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Executive Summary 

Introduction and Objectives 

The Development and Demonstration of Monitoring Strategies and Technologies for Geological 

Disposal (Modern2020) Project aims to provide the means for developing and implementing an 

effective and efficient repository operational monitoring programme, taking into account requirements 

of specific national programmes.  The main focus of the project is monitoring of the repository and 

repository near-field during the operational period to support decision making and to build further 

confidence in the post-closure safety case (including verification of the as-built repository through 

monitoring of processes in the short period following emplacement).   

Deliverable D2.1 is the summary report for Task 2.1 of Work Package 2, which is focused on 

monitoring programme design basis, monitoring strategies and decision making.  This task aimed to 

address several remaining generic issues not previously addressed in international collaborative 

projects.  D2.1 addresses these through undertaking work related to the following objectives: 

¶ Evaluate the role of monitoring within the post-closure safety case. 

¶ Evaluate high-level monitoring strategies. 

¶ Consider the range of decisions to be made during repository implementation that will require 

information from monitoring.  

¶ Develop screening methodologies used to develop monitoring parameter lists for different 

national monitoring contexts.  

Approach 

A questionnaire was developed and distributed to collate information about specific monitoring 

strategies being adopted in different countries, and the decisions expected to be underpinned by 

monitoring.  In parallel, a literature review of monitoring programmes related to three radioactive 

waste disposal programmes was undertaken (the Waste Isolation Pilot Plant in New Mexico, USA; the 

New Low-level Waste Facilities in Dounreay, UK; and monitoring during the construction of the 

ONKALO underground rock characterisation facility in Finland).  These programmes were selected to 

provide varied case studies illustrating the role of monitoring in repository implementation (such as 

decision making), and ways in which monitoring parameters have been screened.  Outputs from the 

literature review have been used to underpin guidance on monitoring strategies developed in this 

report. 

The preliminary findings from the questionnaire and literature review were discussed at a workshop 

held in December 2015, and these discussions were also used as an input into this report.  At the 

workshop, initial ideas for screening parameter lists were discussed.  These were subsequently 

developed into a screening methodology, referred to as the Modern2020 Screening Methodology, 

which underwent iterative testing using three case studies.  The outcomes of this task were presented 

at a final workshop held in June 2016, after which the Screening Methodology was further revised.  

Feedback from that workshop has also been incorporated into the version of the Screening 

Methodology presented in this report.  

Monitoring and the Post-closure Safety Case 

Explicit consideration of the post-closure safety case, and how monitoring can be integrated with other 

methods to build confidence and demonstrate safety, needs to be clearly set out to ensure that 

monitoring programmes are discussed and developed in a wider context.  Safety following closure is 

demonstrated through multiple lines of reasoning, including conduct of a safety assessment and 

comparison of the results with safety criteria.  Residual uncertainties in the post-closure performance 

of a repository will be managed in the safety case, both by applying specific approaches to the safety 

assessment and through other means.  Uncertainty can be accounted for through mitigation, qualitative 

argument, or quantitative assessment approaches, none of which rely on monitoring.  The development 

of design requirements, and demonstration of compliance with these through limits, controls 
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(including quality control) and conditions, is used to verify that the as-built repository is consistent 

with the safety case. 

However, the repository will be partially open and accessible for monitoring for several decades 

during the operational period and this provides an opportunity for gathering information on the 

performance of the disposal system following emplacement of the waste and the EBS.  Consistent with 

stepwise implementation of geological disposal, periodic updates to the safety case will be produced 

during the operational period, and information from monitoring will be one input to these periodic 

updates.  Information from repository monitoring could be compared with the arguments used to build 

the safety case to check whether the parameters of the repository system are evolving in a domain that 

is consistent with the safety case.  The results from such monitoring could also form part of an 

ongoing stakeholder engagement plan and form part of stakeholder dialogue during repository 

operation. 

High-level Monitoring Strategies 

A range of high-level strategies can be used to conduct monitoring during the operational period to 

support decision making and to build further confidence in the post-closure safety case.  Differences in 

strategy are largely a result of differences in national legislation and regulatory requirements, and 

differences in geological environment, which drive requirements on the disposal system (and, 

therefore, the selected disposal concept) and monitoring system, and lead to different monitoring 

concepts.  High-level strategy includes consideration of what will be monitored, and where and when 

monitoring will take place.  For each of these aspects, generic high-level strategy elements have been 

identified, each of which has associated strengths and weaknesses: 

¶ Where:  Monitoring in situ, with or without retrieval of monitored components; monitoring in 

a pilot facility; monitoring in an on-site underground research facility. 

¶ What: Waste packages (and surrounding EBS); dummy packages (and surrounding EBS); 

specific elements of the EBS; geological barrier. 

¶ When: Before repository operation or during commissioning; during the period of earliest 

waste emplacement; after closure of the repository. 

In addition, three ñend memberò monitoring concept examples with contrasting strategies are 

described in this report: 

¶ In situ monitoring of relatively broad scope represented by Andraôs monitoring programme. 

¶ Limited monitoring focused on EBS elements/dummy packages, represented by the KBS-3V 

concept. 

¶ Monitoring in a pilot facility, represented by Nagraôs monitoring programme. 

Decision-making Requirements on Monitoring  

Previous work has identified that monitoring can support management decisions in a staged 

programme of repository development.  The accumulation of information progressively enhances 

confidence in the design concept, informing both major programme decisions and continuous 

engineering decisions.  The MoDeRn Project is an example of previous work, in which an overall 

strategic approach to monitoring, the MoDeRn Monitoring Workflow, was developed. 

