of 
desiccation on the degradation of cement-based materials in a ventilated repository for 
radioactive waste. 

Chemical Evolution of Cementitious Materials  

Barbara Lothenback of EMPA, Switzerland gave an overview of the status of 
thermodynamic modelling for cementitious systems.  



NEA/RWM/R(2012)3/REV 

USES & EVOLUTION OF CEMENTITOUS MATERIALS IN GEOLOGICAL DISPOSAL 

15 

Thermodynamic modelling of cementitious systems has been greatly facilitated in 
recent years by the development of more sophisticated geochemical software, of solid 
solution models for various cement phases, and by the collection of thermodynamic data 
for minerals relevant to cementitious systems over a wide range of temperature (0 to 
100°C).  

Based on these developments, thermodynamic modelling, coupled with kinetic 
equations that describe the dissolution of clinker as a function of time, can be used to: 

• Quantify the liquid and solid phase compositions of ordinary Portland cement and 
blended cements during the hydration process (e.g. Figure 2). 

• Evaluate compositional changes that occur in cementitious materials due to the 
use of various aggregates and other mineral additives (e.g. silica fume and blast 
furnace slag). 

• Predict degradation of cement in contact with the repository environment.  

Discussion of the paper included: 

What is our understanding of where aluminium resides in low-pH cements and what 
is our ability to model the behaviour of aluminium in these systems? The location of 
aluminium in low-pH cements depends on the overall Ca/Si ratio of the system and on 
the pH, but some aluminium enters the CSH gel as a CASH gel phase. The Swiss disposal 
programme is currently conducting some experiments to investigate this topic.  

Effects of Cementitious Materials on Radionuclide Solubility and Retention  

Simon Norris of the NDA described the current status of understanding of 
radionuclide solubility and retention in cementitious materials based on experience in 
the United Kingdom. Cementitious materials play a number of roles in the long-term 
management and disposal of radioactive wastes. One of these roles is to contribute to the 
post-closure containment and retention of radionuclides within a disposal facility by 
imposing conditions that minimise radionuclide solubility and provide sites for 
radionuclide sorption.  

The chemical containment provided by the highly-alkaline, chemically reducing 
environment imposed by cementitious materials plays an important role in the long-
term retention of many radionuclides. However, the mineralogy and other properties of 
cementitious materials that contribute to their physical and chemical barrier 
performance within the engineered barrier system will evolve due to several processes, 
including: 

• Leaching. 

• Reaction with groundwater solutes. 

• Hydration and crystallisation. 

• Reaction with wastes, their degradation products, and with non-cementitious 
waste forms. 

• Cracking.  
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Figure 2: Solid phase development during hydration of OPC (top)  
and of a 40% SiO2: 60% OPC low-pH cement (bottom). 

 

Some of these processes are better understood than others. For example, the 
evolution of pH within a homogeneous repository near field can be modelled based on 
knowledge of cement dissolution combined with expected groundwater compositions 
and flow rates. The calculated changes in pH can then be coupled to radionuclide 
solubility and sorption in safety assessment models.  

Other processes are not as well constrained. Reaction of cementitious materials with 
groundwater will lead to changes in the mineralogical composition of the cements, 
accompanied by changes in porosity and permeability, and cracking can lead to localised 
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water flow along the cracks and preferential leaching or deposition of reaction products. 
These processes can also alter the sorption properties of the cementitious materials. 
Additional complexities result from the heterogeneous distribution of cementitious 
backfill and waste in the repository.  

Uncertainties in the processes affecting cement evolution contribute to uncertainty in 
the long-term solubility and sorption of radionuclides that need to be taken into account 
in performance assessment calculations. One approach is to use expert groups to review 
available data in the context of the expected evolution of the system and define 
appropriate probability distribution functions (e.g. Figure 3).  

Discussion of the paper included: 

Is there a requirement that the cementitious backfill should not include 
superplasticisers? The backfill does not include superplasticisers, but the effects of 
organics need to be considered because some wastes contain or degrade to release 
organic complexants. 

Figure 3: Probability distribution functions for the solubility (top) and sorption (bottom) 
of uranium (VI) in cementitious backfill in the absence of organics over the pH 

range 9 to 12.3 
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Key messages from Plenary Session 1 

The following points summarise the main themes and outcomes of the presentations: 

• Cementitious materials are ubiquitous in geological disposal.  

• Cementitious materials have been proposed for use as roadways and floors, tunnel 
linings, waste conditioning matrices, waste packages, overpacks, buffers, backfills, 
tunnel plugs and seals and fracture grouts. 

• Although some of the cementitious materials may be removed before repository 
closure, large quantities (e.g. several million kilograms) may remain in HLW/spent 
fuel repositories after closure. Even larger quantities of cementitious materials will 
remain in repositories for low- and intermediate-level radioactive wastes. 

• Although cementitious materials play an important and positive role in many 
disposal concepts, the associated effects of the materials on the disposal system 
environment must be taken into account. 

• To minimise the potential effects of cementitious materials, low-pH cements and 
colloidal silica have been studied as alternative materials. Low-pH grouts are 
typically composed of Portland cement, silica fume, and superplasticizer.  

• The properties and behaviour of OPC concretes are well known and there has been 
considerable progress over recent years in our understanding and ability to model 
the chemistry and evolution of blended cements and low-pH cements.  

• However, uncertainties still remain with respect to the use of low-pH concrete, 
including its long-term performance and durability in contact with groundwaters, 
and associated with the risk of corrosion of carbon steel, which may be present in 
the form of reinforcement or fibres. 

• Some processes that occur in cementitious systems are better understood than 
others. For example, pH evolution can be modelled fairly easily based on cement 
dissolution models and knowledge of expected groundwater compositions and 
flow rates. The calculated changes in pH can then be coupled to changes in 
radionuclide solubility and sorption in safety assessment models. Other processes 
are less well constrained. For example, reactions of cementitious materials with 
groundwater will lead to mineralogical changes, changes in porosity and 
permeability, and cracking. These processes can alter the hydrological and 
retardation properties of the cementitious materials.  

• Uncertainties in processes affecting cement evolution contribute to uncertainty in 
near-field hydrological properties and in the long-term solubility and sorption of 
radionuclides. There are various approaches for taking account of these 
uncertainties in performance assessment calculations, including the use of expert 
judgement and expert elicitation techniques to define relevant input data for the 
assessments (e.g. in terms of hydraulic conductivities, solubilities and distribution 
coefficients). 

Working Group Session 1 

The first plenary session was followed by working group sessions in which the topics 
of the plenary were discussed in more detail. The working groups included participants 
from a range of national radioactive waste disposal programmes and had a variety of 
expertise in the phenomenology of cementitious materials and in engineering and safety 
assessment activities. The following subsections summarise the working group 
discussions. 
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Working Group 1: Construction 

To what extent is technology available and proven to construct or use different 
cementitious components in a repository? What are the possible engineering and 
constructional constraints that might have an impact on safety?  

The group considered that there are no real problems associated with the use of 
cement for conditioning low- and intermediate-level radioactive waste. Both OPC and 
low-pH concretes have successfully been used for LLW and ILW packages. However, 
construction and use of cementitious materials at depth may be more difficult. Relevant 
technologies are available, but more testing of the in situ behaviour of the material is 
needed. 

Several members of the group pointed out that that experience in the production of 
low-pH cementitious materials is limited to laboratory work, although a few tests at pilot 
scales have been conducted. Therefore, further testing is needed at industrial scale and 
also in situ with environmental conditions similar to repository conditions. 

The importance of quality assurance and quality control for these rather new 
products was emphasised. Performance confirmation measures need to be developed 
and adopted, consistent with the functional requirements of the cementitious materials 
in the disposal system. Consideration should also be given to the time frames in which 
the materials are required to function (e.g. during construction, repository operation and 
in the long-term evolution of the repository). 

It was pointed out that structural elements of the repository will have to be adapted 
to existing construction standards or new, repository-specific standards will have to be 
developed. It was mentioned as an example, that existing construction/engineering 
standards require reinforcement of tunnel plugs, but the design work and 3D-models 
shows that reinforcement is not needed to achieve the required strengths and functions 
of the plugs. Reinforcement may instead create future problems as the steel rods will 
corrode and may cause cracking of the concrete. 

In safety case studies it is necessary and important to have correct and detailed 
information about the composition of the material used in the different cementitious 
material. The group noted that the compositions of the materials used in the repository 
are likely to be different from those in use today as new products are likely to be 
developed. The composition and behaviour of the new products will have to be subjected 
to investigation and testing in the same way as the products now used.  

Working Group 2: Physical Degradation 

To what extent is the physical degradation of cementitious repository components 
considered in a safety case and is enough scientific and technical knowledge available to 
support the approaches taken in safety cases? 

All of the countries represented in the working group study the physico-chemical 
evolution of concrete barriers to some level of detail. The demonstration of an 
appropriate level of system understanding regarding the evolution of the repository is 
considered an essential element of a safety case.  

The working group considered that in broad terms, the physical evolution of concrete 
barriers under repository conditions is adequately known. However, none of the disposal 
programmes has so far represented explicitly the time-dependent physical degradation 
of cementitious barriers in performance assessment calculations for HLW or spent fuel 
disposal. Instead, the evolution of the properties of the cementitious materials is 
sometimes taken into account indirectly.  

Uncertainties are usually treated by taking bounding values. The few performance 
assessments that have represented time-dependent changes (e.g. in barrier permeability) 
have done so by considering a series of step changes rather than by representing 
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continuous gradual changes. Examples of performance assessments that have attempted 
to represent the physical degradation of cementitious components relate mainly to near-
surface disposal facilities for LLW and geological disposal facilities for ILW. 

While many uncertainties clearly remain, especially for the long timescales 
considered in a safety case, these uncertainties are not considered critical. In other words, 
the working group members felt that the potential uncertainties in the physical evolution 
of concrete structures would not undermine safety and would not preclude a decision to 
start building a repository.  

However, the group also considered that process-level knowledge should be further 
developed, particularly with respect to the long-term behaviour of the materials and 
processes that may lead to spatial heterogeneity. In particular, the working group 
suggested that advances could be made by looking at processes at the pore-scale (e.g. 
using imaging techniques and multi-scale modelling). The mechanisms of crack 
formation and healing were also identified as processes where further study would be 
beneficial.  

The working group also considered that it will be important for the waste disposal 
organisations to maintain an appropriate awareness of, and skills in, the state-of-the-art. 
This could be achieved in part by following progress in the cement industry, and by 
exploring the use of new materials and additives, such as superplasticisers. In this way, 
concrete compositions may be further optimised. 

Working Group 3: Chemical Modelling 

How well advanced is chemical modelling of concrete degradation? 

• Solid solution versus more classical chemical modelling? 

• Incorporation of the role of aggregates? 

• Evolution of redox condition? 

Is there enough foundation to use the results of such chemical modelling in a safety 
case? 

The OPC system is quite well defined and there is a good understanding of how the 
OPC system evolves with time. For other systems such as the low-pH cement system and 
also for leached systems there are a number of open questions.  

There remains a lack of experimental information and data on some components in 
cementitious systems (data on phase stability, thermodynamic values, rate constants and 
molar quantities), especially those found in low-pH cements. The work of extracting data 
to support better modelling of low-pH and degraded cement systems was considered to 
require considerably more effort.  

The varying chemical composition of fly ash and silica fume introduce large 
uncertainties. In addition, the uptake of Al, Na, and K in degraded or low Ca/Si calcium 
silicate hydrate (C-S-H) gels is not sufficiently well known, and the possible formation of 
some phases (siliceous hydrogarnets, thaumasite) is uncertain. Modelling also becomes 
more difficult when considering the influence of groundwaters. 

One field of research that has improved significantly, is the modelling of solid 
solutions such as those found in the C-S-H system, where previously models were based 
on a number of discrete solid phases instead of a solid solution. A remaining issue is how 
to model the molar volumes of solid solutions as their composition varies. However, a 
larger question is whether it is necessary to include solid solutions in the models or 
whether this introduces larger uncertainties rather than improving modelling results. 

Most modelling studies presently treat the aggregate component of concrete as being 
unreactive. The exceptions are when the aggregates consist of materials such as silica or 
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limestone. Interactions between the pore solution and the aggregates might in some 
cases lead to cracking of the concrete, typically by the well known alkali-silica reaction. 
However, coupling chemical and mechanical processes in models is very difficult, and is 
often not done.  

Kinetic effects are also often not included in cement models. One opinion was that 
this is actually not necessary for the very long periods of time considered, and that we do 
not know enough about the kinetics involved in the reactions within these systems to 
currently include kinetics in the models. An alternative view was that kinetics have to be 
introduced when modelling the chemical evolution over time periods on the order of 100 
years or more.  

Reactions involving reduction and oxidation (redox processes) are also difficult to 
handle within geochemical models. Here, the kinetics of reactions involving sulphur are 
important. OPC is poorly poised with respect to redox, and although blast furnace slag 
(BFS) has a greater redox poising capacity, its content of chemically-reducing sulphur 
may be undesirable in barrier systems containing copper and/or carbon steel due to 
potential impacts upon corrosion.  

In summary, there was a consensus within the group that the chemical models have 
developed greatly over the past 10 years and that there are means of simulating chemical 
processes occurring both within the concrete itself, and also between the concrete and 
other surrounding materials, such as bentonite. The working group was positive 
regarding the possibilities of introducing results from detailed modelling into the safety 
case, but some questions are still quite uncertain and require further study.  

The working group also noted that there is a lack of understanding of cement-rock 
interactions, of upscaling models of cementitious materials to larger temporal and spatial 
scales, and of porosity-permeability changes as a result of precipitation/dissolution 
processes. Another major challenge for the coming years is how to couple the results 
from the modelling of the chemical evolution with models of the mechanical evolution of 
cementitious repository materials. 

Working Group 4: Radionuclide Behaviour 

How is the behaviour (sorption, solubility, etc.) of radionuclides treated considering 
the degradation of cementitious materials and is the available scientific basis sufficient 
to incorporate this in a safety case?  

The working group identified several areas where data and scientific understanding 
are required to address these questions. These include: 

• Detailed knowledge of the evolution of cementitious materials and the chemical 
characteristics of the contacting pore waters. Figure 4 provides an example of how 
the evolution of pH of a cement pore water might be evaluated and represented in 
performance assessment. The working group considered, however, that it is 
important to obtain specific information on the properties of individual cements, 
including both backfill and encapsulation cements, as well as on their behaviour in 
specific disposal environments. 
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Figure 3: The pH evolution of pore water in a cement based material (JAEA  
and The Federation of Electric Power Companies of Japan 2007). 
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• Knowledge of radionuclide speciation in the aqueous phase and role of any 
colloids and other potential complexants, including superplasticisers. Plasticiser 
degradation may lead to reaction products that have a complexing and mobilising 
effect. Plasticisers are therefore apparently not permitted in some disposal 
programmes. A reasonable objective may be to select a super-plasticiser having a 
minimal effect on radionuclide behaviour. Formulations of plasticisers are 
evolving and would be likely to change during the period of repository planning (i.e. 
a new plasticiser could be in use in 2020). In this area it appears that further 
experimental studies are needed. 

• Knowledge of radionuclide solubility in the aqueous phase. This requires 
knowledge of how radionuclides are associated with specific phases in the 
cementitious waste forms and other cementitious materials, and an 
understanding of which solid phases will control radionuclide solubility. 

• Knowledge of the interactions between cement leachates and surrounding barriers, 
in particular bentonite-type backfill and buffer materials. 

• Knowledge of the adsorption behaviour of radionuclides on relevant materials 
under expected chemical conditions. 

The working group discussed the various ways in which radionuclide solubility and 
sorption may be represented in a safety assessment. The implications of conservative 
assumptions were extensively discussed.  

The group noted that it is not always easy to be certain that apparently conservative 
assumptions are actually conservative. For example, adopting an apparently conservative 
high Kd, may not actually be conservative for a fractured system in which colloids are 
important. The working group also noted that the selection of ‘uniformly’ conservative 
assumptions can lead to inconsistencies in models of system evolution and potentially 
lead to an unrealistic description of the system. Another possible drawback with 
conservative assumptions is a perception that they imply inadequate system 
understanding. 



NEA/RWM/R(2012)3/REV 

USES & EVOLUTION OF CEMENTITOUS MATERIALS IN GEOLOGICAL DISPOSAL 

23 

In summary, the main conclusions from the working group were: 

• Although the key processes appear to have been identified, there are remaining 
data needs relating to modelling radionuclide sorption in cementitious materials. 

• The properties of, and differences between, various cementitious materials, 
additives and repository environments need to be accounted using specific 
conceptual models. 

• The role of conservatism in the safety case needs to be carefully considered. 

Working Group 5: Key Processes 

Is there consensus on which particular phenomena have low or only limited impact on the use 
and evolution of cementitious materials themselves? Is there consensus on which phenomena have 
potentially higher impacts? 

The working group addressed these questions from the perspective of cementitious 
materials alone and did not consider phenomena associated with interactions between 
cementitious materials and other materials (e.g. bentonite, host rocks). 

The group mainly discussed phenomena associated with heat, radiation, mechanical 
changes, corrosion, and hydraulic changes. Table 1 summarises the group’s assessment 
of the relative impact of the various phenomena. 

Table 1: Perceived significance of key processes affecting cementitious materials 

Phenomena Effects of limited impact Effects of higher impact 

Radiation  Pore water composition, saturation 
Mechanics (cracks) Geotechnics  Mechanical and transfer properties  

Chemical evolution  
Waste chemical composition  Solid phase composition 
Corrosion products Radionuclide sorption on 

cements  
Mechanical and transfer properties (gas 
production) 

EBS composition Bentonite pore water Chemical composition/cement formulation 
Hydraulic conditions  Pore and ground water composition 

 

Heat is known to have a major impact on various processes in a repository. With 
regard to cementitious materials, the working group considered that the strongest effects 
would be on chemical evolution and mechanical properties. The effects of temperature 
changes on cement chemistry are known in general terms, but these are not fully 
described or quantified. Temperature may also have a strong influence on mechanical 
behaviour, especially with regards to processes such as creep, shrinkage, and cracking. It 
is difficult to describe and to model these processes at any particular temperature and 
more difficult under thermal gradients. The evolution of diffuse microcracks and their 
consequences on radionuclide transfer properties remain an uncertainty that the group 
considered need to be taken into account. On the other hand, it is possible to take 
account of, and model, the effects of temperature on diffusion coefficients. The group 
considered that temperature will have a limited impact on radionuclide sorption on 
cement phases. At a larger scale, temperature will probably have only a limited influence 
on the passivation of carbon steel in contact with concrete, and will not affect fluid flows 
through tunnel plugs. 