The main stages in the lifecycle of a repository, and therefore the major programme decisions needed 

to move between phases, are similar for all programmes, and include decisions on siting, construction, 

starting and ending waste emplacement, backfilling, closure and post-operational provisions.  In 

addition, for programmes with a requirement for retrievability, the decision to reverse any of the major 

stages or to retrieve waste would need to be supported by monitoring data.  Such decisions are likely 

to involve holistic review of all data collected as part of the monitoring programme and this aspect of 

monitoring is considered in Task 2.3 of the Modern Project.  Therefore, specific parameters to support 

programme decisions are not considered in this report.   
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Engineering decisions are highly programme-specific.  This report presents examples of how 

monitoring data is expected to support engineering decisions in various programmes, in addition to a 

more generic list produced by the IAEA.  These include potential future design enhancements 

identified by Andra, and decisions associated with the implementation of the German clay concept. 

Identifying and Screening Monitoring Parameters 

It is widely recognised that a monitoring programme should be practically feasible, proportionate and 

justified in the context of a specific disposal programme.  Therefore, it is necessary to identify 

parameters to monitor that: 

¶ Provide information about processes relevant to post-closure safety (and/or retrievability, if 

applicable). 

¶ Offer value in support of the post-closure safety case, above that gained from other aspects of 

the wider science programme. 

¶ Are technically feasible to monitor. 

¶ Are appropriate in the context of other parameters proposed for monitoring. 

A major outcome of Task 2.1 is the development of a generic approach for identifying such 

parameters (the Modern2020 Screening Methodology), which recognises and accommodates the role 

of expert judgement, and is adaptable to suit specific needs.  The Methodology is visualised through a 

diagram (Figure E-1) and accompanied by a detailed explanation of each of the steps. 

The Methodology is intended to be iterated multiple times, and to fit into a process of higher-level 

engagement with regulators and public stakeholders.  It is fully compatible with the MoDeRn 

Monitoring Workflow.  
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Figure E-1: The Modern2020 Screening Methodology.  
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Glossary 

This glossary provides definitions of key terms used in this report.  In particular, it provides the 

definition of the Modern2020 Screening Methodology and the terms and concepts used within it. 

 

Access gallery See Gallery. 

Alternative 

scenario 

See Scenario. 

As-built state The as-built state represents the real state of the disposal system at a given 

time. 

Batch tests A monitoring strategy envisaged by SKB, consisting of small-scale process- 

or component-specific in situ experiments, located in the repository but away 

from emplaced waste, in which copper, buffer materials etc. could be installed.  

Batch tests could capture some aspects of EBS evolution, and complement 

other monitoring strategies. 

Baseline 

monitoring 

The establishment of baseline (undisturbed) conditions at a site prior to 

undertaking a potentially perturbing activity (such as sinking boreholes, 

constructing a repository, emplacing waste), usually as part of site 

characterisation. 

Baseline monitoring is defined differently in different programmes (and in 

some cases, for different components).  For example, in the Swiss concept, 

baseline monitoring starts at least one year before any shafts are sunk, while in 

the French concept the baseline is established after repository construction but 

before the arrival of any waste. 

It is possible that site characterisation activities could evolve during operations 

into a means of providing information about EBS evolution, and could then be 

considered part of repository monitoring . 

See also Site characterisation and Initial state . 

Commissioning 

test 

Tests that are carried out in a repository in advance of waste emplacement as 

part of repository commissioning.  These tests are likely to be monitored to 

provide information about the in situ behaviour of repository components.  Use 

of commissioning tests to undertake such monitoring can therefore be 

considered to be a monitoring strategy.  Commissioning tests may be inactive 

(not involving any waste) or active (involving waste packages) and can be 

carried out at a range of scales.  Andraôs Industrial pilo t is an example of this 

monitoring strategy. 

Compliance 

assessment 

A systematic programme of measures applied (either by a WMO or a 

regulatory body) to demonstrate that the provisions of regulations are met in 

practice.  May also be referred to as ñcompliance assuranceò or ñcompliance 

demonstrationò. 

Construction 

monitoring 

Monitoring that takes place during the construction of the repository. 

Current 

structure 

In the French programme, it is planned that monitoring will be undertaken 

using a system of cells with different levels of monitoring.  Current structures 

have minimal instrumentation and their performance is calibrated against 

results from surveillance structures using key parameters. 
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Design basis The set of requirements and conditions that are taken into account in design.  

Many design bases incorporate a hierarchical structure, from high-level 

requirements reflecting component safety functions, down to detailed design 

specifications. 

Design premises Term used by SKB to described requirements which, if met by a repository, 

will ensure that post-closure safety is maintained.  Design premises relate to the 

initial state of the repository, unlike safety function indicator criteria, which 

are intended to be fulfilled throughout the one-million-year assessment period. 

Design target The boundaries within which, at the start of the post-closure phase, the state of 

the disposal system is designed to fall. 

Disposal cell In the French concept for disposal of HLW, a disposal cell is the excavation in 

which waste is emplaced.  Sometimes also referred to as an emplacement cell. 

Disposal gallery See Gallery. 

Disposal panel See Emplacement field. 

Dummy package A package with the same or similar properties of interest (e.g. size, package 

materials, thermal properties) as a waste package, but not containing any waste. 

Element One of the features or parts that make up the repository system (e.g. container, 

backfill, plug, host rock).   

Emplacement 

field 

Term used in the German programme to describe a set of drifts (including main 

drifts, access drifts and emplacement drifts) and boreholes that make up an area 

of a repository in which some or all of a specific type of waste (e.g. spent fuel, 

HLW, ILW) will be emplaced. 

Posiva (and other organisations) has a similar concept called a disposal panel 

consisting of a series of disposal tunnels. 

Engineered 

barrier system 

(EBS) 

The man-made components of the multi-barrier system, typically comprising 

the wasteform, the waste container, the buffer, the backfill, and the plugs and 

seals. 

Engineering 

decision 

Engineering decisions are based on routine operational monitoring and 

observation ï e.g. monitoring of the effluent and ventilation stack, monitoring 

the position of a tunnel boring machine to decide how to direct it, and 

observing the tunnel outline to decide where to grout. 