The main effect of radiation on cementitious materials is on the pore water. 
Irradiation of concrete leads to radiolysis of the pore water, which affects the chemistry 
of the pore water, and particularly the redox conditions. The processes involved and their 
consequences are not yet fully understood. The significance of these processes in a safety 
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case depends on the wastes and the intensity of the radiation field, and on various other 
competing factors that may control or influence the chemistry of the porewaters. 

The mechanical evolution of cementitious materials is strongly dependant on the 
boundary conditions and the types of concrete and structures considered. It is relatively 
easy to achieve the desired geotechnical properties through design and selection of 
appropriate materials, but the physical and chemical evolution of the materials can have 
a strong influence on radionuclide transfer properties (e.g. diffusion and permeability), 
and these influences are very difficult to model accurately.  

The chemical evolution of cementitious materials in a repository will be influenced by 
the composition of the waste, as well as the formulation of the concrete used. In 
particular, the composition of the waste will have a strong effect on the solid phases 
present and that control radionuclide release. 

The consequences of the expansion of corrosion products are known; potentially 
significant mechanical damage. Quantification of these effects remains a problem, but 
studies currently in progress may provide more information on the physical behaviour of 
the corrosion products, including the transfer of oxidised iron in concrete, and the kinetic 
growth of corrosion layers, etc. In contrast, the working group considered that the 
sorption of radionuclides on corrosion products was an effect of lower significance. 

Hydraulic conditions are strongly site and concept dependant. The working group 
found it impossible to assess the consequences of hydrological changes without site-
specific information. However, the hydraulic conditions will affect fluid flows and pore-
water compositions, chemical evolution and radionuclide transport. 

Finally, the group noted a lack of knowledge regarding the influence of microbial 
processes on cementitious materials.  
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Interactions of Cementitious Materials  
with other Repository Components 

Plenary Session 2 

The second plenary session was devoted to the interactions of cementitious materials 
with surrounding repository components, including the waste, the host rock and 
groundwaters as well as with non-cementitious waste containers, buffers and backfills. 

Interactions with high-level waste and spent fuel 

Karel Lemmens from SCK•CEN, Belgium, presented an overview of the possible 
interactions between cementitious porewaters and vitrified HLW and spent fuel in the 
Belgian disposal concept.  

The Belgian disposal concept is based on the use of steel supercontainers containing 
considerable quantities of OPC concrete, which will be emplaced in the Boom Clay, a 
plastic clay formation. In this concept vitrified HLW and spent fuel will be enclosed by a 
carbon steel overpack and surrounded by a massive OPC cylindrical concrete buffer held 
in a steel liner (see Appendix B).  

OPC concrete is used to provide a high pH (~13.5) and to minimise the rate of 
corrosion of the metallic overpack. Overpack failure is, however, a possibility several 
thousands of years after repository closure. The interactions of cement porewaters with 
HLW glass and with spent fuel therefore need to be considered.  

Dissolution of vitrified HLW is expected to be more rapid at high pH leading to the 
formation of altered glass and secondary silicate phases, some of which may retain 
radionuclides. This conceptual model is supported by results from experimental studies 
on the dissolution rate of HLW. Although several processes will affect the chemical 
evolution of the concrete and will cause a decrease in porewater pH from an initial value 
of ~13 to a level of ~9 to 10, the rate of this pH evolution is difficult to quantify.  

For spent fuel, corrosion of the overpack could in the long-term lead to interaction 
between alkaline concrete porewaters and the waste. Overpack failure is not expected to 
occur until after the thermal phase, when practically all short-lived beta- and gamma-
emitting isotopes will have decayed. Radionuclide release from the spent fuel may then 
take place due to:  

• The rapid release of radionuclides not held firmly within the spent fuel matrix (e.g. 
those at grain boundaries); this is often known as the instant release fraction.  

• Dissolution of the spent fuel matrix. Matrix dissolution may occur through a 
relatively faster oxidative process leading to the release of uranium as U(VI), or 
through a slower non-oxidative process that releases uranium as U(IV).  

Oxidative matrix dissolution could be induced by water radiolysis due to alpha-
radiation. This effect, however, will decrease with time as the radiation field declines. 
The production of molecular hydrogen (H2) from steel and iron corrosion is also expected 
to prevent oxidative dissolution. 
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Preliminary experimental results performed at INE-FzK in Germany indicate that the 
dissolution rate of spent fuel at pH 12.5 may be slightly lower than at neutral pH. 
However, colloids were observed in some of the experiments at high pH and, if confirmed, 
these might result in accelerated radionuclide release. On the other hand, the 
cementitious materials in the supercontainer may sorb radionuclides migrating away 
from the spent fuel. This latter effect has yet to be studied. In conclusion, high-pH 
porewaters are expected to have only limited effects on the long term stability of spent 
fuel, but there are still some processes that need further quantification. 

Discussion of the paper included: 

Are conceptual models of waste container deformation and waste dissolution realistic? 
It was noted that the molar volumes of glass and overpack corrosion products will be 
larger than of the un-corroded materials, and that such volume changes and their 
mechanical effects need to be considered when assessing waste container deformation 
and waste dissolution. 

Will oxidative dissolution of spent fuel be faster at high pH? It was suggested that 
under high pH conditions, dissolved iron(II) concentrations in the system may be lower 
(partly as a result of passivation of the iron overpack), and that this may cause the spent 
fuel to provide fewer electrons to its surface. In this situation, the supply of electrons 
could be less than would be required to fully negate the oxidative effect of radiolysis and 
the net result could be oxidative dissolution and release of U(VI). 

Interactions with fractured crystalline rocks 

Russell Alexander from Bedrock Geosciences, Switzerland, gave a presentation on the 
possible effects of cement porewaters on a crystalline host rock. Field, laboratory and 
natural analogue studies as well as geochemical modelling indicate that cement 
leachates tend to induce the sealing of fractures in the rock (Figure 5).  

These studies also indicate that strongly alkaline waters might: 

• Accelerate the dissolution of vitrified waste, but probably not affect the dissolution 
rate of spent fuel. 

• Degrade bentonite to some degree.  

Figure 4: Photograph of fractures sealed by calcite due to the passage of high pH fluids 
at the Maquarin natural analogue site 
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To avoid some of the effects associated with the use of concrete, several approaches 
may be used:  

• Minimisation and tracking/monitoring of the concrete masses. 

• Development and use of low-pH cements and alternative grouting materials. 

• The selection of less fractured rock volumes for a repository location. 

The sealing of fractures evidenced in the Maquarin natural analogue study might 
contribute to limiting the extent of perturbations caused by an alkaline plume and is 
likely to create a hydraulic barrier that affects groundwater flow. The effects of these 
processes should be analysed in a safety case since they may support the idea of a self-
sealing repository. 

Uncertainties in the treatment of an alkaline plume in fractured rock include:  

• The possible formation of colloids. 

• Thermodynamic data for cement components and secondary mineral stability. 

• Cement carbonation.  

• The effects of superplasticisers.  

Given these uncertainties, current assessments of perturbations around a HLW or 
spent fuel repository caused by cementitious materials are often conservative and 
provide a pessimistic view of disposal system performance.  

Discussion of the paper included: 

Will groundwater flows in deep systems be fast enough to cause pervasive sealing of 
fractures? The process of how a network of fractures may be sealed over time is 
uncertain. The flow field will be altered as fractures are sealed and this may cause flow 
rates in other parts of the fracture system to increase temporarily prior to sealing. The 
flow will then move to yet other parts of the network.  

Will the supply of alkalinity from the concrete to the fracture network be maintained, 
and will the porosity of the concretes themselves become sealed (clogged) as a result of 
carbonation and calcite precipitation? Carbonation (cause by dissolved carbonate in 
groundwater) might well cause the concretes to become sealed. The tendency of the 
system to seal seems clear, but it is hard to predict with certainty where sealing might 
occur. This would need better integration amongst geologists, hydrogeologcal modellers 
and geochemical modellers to develop more consistent coupled models. 

Will fracture seals formed by mineral precipitates persist or at least re-establish 
themselves after tectonic disturbance? There is ample evidence of multiple fluid flow and 
fracture sealing events in fractures, but there is a clear tendency towards calcite 
precipitation in systems involving carbonate bearing groundwaters and cementitious 
pore fluids. However, there was agreement that it would be difficult to rely on a safety 
argument that pervasive sealing of a fracture network would occur and persist. This is 
part of the reason why most disposal programmes aim to minimse pH perturbations 
(e.g. by minimising use of cements or using low-pH cements), rather than promoting 
fracture sealing by using large amounts of OPC cements. 