They do not include more significant programme decisions (such as a decision 

to start or end waste emplacement), which are likely to involve more 

stakeholders and consideration of repository monitoring data. 

Environmental 

monitoring 

Monitoring that takes place at ground level, primarily undertaken for the 

purpose of characterising changes in the state of the surface environment, 

which includes people, flora, fauna, water bodies, soils etc. 

Features, events 

and processes 

(FEPs) 

Features are distinct parts or characteristics of a system.  Events are changes to 

a system that may be characterised by a frequency of occurrence.  Processes are 

ongoing chemical and physical changes in a system.   

FEPs are normally restricted to features, events and processes potentially 

relevant for the evaluation of long-term safety of a geological waste repository.  

They are often organised into FEP catalogues, which may be generic or site-

specific. 
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Full -scale 

experiment 

A test of a repository sub-system undertaken at approximately 1:1 scale.  Such 

experiments would usually be carried out in advance of repository operations in 

support of safety case development and licence applications, and would 

typically be located in a separate location to the planned location of disposal 

operations. 

Gallery Term used by some WMOs to refer to excavated tunnels in the repository.  

Different types of gallery can be recognised (denoted by an appropriate 

modifier).  The term disposal gallery is used by ENRESA, NRG and 

ONDRAF/NIRAS, for example, to refer to tunnels where waste will be 

emplaced and which will generally be backfilled immediately after 

emplacement; and access gallery, is used by Andra, ENRESA and 

ONDRAF/NIRAS, for example, to refer to excavations from which disposal 

cells will be accessed and which may be kept open for a period of time 

following waste emplacement. 

Industrial pilot  A test phase in the French programme, lasting approximately ten years, which 

will be undertaken as the repository is progressively constructed.  During the 

pilot phase, both ñinactiveò tests (on dummy packages) and ñactiveò tests (on 

waste packages) will be conducted.  Waste emplacement cells will not be 

backfilled, although there will be backfilling test zones.  This is an example of 

a commissioning test and monitoring of the test form part of a monitoring 

strategy. 

Initial state The state of a system or component(s) of a system at the start of a defined 

process (such as excavation of a repository or emplacement of waste packages), 

for example as determined by site characterisation and baseline monitoring.   

As with baseline monitoring, the initial state may be defined differently in 

different programmes and/or for different components.  For example, in the 

Swedish concept, the initial state of the geosphere and the biosphere is the 

natural system prior to excavation, while the initial state of the fuel and the 

engineered components is that immediately after emplacement. 

Institutional 

control 

Control of a radioactive waste site by an authority or institution designated 

under national law (such as, but not necessarily, a regulatory body).  This 

control may be active (e.g. monitoring, surveillance, remedial work) or passive 

(e.g. land use control).  The term is most commonly used to describe controls 

over a disposal facility after closure. 

The exact definition and requirements of institutional control varies in different 

national contexts. 

Long-term 

safety 

The safety of the repository (in terms of the protection of people and the 

environment) over the timeframe for which the waste emplaced in the 

repository remains hazardous.  Often used interchangeably with post-closure 

safety, as the vast majority of this timeframe will occur after the repository has 

been closed, and the same processes and arguments are important to both. 

Materials testing An activity that forms part of the wider science programme, in which materials 

for specific purposes (such as buffer materials to be emplaced in deposition 

holes and concrete for use in plugs) are developed and tested against the 

requirements in a design basis. 
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Modern2020 

Screening 

Methodology 

The Modern2020 Screening Methodology is a diagram and associated guidance 

that provides an overview of the steps that a waste management organisation 

(WMO) may take in identifying and managing a list of parameters, linked to 

processes, and repository monitoring strategies and technologies.  The list of 

parameters will form a basis for repository monitoring system design at each 

stage of an iterative repository monitoring programme that evolves through the 

implementation of geological disposal. 

Monitoring  Defined in the MoDeRn Project as ñContinuous or periodic observations and 

measurements of engineering, environmental, radiological or other parameters 

and indicators/ characteristics, to help evaluate the behaviour of components of 

the repository system, or the impacts of the repository and its operation on the 

environment ï and thus to support decision making during the disposal process 

and to enhance confidence in the disposal process.ò 

In this report, it can be assumed that the term ñmonitoring is being used as 

shorthand for ñrepository monitoringò where there is no indication otherwise. 

Monitoring 

strategy 

A high-level approach to repository monitoring, including consideration of 

what will be monitored (e.g. waste, dummy packages, specific EBS 

components), where monitoring will be undertaken (e.g. in a pilot facility  or 

in the main repository, with or without retrieval), and when monitoring will be 

undertaken (e.g. during commissioning, at first waste emplacement, after 

closure). 

Normal 

evolution 

See Scenario. 

Observation Term used by some WMOs (for example Andra) to refer to monitoring for the 

purpose of continuous improvement of knowledge, as distinct from monitoring 

for regulatory purposes, which is termed surveillance by Andra.  Observation 

monitoring will be used to underpin engineering and programme decisions and 

optimisation of the design. 

Operational 

safety 

monitoring 

Monitoring which takes place in the repository for the purpose of ensuring 

operational safety, i.e. the safety of personnel and equipment during operations, 

including any monitoring for the purpose of demonstrating compliance with 

operational safety regulations.  It does not include monitoring undertaken 

during operations for the purpose of making programme decisions or building 

confidence in the post-closure safety case, which is termed repository 

monitoring , although some of the monitoring undertaken may overlap with 

repository monitoring. 

Optimisation In a general sense, a process whereby design and/or procedures are improved as 

a result of previous experience (including monitoring) to better meet the 

various requirements on them, usually involving balancing safety requirements 

with cost, effort and efficiency. 

However, the principle of optimisation is defined by the International 

Commission on Radiological Protection ñas the source-related process to keep 

the magnitude of individual doses, the number of people exposed, and the 

likelihood of potential exposure as low as reasonably achievable below the 

appropriate dose constraints, with economic and social factors being taken into 

accountò (ICRP, 2006). 

To prevent confusion, use of the term ñoptimisationò in its general sense is 

avoided where possible in this report. 

Parameter A numerical indicator of properties. 
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Performance 

assessment 

Analysis of the evolution of the repository system, with the aim of developing 

confidence that the system will (or can be designed to) perform within 

acceptable bounds.  Usually includes, but is not limited to, a range of 

quantitative analyses of radionuclide release from, and migration through, 

individual system components. 

Performance 

target 

Term used by Posiva to describe a measurable or assessable characteristic 

through which the maintenance of a safety function can be quantitatively 

evaluated over the entire assessment period.  It is equivalent to the term safety 

function indicator used by SKB and others. 

Pilot facility  A representative region of an underground repository, separate from the main 

emplacement area, in which a small but representative fraction of waste can be 

emplaced and monitored to provide information on the behaviour of the barrier 

system and check predictive models.  Pilot facilities are distinct from URLs in 

that the sole activity undertaken in them is the emplacement and long-term 

monitoring of waste.  URLs are used for a wider range of experiments but 

waste is not emplaced in them.  URLs are considered to be part of the wider 

science programme, whereas a pilot facility is considered to be a monitoring 

strategy. 

Requirements for and on pilot facilities vary between programmes.  A pilot 

facility is required by the Swiss safety authority, and in the Swiss programme is 

considered to be a direct analogue of the real repository, although there must be 

no significant thermal-hydro-mechanical-chemical (THMC) interactions 

between them.  Monitoring in the pilot facility will take place in parallel with 

repository operations.  Waste is not expected to be retrieved from the pilot 

facility and so it must fulfil the same safety requirements as the repository. 

A pilot facility is also part of the Dutch concept.  Such a facility will be heavily 

monitored and will provide important evidence for completion of the safety 

case, and for programme decisions such as starting and ending waste 

emplacement elsewhere in the repository. 

Post-closure 

monitoring 

Repository monitoring that takes place once the entire underground repository 

has been sealed and is no longer accessible. 

Post-closure 

safety 

See Long-term safety. 

Post-closure 

safety case 

The post-closure safety case is the synthesis of evidence, analyses and 

arguments that quantify and substantiate a claim that a disposal facility will be 

safe after closure and beyond the time when active control of the facility can be 

relied on.  It is an integrated methodology using multiple lines of reasoning.  It 

should acknowledge the existence of any unresolved issues and provide 

guidance for work to resolve these issues in future development stages.  It will 

be updated periodically throughout the lifetime of a repository, including both 

before and after an operational licence is granted.  A post-closure safety case 

includes the findings of a safety assessment and a statement of confidence in 

these findings.   

Post-

emplacement 

monitoring 

Repository monitoring that takes place after the emplacement of waste, with 

or without some EBS materials, but while underground areas of the repository 

are still accessible to workers.   
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Process 

identification 

The activities that lead to the identification of possible processes that could be 

monitored to meet specific objectives or sub-objectives.  This could be done, 

for example, through an analysis of safety functions, performance targets, 

FEPs, performance assessment parameters etc., or through an analysis of the 

design basis for particular repository components.  Following process 

identification, a process of screening should be undertaken to identify the 

actual parameters to be monitored. 

Programme 

decision 

Significant decision related to the overall programme of geological disposal, 

such as a decision to start or end waste emplacement, close part or all of a 

facility, retrieve waste etc.  Such decisions are likely to involve multiple 

stakeholders and careful consideration of repository monitoring data. 

Qualification Process of determining whether a system or component is suitable for 

operational use, generally performed in the context of a specific set of 

qualification requirements. 

Quality control  Process intended to verify that structures, systems and components correspond 

to predetermined requirements, applied at the point of their construction and/or 

emplacement.  Also referred to as ñquality assuranceò, but in this report quality 

control is used throughout for consistency. 

DBE uses the term ñproduct controlò to describe a similar process planned to 

be used to obtain information about the waste packages instead of continuous 

monitoring activities. 

Redundancy A feature of a monitoring programme or system where duplicate information is 

obtained via more than one method, with the aim of increasing the reliability of 

the information.  Redundancy can be applied on different levels, for example: 

different types of sensor monitoring the same parameter in the same 

component; monitoring different parameters to obtain equivalent information 

about a process; and monitoring of equivalent components in different parts of 

the repository. 

Reference 

scenario 

See Scenario. 

Repository 

monitoring 

In this report, repository monitoring is used to refer to monitoring of the 

underground repository system for any purpose.  The term is used to 

distinguish between monitoring of the underground repository system and other 

types of monitoring that could be undertaken during implementation of 

geological disposal, for example monitoring of societal attitudes. 

Requirement A need taken into account during design. 

Retrievability  An overarching term used to refer to removal of radioactive waste from a 

repository after it has been emplaced. 

Reversibility Term used in many countries to describe the ability to reverse programme 

decisions taken as part of a phased decision-making process during the 

progressive implementation of a disposal system.  It is sometimes used more 

specifically to refer to the retrieval of waste by reversing the original 

emplacement process (for example in the UK programme). 

Safety analysis A documented process for the study of safety, consisting of the identification of 

potential hazards associated with the operation of a facility or conduct of an 

activity.  Safety analysis is part of safety assessment. 

Safety 

assessment 

Process of evaluating long-term safety, compliance with acceptance guidelines 

and confidence in the safety indicated by the assessment results. Performance 

assessment is a necessary input to safety assessment. 
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Safety envelope The boundaries within which, at the start of the post-closure phase, the state of 

the disposal system (i.e. the parameters expressing the safety functions 

important for post-closure safety) must fall in order to deliver the post-closure 

safety functions. 