Interactions with clay rocks 

François Marsal from IRSN, France, gave an overview of the interactions between 
concrete and clays. His presentation focussed on safety issues related to the concrete 
tunnel seals designed in France for the disposal of intermediate-level long-lived waste 
and related to the tunnel plugs for HLW disposal. In the study described, three main 
effects were identified that need to be addressed:  

• Changes in mineralogy and porewater chemistry.  
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• The intensity and extent of the perturbations.  

• The consequences in terms of changes in the chemical and hydraulic containment 
capacities of the repository system. 

Addressing these questions requires a combination of laboratory experiments, 
engineered and natural analogue studies, and modelling of the long-term evolution of 
these systems. 

Several laboratory results were presented (e.g. Figure 6). Among the engineered 
analogues, results from Tournemire were described. Numerical modelling is the only 
available tool that can tackle the spatial and temporal perturbations at a repository scale. 
There are still quite a number of uncertainties concerning the modelling of the 
mineralogical evolution of the clay in contact with cement porewaters. Furthermore, the 
hydraulic properties are still difficult to assess, for example the extent of clogging and the 
influence of heterogeneities. 

Figure 5: Set up for experiments looking at the diffusion of alkaline waters through 
samples of clay (top) and photographs showing the sealing of a fracture  

as a result of calcite precipitation (bottom) 
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Interactions with salt rocks 

Jürgen Wollrath from BfS, Germany, presented work on cementitious materials 
developed and used in salt repositories. The presentation focussed on the ERAM low-level 
waste repository, which has been developed in a former salt mine (see Appendix B). 

The closure concept includes extensive backfilling of the mine and sealing of the 
waste emplacement areas. With this objective, a concrete with a salt aggregate has been 
developed and the feasibility of using this material for backfilling has been demonstrated.  

One concern has been the level of naturally occurring long-lived radionuclides 
(radium and thorium) in the backfill materials. Assessments of the potential impacts of 
radionuclides in the backfill indicate that they do not compromise the long-term safety of 
the facility. A test of drift seal performance will take place during the next few years. 

In conclusion, the salt concrete developed for backfilling and sealing of repositories in 
salt formations has proven to satisfy all requirements from pre- and post-closure 
considerations. 

Interactions with steel waste containers 

Nick Smart from Serco, UK, gave an overview of the effects of cementitious materials 
on the corrosion of steel during storage and disposal of various low- and intermediate-
level radioactive wastes. 

Steel containers are often used as an overpack for the containment of radioactive 
wastes and are routinely stored in an open atmosphere. Since this is an aerobic and 
typically humid environment, the steel containers can start to corrode whilst in storage. 
Steel containers often come into contact with cementitious materials (e.g. grout 
encapsulants, backfill). An extensive account of different steel container designs and of 
steel corrosion mechanisms was provided (see Appendix C). Steel corrosion rates under 
conditions buffered by cementitious materials have been evaluated experimentally. 

The main conclusion was that the cementitious environment generally facilitates the 
passivation of steel materials. Several general and localised corrosion mechanisms need 
to be considered when evaluating the performance of steel containers in cementitious 
environments, and environmental thresholds can be defined and used with this aim. In 
addition, the consequences of the generation of gaseous hydrogen by the corrosion of 
carbon steel under anoxic conditions must be taken into account. 

Discussion of the paper included: 

Is crevice corrosion really significant in cementitious systems? Crevice corrosion is unlikely 
in the cementitious backfill considered because it will tend to neutralise any acidic 
conditions in the crevice. 

What is the role of microbially-induced corrosion (MIC) in cementitious systems? Microbes 
are likely to be present in a disposal facility but their effect on corrosion is uncertain.  

Interactions with clay barriers - effects on gas migration 

Paul Marschall from Nagra, Switzerland, described conceptual and numerical models 
of the evolution of a low- and intermediate-level waste repository concept in the 
Opalinus clay formation. In this concept, an engineered gas transport pathway is 
included by using gas-permeable plugs and repository seals.  

In the models, an extensive set of coupled hydrochemical and hydromechanical 
processes are evaluated to describe gas pressure build-up and water and gas flow in the 
seals and in the clay formation around the repository (Figure 7). The concepts are being 
studied experimentally within the EC FORGE project. 
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Figure 6: Conceptual model of processes at the interface of a cementitious repository 
and a clay host rock, including the effects of re-saturation and gas production 

 

Simulations show the feasibility of modelling the flow and transport conditions at the 
cement-clay interfaces. They also show that unsaturated conditions may prevail in the 
backfilled disposal facility during the entire gas production phase (thousands of years; 
see – Figure 8), and that clogging of the cement-clay interfaces can, thus, be excluded; i.e. 
the engineered gas release system will function as expected.  
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Figure 6: Modelling results illustrating the possible saturation state of a disposal 
facility for low- and intermediate-level wastes developed in a clay host rock 

as a result of gas production. 

Dark blue areas represent the fully water saturated host rock, red areas the largely 
gas filled disposal facility. 

 

 

Discussion of the paper included: 

Can you really have gas outflow and fluid inflow through a single seal at the same time as 
suggested by some of the modelling simulations? Yes, in some circumstances water may flow 
through the bottom of the seal while gas will flow through the top of the seal. 

Is spatial heterogeneity in the clay important? There is a degree of spatial heterogeneity in 
the Opalinus clay, but because the gas flow will be channelled in the engineered part of 
the system, the heterogeneities in the clay do not significantly affect the results of the 
simulations. 
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How important is any feedback between the degree of water saturation and the rate of gas 
generation? The simulations do not couple hydraulic saturation and the gas generation 
rate. It is assumed instead that the surfaces of the waste and the EBS will be wet and that 
that rate of gas production will not be limited by the water supply. This modelling 
approach is considered realistic. 

Key messages from Plenary Session 2 

The following points summarise the main themes and outcomes of the presentations: 

• Interactions with alkaline pore waters from cementitious materials probably 
increase the rate of HLW glass dissolution, but have little effect on the dissolution 
rate of spent fuel.  

• In general, cementitious materials will tend to slow the corrosion of steels and 
copper through passivation. 

• Alkaline pore waters from cementitious materials will tend to seal fractures in 
most host rocks due to the precipitation of minerals such as calcite and CSH.  

• Chemical models are broadly satisfactory for assessing such interactions between 
alkaline pore waters and host rocks, but coupling these chemical models to models 
of the associated hydrological effects is a major challenge. 

• Suitable cementitious materials have been developed for use in salt host rocks. 
These salt concretes typically include crushed salt as the main aggregate. 

• Alkaline pore waters derived from cementitious materials have well documented 
negative effects on clays. Such effects have been observed in laboratory 
experiments, and during natural and engineered analogue studies. Although 
significant positive advances have been made in our ability to model these 
processes in the past few years, a number of uncertainties remain, especially in 
terms of being able to assess the hydrological consequences of such interactions. 

Working Group Session 2 

The second plenary session was followed by working group sessions in which the 
topics of the plenary were discussed in more detail. The following subsections 
summarise the working group discussions. 

Working Group 1: Key Interaction Processes 

Is there consensus on which particular interaction phenomena have low or only limited impact, 
and on phenomena that have potentially higher impacts? 

The working group developed tables to present its findings. Tables 2, 3 and 4 relate to 
the interactions (via pore waters or by direct contact) of cementitious materials with HLW 
and spent fuel waste components, with ILW components, and with other disposal system 
components.  

For each component considered, the group identified the interaction process 
considered, the timeframe within which it believed the interaction may be significant, 
and the reason the group believed that the interaction could affect repository safety.  

In the final column of each table, the group categorised each interaction as having a 
high (H), medium (M) or low (L) impact, and also indicated whether this impact is 
expected to be detrimental (–ve) or beneficial (+ve) to the safety of a repository. The group 
agreed that the assessment of the impact of each interaction should ideally relate to its 
significance to overall repository safety, but noted that in reality this was complicated to 
assess and would depend upon the overall system and the specifics of repository design. 
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In summary: 

• The effect of cementitious materials on repository safety can be detrimental or 
beneficial (Tables 2 to 4), depending upon the components and processes involved. 

• The working group considered that overall the use of cements is positive for the 
repository system as a whole. 

• The working group acknowledged that there are local negative impacts, but 
considered that these can often be mitigated. 

Table 2: Cement interacting with HLW and spent fuel waste components 

Cement interacting 
with... Process Timeframe Why may it matter? Impact on safety 

function (H/M/L) 

Vitrified HLW Glass dissolution After primary overpack 
failure Waste matrix lifetime H (-ve) 

Spent fuel Fuel dissolution After primary overpack 
failure Fuel matrix lifetime M? (-ve) 

   Release of instantaneous 
release fraction L (zero?) 