Safety function A purpose fulfilled by a repository system or sub-system (e.g. a particular 

barrier) that contributes to the overall goal of safe disposal, for example by 

contributing to isolating the waste from the surface environment or containing 

radionuclides. 

Scenario A potential evolution of the repository system, arising from a postulated or 

assumed set of conditions and/or events.  Two types of scenario are generally 

considered: 

¶ Reference scenario, representing a hypothetical or probable evolution 

of the repository system. 

¶ Alternative scenario, representing a possible but less likely evolution 

of the repository system compared to the reference scenario, and which 

results from alternative assumptions about future events and processes.  

A number of alternative scenarios may be considered to explore 

different sets of alternative assumptions.   

Screening The process whereby each process or parameter is assessed in terms of its 

relevance to the post-closure safety case (and retrievability , if applicable), its 

ability to provide valuable information that is not available through any other 

means, and whether it is technically feasible to monitor it.  At each of these 

stages a parameter can be ñparkedò if the assessment indicates it should not be 

included in the monitoring programme at the present time.  By this means a list 

of parameters to be monitored in an implementable and logical repository 

monitoring programme is developed. 

Site 

characterisation 

Detailed surface and subsurface investigations and activities at a site to 

determine its characteristics and conditions, for example in order to assess its 

suitability to host a repository, enable detailed design, and evaluate the long-

term performance or a repository constructed at the site.  

Stakeholder An actor (person, group, organisation etc.) with an interest in monitoring in 

relation to geological disposal of radioactive waste.  Can include, but is not 

limited to, members of a WMO, government agencies, regulatory 

organisations, advisory bodies, and members of the public and/or their 

representative bodies.  Referred to by the IAEA as an ñinterested partyò. 

In this report, ñstakeholderò is most commonly used as part of the term ñlocal 

public stakeholderò when referring to people living in the vicinity of an 

existing or planned disposal facility. 

Stepwise 

management 

The pre-closure management of a repository, consisting of a series of 

progressive steps which can be taken (or reversed) by means of programme 

decisions. 

Surveillance Term used by Andra to refer to monitoring with regulatory purpose, as distinct 

from monitoring for the purpose of continuous improvement of knowledge, 

which is termed observation.  According to Andra, surveillance is a legal 

requirement and is used to check that specified parameters remain within 

specified ranges defined in the safety analysis. 

The term surveillance is also used in the Dutch programme and is closely 

related to monitoring in that monitoring is used as a means of surveillance once 

waste has been emplaced.  In the Dutch programme, surveillance and 

monitoring are considered to be important activities for ensuring retrievability . 
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Surveillance 

structure 

In the French programme, it is planned that monitoring will be undertaken 

using a system of cells with different levels of monitoring.  Surveillance 

structures will be heavily instrumented cells that act as ñwitness structuresò for 

less instrumented cells.  They will be among the first structures to be built. 

Technical design 

requirement 

Term used by Posiva and SKB to describe a property that the barrier shall fulfil 

(at the latest) at the time of installation. 

Trigger value A pre-determined result from a monitoring programme that leads to a 

requirement for further action. 

Underground 

Research 

Laboratory 

(URL)  

A facility developed for the purpose of research and testing related to 

geological disposal.  URLs may be generic (developed at sites that will not be 

used for waste disposal, but provide information that may support disposal 

elsewhere), or site-specific (developed at a site that is a potential site for waste 

disposal and may be a precursor to or the initial stage of developing a 

repository at the site). 

Underground 

Rock 

Characterisation 

Facility (URCF) 

A facility developed for the purpose of characterising a geological formation 

that is intended to host a repository.  Posivaôs ONKALO facility is an example 

of a URCF. 
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1 Introduction  

1.1 Background 

The Development and Demonstration of Monitoring Strategies and Technologies for 

Geological Disposal (Modern2020) Project is a European Commission (EC) project jointly 

funded by the Euratom research and training programme 2014-2018 and European nuclear 

waste management organisations (WMOs).  The Project is running over the period June 2015 

to May 2019, and a total of 28 WMOs and research and consultancy organisations from 12 

countries are participating.   

The overall aim of the Modern2020 Project is to provide the means for developing and 

implementing an effective and efficient repository operational monitoring programme, taking 

into account requirements of specific national programmes.  The Project is divided into six 

Work Packages (WPs): 

¶ WP1: Coordination and project management. 

¶ WP2: Monitoring programme design basis, monitoring strategies and decision 

making.  This WP aims to define the requirements on monitoring systems in terms of 

the parameters to be monitored in repository monitoring programmes with explicit 

links to the safety case and the wider scientific programme (see below). 

¶ WP3: Research and development of relevant monitoring technologies, including 

wireless data transmission systems, new sensors, and geophysical methods.  This WP 

will also assess the readiness levels of relevant technologies, and establish a common 

methodology for qualifying the elements of the monitoring system intended for 

repository use. 

¶ WP4: Demonstration of monitoring implementation in repository-like conditions.  The 

intended demonstrators, each addressing a range of monitoring-related objectives, are 

the Full-scale in situ System Test in Finland, the Highly-active (HA) Industrial Pilot 

Experiment in France, the Long-term Rock Buffer Monitoring (LTRBM) Experiment 

in France, and the Full-scale Emplacement (FE) Experiment in Switzerland.  An 

assessment and synthesis of a number of other tests and demonstrators will also be 

undertaken, and this will include consideration of the reliability of monitoring results. 

¶ WP5: Effectively engaging local citizen stakeholders in research and development 

(R&D) and research, development and demonstration (RD&D) on monitoring for 

geological disposal. 

¶ WP6: Communication and dissemination, to include an international conference, a 

training school, and the Modern2020 Synthesis Report. 

This report is Deliverable D2.1 of the Modern2020 Project and is the summary report for 

Task 2.1 (WP2.1), the first of three tasks in WP2.  WP2.1 aimed to evaluate monitoring 

strategies, consider decisions requiring support from monitoring data, and develop 

methodologies for screening monitoring parameter lists.  These approaches will be considered 

and tested further in Task 2.2, which will evaluate safety cases for repositories in France, 

Switzerland, Finland, Sweden, Germany, the Netherlands, and the Czech Republic, to identify 

potential monitoring parameters.  Task 2.3 aims to develop decision-making methods, tools 

and workflows for responding to monitoring information, and to develop collective opinions 

on performance measures and response planning. 
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1.2 Objectives of this Report 

This report addresses the following objectives of WP2: 

¶ Evaluate the role of monitoring within the post-closure safety case. 

¶ Evaluate high-level monitoring strategies. 

¶ Consider the range of decisions to be made during repository implementation that will 

require information from monitoring.  

¶ Develop screening methodologies used to develop monitoring parameter lists for 

different national monitoring contexts. 

Of these objectives, the primary purpose of this document is the last objective, i.e. to develop 

and present a methodology for screening monitoring parameters.  The methodology is referred 

to as the Modern2020 Screening Methodology.  Application of the Methodology will be tested 

in Task 2.2 of the Modern2020 Project.  The other objectives contribute to the development of 

the Methodology and the principles that underpin it. 

1.3 Scope of this Report 

Monitoring is a broad term that is applied in many contexts.  Monitoring was defined in the 

MoDeRn Project (MoDeRn, 2013a), as: 

ñContinuous or periodic observations and measurements of engineering, 

environmental, radiological or other parameters and indicators/characteristics, to 

help evaluate the behaviour of components of the repository system, or the impacts of 

the repository and its operation on the environment - and thus to support decision 

making during the disposal process and to enhance confidence in the disposal 

process.ò 

The Modern2020 Project (and therefore this report) focuses on monitoring during the 

operational period to support decision making and to build further confidence in the post-

closure safety case.  Such monitoring relates to relatively slow, long-term processes and is 

undertaken in parallel with other monitoring that WMOs might include in a holistic 

monitoring programme.  Examples of other monitoring objectives include ((MoDeRn, 2013a): 

¶ To support operational safety. 

¶ To support environmental protection/assessment. 

¶ To support nuclear safeguards. 

¶ To support repository programme governance and stakeholder engagement. 

It is recognised that there are overlaps in the parameters monitored in response to these 

different objectives.  As programmes become more advanced, it is anticipated that such 

overlaps would be identified, consolidated and managed as part of a holistic and coherent 

monitoring programme.  The Modern2020 Project is focusing on monitoring during the 

operational period to support decision making and to build further confidence in the post-

closure safety case, as this is where the greatest challenges lie in terms of strategy and 

technology, and where the greatest gains can be made through international collaboration.  

Throughout this report, it can be assumed that the term ñmonitoringò is being used as 

shorthand for ñmonitoring during the operational period to support decision making and to 

build further confidence in the post-closure safety caseò where there is no indication 

otherwise. 

Modern2020 aims to allow disposal programmes close to licensing to design monitoring 

systems suitable for deployment in the next decade, and supports programmes less close to 

licensing and other stakeholders by illustrating how the national context can be taken into 

account in designing repository monitoring programmes.  Therefore, this report presents 
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generic approaches and methodologies, illustrated using examples from specific disposal 

programmes, and focuses on themes relevant to Modern2020 partners.   
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1.4 Approach 

In order to collate initial information about specific monitoring strategies being adopted by 

WMOs, and the decisions they expect monitoring information to underpin, a questionnaire 

was developed and distributed to the WMO partners of Modern2020.  The responses were 

used as a direct input to this report, and were also used as the basis for follow-up discussions 

with individual WMOs to evaluate open questions. 

In parallel, a literature review of existing monitoring programmes was undertaken.  These 

programmes were selected to provide varied case studies illustrating the role of monitoring in 

repository implementation (such as decision making), and ways in which monitoring 

parameters have been screened. 

The preliminary findings from the questionnaire and literature review were discussed at a 

workshop held in December 2015 (Smith and White, 2016a), and these discussions were also 

used as an input into this report.  At the workshop, initial ideas for screening parameter lists 

were discussed.  These were subsequently developed into a screening methodology, referred to 

as the Modern2020 Screening Methodology, which underwent iterative testing with three case 

studies, broadly representing end member monitoring programmes in terms of their objectives 

and strategies. 

The outcomes of this task were presented at a final workshop held in June 2016 (Smith and 

White, 2016b), after which the Screening Methodology was further revised.  Feedback from 

that workshop has also been incorporated into this report.  

1.5 Report Structure 

The remainder of this report is set out as follows: 

¶ Section 2 (Understanding Prior to the Modern2020 Project and Key Remaining 

Issues) summarises previous international work on repository monitoring as a starting 

point for common understanding of monitoring strategies and parameter selection, and 

sets out the need for specific further work in Modern2020. 

¶ Section 3 (Repository Monitoring and the Post-closure Safety Case) discusses the 

components of a post-closure safety case, methods for addressing uncertainty and 

demonstrating compliance in a post-closure safety case, the role of monitoring in a 

post-closure safety case, and the influence that a post-closure safety case can have on 

the design of a monitoring programme.  

¶ Section 4 (High-level Monitoring Strategies) discusses high-level strategy elements 

including where and when monitoring takes place, and what is monitored.  End 

member monitoring strategies (such as those being considered by the Modern2020 

Project partners) are presented together with their strengths and weaknesses and the 

safety case drivers for adopting different strategies.  

¶ Section 5 (Decision-making Requirements on Monitoring) identifies the main 

programme decisions that could be underpinned by monitoring data in different 

national contexts and discusses the requirements such decisions place on monitoring 

programmes.  Types and examples of engineering decisions that might be made on the 

basis of monitoring results are also discussed. 