Overpack (copper & 
carbon steel) 

Passivation of 
corrosion 

Varies depending 
upon concept 

Barrier integrity 
(containment) H (+ve) 

 

Table 3: Cement interacting with ILW components 

Cement interacting 
with... Process Timeframe Why may it matter? Impact on safety 

function (H/M/L) 

Waste matrix 
(metals) Chemical reaction Early Radionuclide release/gas 

production 
H +ve (H -ve for some 
metals) 

Waste matrix 
(organics) 

Degradation & 
complexation Early Change in r.n. 

solubility/sorption -ve 

 Inhibition of microbial 
activity at high pH  Reduces gas production +ve 

 

Table 4: Cement interacting with other dispposal system components 

Cement interacting 
with... Process Timeframe Why may it matter? Impact on safety 

function (H/M/L) 

Bentonite (buffer, 
backfill, plugs, 
seals) 

Alteration of bentonite 
minerals Throughout Sealing capability 

(swelling, cracking) 

M? (-ve) locally (but can 
use thicker bentonite or 
low-pH cement) 

   Radionuclide transport 
parameters +ve or –ve (locally) 

Host rock 
Mineral alteration 
(precipitation or 
dissolution) 

Throughout Solute transport 
parameters in host rock +ve or –ve locally 

   Loss of self-sealing (clay) -ve locally 

 Volume change of 
concrete components  Stress impacts on materials 

in contact (cracking etc) -ve 



NEA/RWM/R(2012)3/REV 

INTERACTION OF CEMENTITIOUS MATERIALS WITH OTHER REPOSITORY COMPONENTS 

34 

Working Group 2: Upscaling 

How well evolved is our ability to upscale from laboratory scales (spatial and temporal) to 
repository scale? How is upscaling treated in a safety case? 

Many components of a repository system – including key components of the near-
field such as the engineered barrier system and cementitious materials therein, and the 
geosphere - exhibit spatial heterogeneity. In the near field, for example, waste packages 
may vary in their initial contents, and there is also the potential for regions of different 
chemical properties to be present initially. Geosphere properties such as permeability 
and porosity may also vary spatially. A consideration of spatial heterogeneity is therefore 
required in the development of a safety case for a repository. There is also a clear need to 
consider the temporal evolution of conditions within the disposal system. 

In general, heterogeneity in the near-field is more likely to be an issue for low- and 
intermediate-level waste repositories, as these tend to receive far more heterogeneous 
wasteforms than HLW or spent fuel repositories. Also, in general, geosphere 
heterogeneity is likely to be a more complex to address for repositories developed in 
fractured rocks than it is for repositories in clay or salt host rocks. 

Upscaling is an important concern for many components of the safety case, including 
cementitious materials. The appropriate consideration of heterogeneity in the safety case, 
including any approach to upscaling, implicitly requires an associated treatment of 
uncertainty. An appropriate consideration of heterogeneity in the safety case can vary on 
a case-by-case basis according to the disposal concept. 

Similarly, the significance of cementitious media to the safety case varies depending 
on the disposal concept and, therefore, the importance of understanding interactions of 
cementitious media with other repository components also varies.  

Approaches to considering spatial and temporal heterogeneity in the safety case, 
including an appropriate approach to considering uncertainty, are well developed at a 
theoretical level, and have been applied in studies of the hydrogeology of a repository site 
(NEA 1998).  

The working group concluded, therefore, that the issue is one of demonstrating the 
transferability and applicability of available upscaling approaches to the consideration of 
heterogeneity in relation to cementitious materials. 

Working Group 3: Types of Cementitious Materials  

What are the impacts of the different types of cementitious materials that can be used (low-pH 
versus high-pH; types and amounts of superplasticisers, etc)? How are these materials treated in a 
safety case and how can the safety case help select between the alternatives? 

Table 5 identifies potential interactions involving the typical components of the EBS 
and the host rock with pore fluids leached from neighbouring cementitious materials. 
The table considers repositories for HLW, spent fuel and for low- and intermediate-level 
wastes. The EBS in this context comprises various combinations of a waste form (glass, 
spent fuel or cement), a canister (consisting in part of a steel overpack or copper shell), a 
bentonite buffer, and/or a backfill composed of clay, cementitious material or salt. The 
host rock may be a fractured crystalline rock, clay or salt.  

The EBS and host rock are assumed to interact with leachates from OPC, or, 
alternatively, with leachates from low-pH cement blends that contain BFS, Pulverized Fly 
Ash (PFA) or Silica Fume (SF). Superplasticisers (SPL) may also interact with the EBS and 
host rock.  

The interactions identified in the table were considered by the group in relation to 
various performance parameters underpinning safety assessments. The parameters 
considered were those the group believes are particularly important with regard to safety. 
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Other parameters, as well as coupled impacts among parameters (e.g. impacts of a 
degraded buffer on microbial activity and copper corrosion), could be considered in more 
detailed analyses of specific repository configurations. The relative importance of 
interactions among cementitious materials and repository components was assessed 
qualitatively in relation to each of the performance parameters identified in Table 5. 

In accordance with the results summarised in Table 5, the conclusions drawn by the 
working group were as follows: 

• OPC concretes and grouts are expected to have a more important, and generally 
adverse, impact on the EBS and near-field rock than any of the blended low-pH 
cements. The hyperalkaline nature of OPC leachates will, however, tend to 
passivate steel and copper components of the canister, which is potentially 
beneficial because it would tend to limit the corrosion rate of these materials. 
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Table 5: Possible safety-relevant impacts of various cement types on the EBS  
and the host rock. Relative importance of impact: 

H – high, M – medium, L – low, ? – uncertain. 

EBS Component/ Host 
rock Performance Parameter 

High-pH 
Systems Low-pH systems (blends) 

SPL 
OPC BFS PFA SF 

Waste 
form 

Glass Dissolution rate H L L L ? 
Complexation ? ? ? ? H 

Spent fuel Dissolution rate L? L? L? L? ? 
Complexation ? ? ? ? H 

(L/ILW) Dissolution rate L? L? L? L? ? 
Complexation ? ? ? ? H 

Canister Steel passivated? Yes No No No ? 
Copper passivated? Yes No No No ? 

Buffer 

Swelling pressure H L L L ? 
Porosity/permeability H L L L ? 
Mineralogy H L L L ? 
CEC H L L L ? 
Kd H L L L ? 
Pore fluid chemistry H L L L ? 

Backfill 
Clay H L L L ? 
OPC L M M M ? 
Salt L ? ? ? ? 

Host rock 

Buffer capacity H L L L ? 
Porosity/permeability H L L L ? 
Mineralogy H L L L ? 
CEC H L L L ? 
Kd H L L L ? 
Pore fluid chemistry H L L L ? 

 
• Potentially adverse impacts resulting from the interaction of hyperalkaline 

leachates from OPC concretes and grouts on clay minerals in the buffer, backfill 
and host rock may be particularly important. The group acknowledged, however, 
that these effects have generally been interpreted only in terms of the dissolution 
behaviour and thermodynamic stability of clay minerals, and that associated 
impacts on the mechanical and rheological properties of clay-based materials are 
not well understood. The group felt that OPC concretes and grouts should be 
avoided in repositories in which clays are present, provided this is feasible from an 
engineering and/or cost perspective.  

• The group felt that cementitious materials will have only a minor impact on the 
performance of repositories in salt host rocks. The group noted, however, that the 
effects of low-pH cements on salt are uncertain. 

• Superplasticisers may affect the complexation (and hence solubility/sorption) 
behaviour of radionuclides released from glass, spent fuel and cement waste forms. 
The effects of SPL on other safety-relevant functions of the EBS and host rock are 
largely unknown. 

With respect to the question of how the materials are treated in a safety case, the 
group felt that this question should be handled differently for HLW and spent fuel 
repositories than for low- and intermediate-level waste repositories.  
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For HLW and spent fuel repositories, specific interactions such as those noted in 
Table 5 are usually assessed using scoping calculations or mass-balance arguments, 
which bound the maximum extent to which an EBS component might be degraded by 
interactions with cementitious leachates.  

For low- and intermediate-level waste repositories, the cement waste form is treated 
as a chemical barrier controlling the solubility and sorption behaviour of radionuclides 
released from the cement matrix. The cementitious materials may also be treated as a 
physical barrier that limits access of released radionuclides to flowing groundwater.  

In either case, the group felt that a critical assessment of all potentially negative 
impacts (e.g. arising from the generation and migration of a high-pH plume) is needed to 
enhance confidence in the results of a safety assessment. 

In terms of selecting between alternatives, the group felt that models and scoping 
analyses can be used to identify attributes of the EBS on which to optimise performance 
and enhance confidence in the safety case. Specific examples of this useful relationship 
between safety assessment and repository design include: 

• The use of scoping calculations to justify selection of an upper bound on the pH of 
low-pH cement leachates (i.e., the pH level below which the safety functions of the 
buffer would not be adversely affected). 

• A geochemical analysis of the use of BFS in cementitious waste forms to establish 
and maintain chemically reducing conditions. 

• An analysis of porosity requirements in cements needed to promote gas release. 

• Scoping analyses of the minimum pH needed to limit radioelement solubilities and 
to optimise sorption in some ILW systems. 

The following general conclusions were noted by the group with regard to the effects 
of cementitious materials on repository components: 

• Safety assessments can provide useful feedback to guide repository design. 

• Cements are engineered materials whose properties can be tailored to help 
optimise EBS performance and to minimise adverse impacts on other repository 
components. 

• A better understanding is needed of the relation between chemical/mineralogical 
changes resulting from interactions involving cementitious materials and the EBS, 
and associated impacts on physical, mechanical and rheological properties. 

• Although sophisticated models of cement evolution and the interaction of cement 
leachates with repository components are available, it is difficult to assess the 
accuracy of model predictions over repository-relevant time scales. 

• Although it is preferable to avoid the use of OPC in repositories containing clay 
minerals in the buffer, backfill or host rock, there exists a large database and 
extensive practical experience in using OPC that can serve as a basis for 
developing alternative cement formulations and blends. 

The group also noted that the interactions of cementitious materials with other 
repository components should not be considered in isolation, but rather within the 
broader context of other repository features, and other events and processes that will in 
reality occur simultaneously. 

Working Group 4: Analogues 

Are natural analogues of cementitious materials useful for a safety case or performance 
assessment analyses? What are the possibilities, benefits and drawbacks? 
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The working group distinguished between different types of analogue studies based 
on the timescales involved (Table 6). The systems studied need not always be closely 
analogous to a disposal facility in all respects. Examples include the cement-like rocks 
and highly alkaline pore waters at Maquarin in Jordan, and the ~2 000-year old cements 
used at Hadrian’s Wall, in the UK.  

Studies of natural or anthropogenic systems can be useful in that they can provide 
information on the processes that might occur in a disposal system, and potentially give 
evidence regarding the possible extent and rates of such processes.  

A key advantage of studying existing natural or anthropogenic systems is that larger 
spatial and temporal scales can be considered than are accessible during laboratory or 
URL experiments. However, the initial conditions and related boundary conditions 
affecting these systems are often only poorly known.  

Information from analogue studies may help to build confidence that performance 
assessment models include the relevant processes, and may also serve to provide other 
qualitative safety arguments.  

The working group noted that studies of analogues of cementitious materials provide 
support for conceptual models of the alkaline plume and for the interactions of 
cementitious materials with other disposal system components.  

To-date however, there has been little study of analogues for low-pH cements. 
Possible study sites in Cyprus and the Philippines were identified. It was also noted that 
there are possibly more opportunities to study analogues of cements relevant to near-surface disposal than for 
geological disposal. 

Table 6: Characteristics of different types of analogues 

Engineered analogues Archaeological analogues Natural analogues 

Timescales <150 years Timescales <5 000 years Timescales : geological 

More constrained in initial and 
boundary conditions  Less constrained in initial and boundary 

conditions 

Materials are more similar to 
currently used materials 

Less similar than currently used 
materials Natural with similar chemical properties 

Impact on stakeholder group: different views, dependent on audience

Working Group 5: Interfaces  

How are the interfaces between cementitious materials and surrounding repository 
components currently taken into account? What are the strengths and weaknesses of current 
treatments of such phenomena? 

Figure 9 illustrates the types of interfaces between cementitious materials and other 
disposal system components considered by the working group.  

The working group divided the topic into sections corresponding to the following 
interfaces: 

• Waste/cementitious materials. 

• Container/cementitious materials. 

• Backfill-buffer/cementitious materials. 

• Host rock/cementitious materials. 

For each of these interfaces various disposal concepts were discussed.  
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Figure 9: Examples of interfaces between cementitious materials and other disposal 
system components (from Marschall et al., this workshop) 

 

Waste/cementitious materials 

ILW metal waste disposal  

It was noted that the corrosive expansion of metals in ILW can be assessed/monitored 
by measuring the volume and timing of the associated gas production. Although simple 
and repository dependent, this approach was considered to be robust. The impact of the 
metal expansion on the cement integrity is not usually taken into account. This was felt 
to be possibly non-conservative as the impact on leaching of the cement matrix is 
ignored.  

The production of 14C during corrosion (especially organic 14C) was also considered 
and it was noted that, due to uncertainty regarding the likely form of 14C (e.g. as 14CO2 or 
14CH4), it was difficult to take credit for 14C retention in the cement matrix (e.g. as 
secondary calcite, Ca14CO3). 

HLW disposal in clay 

The group considered that the treatment by Ondraf/Niras of vitrified glass dissolution 
by hyperalkaline cement leachates was simple and robust. However, it was noted that, as 
the glass dissolves, the ensuing local acidic conditions would decrease the pH of the 
system, so slowing the glass dissolution rate. It was suggested, therefore, that not 
including this positive feedback was probably unnecessarily pessimistic. 

Spent fuel disposal in clay 

The current treatment, which indicates minimal dissolution of SF in hyperalkaline 
leachates, was also considered simple and robust. However, as above, it was felt that 
omitting waste-cement feedback should be reconsidered. In this case, potential increased 
spent fuel dissolution rates due to uranium adsorption on cement could be included. 

Container/cementitious materials 

ILW disposal  

In most cases, performance assessments for ILW disposal have assumed 
instantaneous waste dissolution and that the waste container does not provide a physical 
barrier. The group considered that both of these assumptions were overly conservative. 
The group noted that a significant body of data exists on radionuclide retardation on 
corrosion products. 
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In the particular case of the Belgian ILW disposal concept, potential disruption of the 
host clay by gas has been explored and it is assumed that the clay will quickly reseal after 
decrease of the gas pressure. Radionuclide transport in the gaseous phase is assumed to 
be of minor importance, but it will nevertheless be further investigated.  

Backfill-buffer/cementitious materials 

HLW/spent fuel disposal  

Bentonite buffer alteration is often treated rather simplistically in performance 
assessments, with simple mass balance being calculations carried out. The group 
accepted that the current treatments were robust, but considered them to be overly 
conservative. To date, little work has been done on the likely perturbations when 
utilising low-pH cements. In view of the considerable effort being invested in the 
development of low-pH cements, however, it seems that it would be sensible to begin at 
least some scoping studies on the interactions between low-pH cements and bentonite 
materials. 

Scepticism was expressed regarding the pH 11 value often quoted as the level below 
which interactions with bentonite will be insignificant; it was felt that quantitative data 
to support this pH criterion were lacking. 

Host rock/cementitious materials 

Salt host rocks 

In the current German concept for the ERAM LLW disposal facility in salt, there will be 
extensive backfilling with salt concrete to both stabilise the mine and seal in the waste. 
Whereas the NaCl-cement formulations appear to work well, mixtures with other salts 
are less well understood. A mass balance approach is used to assess performance of the 
repository which seems conservative. 

Clay host rocks 

As for the backfill/buffer interaction discussed above, assessments of the effects of 
cementitious materials on clay host rocks are usually approached by using mass balance 
calculations. The working group accepted that such approaches are robust, but 
considered that a better understanding of clay sealing mechanisms would be useful if the 
degree of conservatism in performance assessments was to be properly understood and 
possibly reduced. It was also noted that the commonly made assumption in mass 
balance calculations of a zone in which the clay is fully altered does not represent the 
obvious heterogeneity of pore clogging seen in laboratory, field and natural/engineered 
analogue samples.  

Fractured, crystalline host rocks 

Fracture sealing and the blocking of porosity, observed within short timescales, will 
impact on existing site hydrogeology, making accurate estimation of flow and host rock 
behaviour difficult. In addition, the impacts of potential fracture re-activation processes 
on fracture sealing are yet to be considered. Performance assessments have not therefore 
tended to quantify the potentially beneficial effects of fracture clogging as a result of the 
interaction of cementitious pore fluids with fractured host rocks.  

Conclusion 

In conclusion, the treatment in performance assessments of interactions between 
cements and other repository components was considered in general to be simple, 
conservative and robust. Interaction processes are not generally treated mechanistically, 
however, and the group considered that there is a tendency for the performance 
assessments to be over conservative in this regard. 
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Cementitious Materials in the Safety Case 

Plenary Session 3 

The third plenary session was designed to examine the integration of information on 
cementitious materials in the safety case and to consider the implications of using 
cementitious materials for long-term safety. The following sections summarise the 
papers presented and the associated discussions. 

Strategic choices in the Belgian supercontainer design and its treatment in the safety 
case 

Maarten Van Geet of Ondraf/Niras discussed various aspects relating to the selection 
of a supercontainer disposal concept for HLW and spent fuel disposal, including an OPC 
concrete buffer.  

The previous Belgian reference disposal concept (SAFIR-2, Ondraf/Niras 2002) was 
briefly described, and it was noted that several assessments and reviews of that concept 
had raised questions over its feasibility, operational safety, and ability to provide 
containment of the wastes throughout the thermal phase, i.e., the period when 
temperatures in the repository will be significantly above the ambient temperature of the 
host rock because of radioactive decay of the wastes. In light of these findings, 
Ondraf/Niras worked through a process of multi-criteria options appraisal (Figure 10) 
with the aim of coming to a new reference concept with better characteristics. 

Three main types of disposal concept were considered: 

A supercontainer design, in which the overpack would be emplaced in the disposal 
gallery as an integrated unit including a cementitious buffer. The buffer would provide 
radiological shielding. 

• A borehole design, in which the overpack would be emplaced in a borehole 
perpendicular to the disposal gallery.  

• A sleeve design, in which the overpack would be emplaced in a metal sleeve that 
would be emplaced in the disposal gallery prior to the overpack.  

In the latter two concepts, separate measures would be needed to provide radiation 
shielding during waste transport and handling. 