¶ Section 6 (The Modern2020 Screening Methodology) discusses generic approaches to 

developing parameter lists, and presents the Modern2020 Screening Methodology. 

¶ Section 7 (Conclusions) presents the main conclusions of WP2.1, in the form of (i) a 

series of common themes between programmes that can be considered as a set of 

ñgood practice guidelinesò, (ii) a discussion of the main differences between 

programmes and the reasons for them, and (iii) a recap of the Screening Methodology. 

¶ Section 8 (References) presents a list of references cited in this report. 
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¶ Appendix A: Modern2020 Task 2.1 Questionnaire presents the questionnaire that was 

distributed to Modern2020 WMO partners at the start of WP2.1 in order to obtain 

country-specific inputs. 

¶ Appendix B: Review of Existing Monitoring Programmes presents a review of 

existing monitoring programmes at the Waste Isolation Pilot Plant (WIPP) in the 

United States (US), the near-surface New Low-level Disposal Facilities (NLLWF) at 

Dounreay in the United Kingdom (UK), and the ONKALO underground research 

facility at Olkiluoto in Finland.  These act as examples of how such programmes were 

devised with reference to the post-closure safety case, and of how monitoring results 

have been used in the stepwise management of such facilities. 

A detailed glossary of key technical terms used in this report is provided at the start of the 

report. 
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2 Understanding Prior to the Modern2020 Project and Key 

Remaining Issues 

In this section, previous international collaborative work on monitoring strategies and 

parameter selection is summarised.  This provides the context for the further development of 

these topics in the Modern2020 Project.  Three aspects are discussed: international work on 

monitoring undertaken prior to the Modern2020 Project (Section 2.1); experience from site-

specific monitoring programmes developed for particularly radioactive waste disposal 

facilities (Section 2.2); and the need for further work on strategies and parameter selection in 

the Modern2020 Project (Section 2.3).   

2.1 Prior International Work  on Monitoring  

Significant work on the reasons for, and principles of, repository monitoring has been carried 

out by international organisations and in international collaborative projects over the past two 

decades.  International guidance on monitoring in the context of radioactive waste disposal 

facilities has been prepared by the International Atomic Energy Agency (IAEA) (Section 2.1.1 

and Section 2.1.2) and the Nuclear Energy Agency (NEA) of the Organisation for Economic 

Cooperation and Development (OECD) (Section 2.1.3).  In addition, the EC has addressed 

monitoring as part of a European Thematic Network (ETN) (Section 2.1.4) and within the 

MoDeRn Project (Section 2.1.5), which was the precursor to the Modern2020 Project.   

This work collectively constitutes the shared knowledge and understanding of the international 

community regarding monitoring strategies and parameter selection ahead of the Modern2020 

Project.  The purpose of this section is to provide a summary of this baseline as the starting 

point for the work undertaken in the Modern2020 Project. 

2.1.1 IAEA  Safety Standards 

The IAEA establishes and adopts standards for the protection of health, and minimisation of 

danger to life and property.  These safety standards are not legally binding on Member States 

but may be adopted by them, at their own discretion, for use in national regulations in respect 

of their own activities.  The IAEA Specific Safety Requirements SSR-5 (IAEA, 2011a) 

establish the requirements relating to the disposal of radioactive waste, and Specific Safety 

Guide 14 (SSG-14) (IAEA, 2011b) provides guidance on these requirements. 

SSR-5 contains requirements concerning monitoring programmes in Requirement 21 

(Monitoring programmes at a disposal facility), the text of which states: 

ñA programme of monitoring shall be carried out prior to, and during, the 

construction and operation of a disposal facility and after its closure, if this is part of 

the safety case.  This programme shall be designed to collect and update information 

necessary for the purposes of protection and safety.  Information shall be obtained to 

confirm the conditions necessary for the safety of workers and members of the public 

and protection of the environment during the period of operation of the facility. 

Monitoring shall also be carried out to confirm the absence of any conditions that 

could affect the safety of the facility after closure. 

Monitoring has to be carried out at each step in the development and in the operation 

of a disposal facility.  The purposes of the monitoring programme include:  

(a)  Obtaining information for subsequent assessments;  

(b)  Assurance of operational safety;  

(c)  Assurance that conditions at the facility for operation are consistent with the 

safety assessment;  

(d)  Confirmation that conditions are consistent with safety after closure. 
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Monitoring programmes have to be designed and implemented so as not to reduce the 

overall level of safety of the facility after closure.ò 

With the presentation of these safety requirements, monitoring is explicitly recognised by the 

IAEA as playing an integral part in assuring the safety of a geological repository.  However, 

SSR-5 does not distinguish between monitoring to build further confidence in the post-closure 

safety case and monitoring for other reasons (e.g. to support operational safety).  Some of the 

requirements, for example the role of monitoring to collect and update information necessary 

for the purposes of protection and safety, are more focused on supporting operational safety 

than on building further confidence in the post-closure safety case.  In addition, the scope of 

SSR-5 is the disposal of all radioactive waste, including disposal of this material to different 

types of facilities, e.g. landfills, near-surface facilities, repositories (referred to as geological 

disposal facilities), and disposal in boreholes.  The monitoring required to build further 

confidence in the post-closure safety case and to make management decisions during stepwise 

implementation can be different for each type of facility. 

Nonetheless, SSR-5 provides important guidance for repository monitoring associated with 

building further confidence in the post-closure safety case.  For example, it notes that plans for 

monitoring with the aim of providing assurance of safety after closure have to be drawn up 

before the construction of a repository to indicate possible monitoring strategies.  However, 

plans have to remain flexible and, if necessary, they will have to be revised and updated 

during the development and operation of the facility. 