Several broad assessment criteria were considered; engineered robustness, host-rock 
perturbation, intrinsic robustness (of materials characterisation and modelling), ease of 
demonstration, technical operation, flexibility, and financial feasibility. The result of 
scoring the different design options against these criteria and various sub-criteria led to 
the selection of the supercontainer concept as the current reference concept and design. 
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Figure 10: Methodology used by Ondraf/Niras for assessing various disposal  

 

Key reasons for this selection included: 

• The requirement for watertight containment of the waste during the thermal 
phase, which meant adopting a design that would control overpack corrosion. 

• The need to be able to characterize and model the relevant phenomena especially 
in the buffer. OPC concrete is a relatively well understood industrial product for 
which characterisation and modelling is relatively easier than for a natural 
product such as bentonite, a possible alternative buffer material.  

In terms of safety analysis, the use of an OPC buffer provides well constrained 
boundary conditions for the corrosion assessment and this helps to better underpin 
confidence in overpack integrity during thermal phase.  

If or when the overpack eventually fails, release from vitrified HLW may be faster 
than in the previous disposal concept, but Ondraf/Niras has used the safety case to help 
make a strategic choice not to rely too much on slow glass dissolution as a safety 
function, because in this concept glass dissolution has a minor impact on the overall 
safety of the system. The selection of a cementitious buffer is expected to have little 
effect on the rate of spent fuel dissolution. Further research is being conducted to 
confirm these assumptions. 

Discussion of the paper included: 

What was the reason for the choice of OPC for the supercontainer buffer rather than 
low-pH cement? The high pH environment imposed by OPC is effective in passivating the 
iron and steel supercontainer components against corrosion, in a way that would not 
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occur with low-pH cements. Even though the use of OPC brings higher alkalinity, which 
could cause alteration of the host rock, the amount of alteration is not significant. 

Why was the multi-criteria appraisal of design options scored so evenly? The scoring 
was rather even because a wide range of assessment criteria was considered. However, 
the result from the options appraisal is robust to changes in the weightings applied to the 
criteria. 

Safety case approach for a KBS-3 repository in crystalline rock 

Barbara Pastina of Saanio & Riekkola described the approach to considering 
cementitious materials in a safety case for a KBS-3 repository in Finland. In this concept, 
cements will be used predominantly as tunnel plugs and seals. 

Part of the Finnish approach has involved identifying the cement-related FEPs. For 
example, FEPs representing the effects of cement on spent fuel, on the canister and on 
radionuclide transport include: 

• Fuel matrix dissolution at high pH. 

• Copper corrosion at high pH. 

• Radionuclide speciation and solubility at high pH. 

• Radionuclide sorption and diffusion at high pH. 

• Radionuclide transport due to organic materials (e.g. superplasticisers). 

• Colloid formation at a high pH plume front. 

FEPs representing the effects of cement on bentonite in the buffer and backfill include: 

• Potential changes in swelling pressure due to mass loss, decrease in clay density, 
and precipitation of secondary minerals. 

• Potential cracking and increase of hydraulic conductivity due to cementation. 

• Increase of the cation exchange capacity due to the loss of silica from the 
montmorillonite structure. 

Amongst the cement-related FEPs, the main concerns are related to effects on the 
performance of the bentonite buffer. Cement-bentonite interactions are complex, there 
are few experimental data, and there are significant modelling uncertainties (e.g. limited 
knowledge about the reactions that may occur and their rates, and the effects of 
temperature). Accepting the existence of various uncertainties, preliminary modelling 
studies performed using the TOUGHREACT code illustrate the potential for porosity 
reduction and clogging of porosity in bentonite affected by cementitious porewaters. The 
modelling also suggests that that the high pH of the porewaters moving from the 
cementitious materials into the bentonite may be rapidly lowered as a result of reactions 
with the bentonite close to the cement-bentonite interface. 

Taking account of the various research and modelling studies, the Finnish approach 
is to mitigate the negative impacts of the cementitious materials on the bentonite 
barriers through repository design by:  

• Minimising the use of cement. 

• Using low-pH cement in and near the EBS and in waste disposal areas. 

• Ensuring sufficient thickness of bentonite where there is direct contact between 
bentonite and concrete. 
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Discussion of the paper included: 

Why not use low-pH cements everywhere in the KBS-3 system? Only concretes near 
the EBS and that will remain in the repository need to be low-pH cement. Low-pH cement 
is a bit more expensive than OPC, but the main reason for using OPC concretes elsewhere 
in the facility is that is that there is more experience in their use. 

Environmental safety case and cement-related issues for ILW in a co-located 
geological disposal facility 

Simon Norris of the NDA described safety case and cement-related issues for a 
geological disposal facility for ILW. The Environmental Safety Case (ESC) needs to 
demonstrate a clear understanding of: 

• The disposal facility in its geological setting.  

• How the disposal system will evolve. 

• How the various components of system (including cementitious materials) 
contribute to meeting the requirement of providing a safe long-term solution for 
the disposed wastes. 

The ESC must include and support the key environmental safety arguments with 
underpinning lines of reasoning and detailed analysis, assessments and supporting 
evidence (including those relating to cementitious materials). Key components of the ESC 
are identified in Figure 11. 

In an ILW disposal system, cementitious materials could be used in several ways: 

• As in-package grouting materials and package materials. 

• Backfill material. 

• Shotcrete and other vault lining technologies that could be employed during 
construction and operation. 

• Engineered seals. 

• Structural materials. 

Given that cementitious materials will play important roles in the disposal system - 
and within a general strategy for managing uncertainty - the NDA is conducting, or has 
recently conducted, research into the following topics: 

• Assessment of the potential for interactions between disposal modules for low- 
and intermediate-level wastes and for HLW and spent fuel. 

• The effect of possible cementitious vault liners (e.g. composed from shotcrete) on 
the early post-closure evolution of waste-derived gas in a geological disposal 
facility for low- and intermediate-level wastes. 

• The evolution of cementitious backfill materials, including cracking, and related 
evolution of groundwater flow and chemistry in the vault environment of a 
geological disposal facility. 

• Evidence from nature and archaeology relevant to the long-term properties of 
cement. 

• Interaction of waste-derived gas (particularly carbon-14 bearing gas) with 
cementitious materials in the facility near-field. 

• The choice of in-drum encapsulant, noting that for some wastes a cementitious 
material may not be optimal. 
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Figure 11: Key parts of an environmental safety case 

 

Discussion of the paper included: 

What are the potential impacts of cracking of cementitious materials? Cracking of the 
backfill is an important issue because such cracking might affect the flow of water 
through the backfill, the ability of the backfill to chemically condition the near-field, and 
the transport of radionuclides. The NDA is considering the impacts of cracking and 
spatial heterogeneities and is currently thinking about how to represent such effects at a 
vault scale. The aim is to develop better understanding of the impacts of a network of 
cracks through the backfill. 
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Plenary Discussion 

A final discussion session was led by Lawrence Johnson, of Nagra, Switzerland.  

It was emphasised that the safety case provides a broad approach to understanding 
the entire disposal system. During the early phases of safety case development, the 
safety case is an important tool with which to identify, assess, and manage the various 
design options and make choices (e.g. between the use of OPC or low-pH cements). To 
initiate discussion, several questions were posed relating to cement evolution, to novel 
cementitious materials, and to the influence of gas production in repositories. 

Evolution of cements: There seems to be broad understanding of the chemical-hydrological-
mechanical effects relevant to long-term safety, but can we realistically couple these in 
performance assessment models? 

Workshop participants considered that significant progress has been made in 
chemical modelling of cementitious materials over recent years and that capable coupled 
reactive transport codes are also available. However, it was felt that the timing and 
impacts of cracking were uncertain and hard to include in coupled models. This may be 
significant in disposal systems where there is advective flow, but is less relevant for 
systems dominated by diffusive processes. 

Uncertainties were identified related to simulating the precipitation of solid phases in 
reactive transport simulations. It was noted that this type of uncertainty also extends to 
the modelling of sorption and other surface area-dependent processes. The selection of 
secondary mineral phases during modelling studies can have a large effect on calculated 
solubilities and on the degree or extent of bentonite alteration. It was suggested that 
expert judgement based on knowledge of experimental results and natural systems 
provides the best approach for identifying the likely secondary minerals. 

There was discussion of whether the results of modelling are reasonable or reliable; 
particularly those that suggest that over thousands of years cement pore fluids will cause 
alteration of only the outer few centimetres of bentonite. It was accepted that the 
uncertainties should be fully acknowledged, but it was also argued that the EBS can be 
designed so that the uncertainties are taken into account and there is confidence that 
sufficient unaltered bentonite will be present.  

Novel materials: What further understanding do we need to bring low-pH cements to 
application?  

It was noted that some types of low-pH cements are already being applied as ‘low-
heat concretes’ in other industries.  

There was discussion of the reactivity of low-pH cement with bentonite. Even though 
low-pH cements contain no free portlandite, Ca(OH)2, it was suggested that the remaining 
CSH phases would still be reactive with bentonite clay. It was also suggested that the 
basis for setting a pH criterion of less than 11 as the level below which low-pH cements 
can be used in conjunction with bentonite was not well justified. It was accepted that it is 
not easy to set a particular pH value criterion because the CSH and CASH phases present 
will buffer a range of pore water pH values from around 10.5 to approximately 11. 

It was noted that in the long-term, OPC concretes evolve into materials with no free 
portlandite and relatively lower pore water pH values as a result of leaching. The 
implication of this discussion was that the justification for using low-pH cement in 
conjunction with clays and bentonites in HLW and spent fuel disposal systems was not 
so clear, particularly as the evolution of low-pH cements is less well understood than the 
evolution of OPC materials. 
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Gas production: What are the implications? What are the uncertainties, and what do we need 
to know? 

First, it was acknowledged that gas production is probably more of an issue for low- 
and intermediate-level waste disposal than for HLW and spent fuel disposal, because 
low- and intermediate-level wastes tend to contain more cellulosic and metallic wastes 
that may degrade and produce gas. Again, in general terms, gas production is probably 
more of an issue in un-fractured host rocks, such as clays, because if a discrete gas phase 
is present then its migration may involve processes of pressurisation and temporary 
fracturing or opening of the host rock. In disposal systems in which a discrete gas phase 
forms, gas production might have quite significant effects on the evolution of the near-
field. Groundwater may be kept out of the repository by the pressure of gases formed and 
the near-field may remain in a partially saturated state for long periods.  

It was noted that the effects of partial saturation on cements are not well known. It 
was also noted that the degree of hydraulic saturation will possibly affect corrosion and 
gas generation rates. There is very little data on corrosion and gas production in partially 
saturated cementitious materials under reducing conditions.  

There was discussion of whether a safety case can rely on an engineered pathway for 
gas release as it was suggested that there will always be some clogging effects in 
cementitious tunnel plugs.  

There was also discussion of the degree to which it is reasonable to give separate 
consideration to the gas and groundwater pathways in performance assessments. The 
view was that, particularly for low- and intermediate-level waste disposal systems, it 
would be important to address at an appropriate level of detail the coupling between 
water flow and gas production and flow. 
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Conclusions 

Key Points, Issues and Challenges  

The various workshop discussions identified the following key points, issues and 
challenges. 

Cementitious materials are ubiquitous in geological disposal. They have been 
proposed for use as roadways and floors, tunnel linings, waste conditioning matrices, 
waste packages, overpacks, buffers, backfills, tunnel plugs and seals, and fracture grouts. 

Although some of these cementitious materials may be removed before repository 
closure, large quantities (e.g. several million kilograms) may remain in HLW/spent fuel 
repositories after closure. Even larger quantities of cementitious materials will remain in 
repositories for low- and intermediate-level radioactive wastes. 

Although few geotechnical problems (e.g., issues of settlement, early structural failure 
of barriers, seepage) are expected in installing cements and concretes in geological 
disposal facilities, this may need to be confirmed by further underground testing and 
demonstration. There will also be a need to consider the variability and quality of 
concrete materials as supplied, and to develop procedures to verify the quality of 
concrete structures emplaced in geological disposal facilities.  

Cementitious materials placed in a geological disposal facility will evolve and degrade 
over time as a result of various physico-chemical processes.  

Physical degradation effects (e.g. desiccation, shrinkage, cracking) tend to lead to 
changes in porosity and permeability, and this may cause the materials to develop 
spatially heterogeneous properties that can affect patterns of water and gas flow. In 
detail, the relationships between permeability and porosity in these systems can be 
complex and uncertain. Physical degradation of cementitious materials is often not 
represented explicitly in safety assessments but is instead addressed through the 
selection of parameter values (e.g. for permeability) averaged over appropriate spatial 
scales. In some cases such parameter values are chosen for a series of degradation states 
or points in the degradation history. 

There is good consensus regarding the chemical processes that occur within 
cementitious materials. Our understanding of OPC systems has increased significantly 
over the last few decades and detailed thermodynamic databases and models of the 
chemistry of these cements are available. Our understanding and ability to model the 
chemistry of low-pH cement systems has also increased in the last few years, but is less 
well advanced. 

There are strong couplings between the chemistry of cementitious materials and the 
solubilities and sorption behaviour of some radionuclides, and these couplings need to be 
considered in performance assessment. This is usually approached through the selection 
of relevant solubility and sorption data, and various approaches have been taken in 
performance assessments to account for the effects of the chemical evolution of 
cementitious materials on radionuclide behaviour.  

Although detailed chemical models of cementitious materials are available, it is very 
difficult to develop detailed coupled models that also include physical/mechanical 
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processes (e.g. cracking) and take account of the associated hydrological changes. The 
occurrence of cracking and the potential for spatially heterogeneous flow and patchy, 
localised chemical conditioning, leads to uncertainty in models of radionuclide transport 
behaviour. There may, therefore, be a need for work on upscaling the detailed knowledge 
of physical and chemical processes that can occur in cementitious systems. Although 
approaches have been proposed and applied for upscaling certain hydrological problems, 
these techniques have not yet been applied for considering radionuclide transport in 
cementitious systems at repository scales. However, it is emphasised that a complete 
understanding of the behaviour of cementitious materials and their interactions is not 
necessarily required for a robust safety case for waste disposal to be developed. The 
remaining uncertainties may not be significant and may be managed through 
appropriate disposal system design. 

In geological disposal facilities for low- and intermediate-level wastes, waste 
degradation and metal corrosion may cause significant quantities of gas to be produced. 
Some recent studies suggest the possibility of using cementitious materials to form an 
engineered release pathway for the gas. In some host rocks (e.g. clays), gas generation 
may mean that the near-field of the repository is only partially hydrologically saturated 
for significant periods of time (thousands of years). Models of partially-saturated 
cementitious systems are in their infancy, and there may be important couplings 
between processes in such systems, including between hydraulic saturation and gas 
generation. Partially-saturated cementitious systems also occur in near-surface 
radioactive waste disposal facilities, and there may be scope for transfer of information 
between performance assessment programmes being conducted in these two areas.  

Interactions between cementitious materials and other disposal system components 
tend to be localised in their effects. These effects can have positive or negative impacts. 
For example cementitious materials may: 

• Enhance rates of vitrified HLW dissolution. 

• Slow the corrosion of steel and copper by causing passivation. 

• Cause localised alteration of bentonite (e.g. cementation, embrittlement). 

• Lead to local alteration of the host rock (e.g. mineral dissolution and precipitation, 
porosity changes, clogging of fractures).  

Because the interactions are local effects, they can be managed using a combination 
of research and design studies. The research studies are aimed at understanding the 
materials and quantifying the processes of interest, while the design studies are aimed at 
selecting suitable barrier materials and using these in appropriate combinations and 
masses or thicknesses so that any negative interactions are insignificant to the 
performance of the entire disposal system. For example, OPC is known to cause alteration 
of bentonite, but the chemistry of the cementitious materials, and the thickness of 
bentonite barriers in a repository can be designed to optimise performance.  

Various solutions may exist for managing the effects of cementitious materials on 
neighbouring materials such as bentonite. For example, one approach might be to use 
low-pH cementitious materials; another might be to alter the design of the system to 
minimise the occurrence of interfaces between materials where interactions could occur; 
a third approach might be to emplace sufficient bentonite that the interactions affect 
only a small proportion of the barrier and are, therefore, unimportant.  

Selecting a suitable design will involve various modelling studies aimed at 
considering effects over longer timescales than can be accessed by experiment. At a 
research level, models of such interactions have improved considerably over recent years 
but, in contrast, safety assessments still tend to represent interactions between 
cementitious materials and other repository components using rather simple, 
conservative approaches. These simple performance assessment representations may be 
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easier to defend, but tend to give a pessimistic view of disposal system performance. In 
particular, some potentially positive effects of such interactions (e.g. clogging of fractures 
in the host rock as a result of precipitation of cement-related minerals) have been 
identified but are not included in safety assessment models. 

There are always uncertainties when using models to consider long periods of time, 
but some evidence or corroboration can be sought from studies of relevant natural and 
anthropogenic systems. For example, studies of natural systems, such as the cement-like 
rocks at Maquarin in Jordan, can provide useful information on the processes that occur 
in such systems. This type of information may help to build confidence that performance 
assessment models include the relevant effects and processes, and may also provide 
other qualitative safety arguments.  

Uncertainty and sensitivity analyses can also be used to help build confidence that a 
facility will provide an acceptably safe disposal solution. Uncertainty analysis should be a 
central part of safety assessment. Recent advances in computing power mean that it is 
now reasonable to expect safety cases to include and be supported by extensive 
structured uncertainty and sensitivity analyses.  

Overall, cementitious materials clearly fulfil important and beneficial roles in the 
disposal of long-lived radioactive wastes, but there are some potentially negative effects 
that have to be assessed and managed by using the safety case to inform disposal system 
design. 

Workshop Achievements 

The workshop was very well attended and provided: 

• A valuable forum, for disposal programme managers, safety assessors and 
researchers to discuss the roles, use and assessment of cementitious materials in 
geological disposal. 

• A snapshot of the ‘state of the art’ in the use and assessment of cementitious 
materials in geological waste disposal. 

• Improved understanding of the roles of cementitious materials in geological 
disposal and the safety case. 

• An opportunity for valuable sharing of experience, knowledge and lessons learnt. 

The strength of interest in the topic areas covered by the workshop suggests that 
further such international cooperation on disposal system design and the safety case 
would be welcomed by the waste disposal community. 
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