SSG-14, the scope of which is specific to underground disposal facilities, provides additional 

details regarding the expectations of a monitoring programme, especially the need for 

monitoring to provide an input into safety assessments and continuing assurance of operational 

safety: 

ñéperformance monitoring should be used to provide confirmation of assumptions 

made in the safety caseò [Paragraph 6.2] 

ñA programme of monitoring should be included as part of the safety case and should 

be refined with each revision of the safety case. During the operational period, the 

monitoring programme should be used to demonstrate compliance with the regulatory 

requirements and licence conditions for operation, including compliance with safety 

requirements for environmental and radiation protection.ò [Paragraph 6.62] 

Specifically, SSG-14 also states that a programme of monitoring should be included as part of 

the safety case, and should be refined with each revision of the safety case.  Within the 

Modern2020 Project, this is interpreted to require that monitoring data will be used as an input 

to periodic updates of the post-closure safety case.  However, the extent to which such 

monitoring is focused on the far-field or on the near-field (engineered barrier system (EBS) 

and near-field rock, i.e. the focus of the Modern2020 Project), is an open question.  The link 

between monitoring and periodic update of the post-closure safety case is discussed further in 

Section 0. 

Additionally, SSG-23 (IAEA, 2012) sets out expectations relating to the development of safety 

cases and safety assessments for geological disposal (the emphasis of which is on the 

performance of the disposal facility and the assessment of its impact after closure), and states 

in relation to monitoring: 

ñThe safety case and supporting assessment should also be used to establish a 

monitoring and surveillance programme for the site and the surrounding area that is 

appropriate for the specific disposal facility and for subsequent review of the 

programme. Surveillance and monitoring programmes should be developed and 

implemented to provide evidence for a certain period of time that the disposal facility 

is performing as predicted and that the components are able to fulfil their safety 

functions.ò [Paragraph 4.74] 
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All IAEA guidance on repository monitoring includes the principle that a repository should be 

designed to be intrinsically and passively safe, with no further actions required from future 

generations following closure, and in particular, that long-term safety should not rely on 

monitoring after closure (IAEA, 2012).  However, the IAEA has also recognised the 

importance of monitoring through all steps in repository development, reflecting the 

significance that many WMOs place on monitoring within their programmes.  These 

documents also emphasise the importance of baseline monitoring and contingency plans to 

address system behaviour outside of the performance bounds addressed in the safety case.  

The latter of these topics is addressed in Task 2.3 of the Modern2020 Project. 

2.1.2 IAEA TECDOC  

In 2001, the IAEA published a Technical Document (TECDOC) entitled ñMonitoring of 

Geological Repositories for High Level Radioactive Wasteò (IAEA, 2001).  This document is 

a key underpinning reference to requirements on monitoring in the Safety Standards discussed 

in Section 2.1.  The TECDOC considers the purposes of monitoring, noting that no increase in 

surface radioactivity as a result of disposal of radioactive waste in a repository could be 

detected during any monitoring period, but that many other objectives could be met.  The five 

key purposes of monitoring were concluded to be: 

¶ To provide information for making management decisions in a stepwise programme 

of repository construction, operation and closure. 

¶ To strengthen understanding of some aspects of system behaviour used in developing 

the safety case for the repository and to allow further testing of models predicting 

those aspects. 

¶ To provide information to give society at large the confidence to take decisions on the 

major stages of the repository development programme and to strengthen confidence - 

for as long as society requires - that the repository is having no undesirable impacts on 

human health and the environment. 

¶ To accumulate an environmental database on the repository site and its surroundings 

that may be of use to future decision makers. 

¶ To address the requirement to maintain nuclear safeguards, should the repository 

contain fissile material such as spent fuel or plutonium-rich waste. 

The report also notes that routine operational monitoring would be required, in common with 

all nuclear facilities and industrial plants. 

The report includes a discussion of potential detriments that may result from monitoring, 

including: 

¶ Radiation doses to personnel. 

¶ Degradation of materials resulting from delay while monitoring is carried out. 

¶ Formation of pathways for radionuclide migration. 

¶ Increased likelihood of human intrusion or adverse impacts by natural processes. 

¶ Interference with other repository operations. 

The report also discusses the importance of baseline monitoring as part of site characterisation. 

The use of monitoring results to meet the above-mentioned objectives is covered in detail, and 

a suggested monitoring methodology is outlined.  This methodology included brief discussion 

of the key issues and typical parameters that might be included in a monitoring programme 

(Table 2.1), quality assurance of the monitoring activities, reliability of monitoring results and 

preservation of records and reporting. 
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The IAEA Monitoring TECDOC provides a good discussion on the various issues associated 

with monitoring to build further confidence in the post-closure safety case, noting that 

endorsement of the early programme steps must be based on having sufficient confidence in 

post-closure safety. 

The TECDOC provides examples of the aspects of a safety case that can be tested further on 

the basis of protracted monitoring during the post-closure period.  However, the impact on the 

passive safety of monitoring the parameters that are listed in the TECDOC is not discussed, 

the parameters are not linked to a monitoring strategy or to a safety case driver, and technical 

feasibility of collecting data on the proposed monitoring parameters is also not evaluated.  

Therefore, further elaboration of the principles introduced in the TECDOC is required to 

identify EBS parameters that can be monitored to provide build further confidence in the post-

closure safety case.  Further work is also required to provide a method that includes 

justification of the selection of these parameters for specific programmes in order to define 

needs driven repository monitoring programmes. 

Table 2.1: Typical parameters and possible measurement methods recognised in the 

IAEA Monitoring TECDOC.  From IAEA (2001). 

Category/Purpose of 

Monitoring 

Typical Parameters Access Method Typical 

Measurement 

Methods 

DEGRADATION OF 

REPOSITORY 

STRUCTURES 

Monitoring of repository 

structures/structural 

stability of openings 

Rock temperatures 

Deformation of 

openings (orientations 

and apertures, 

propagation rates) 

Rock stress changes 

close to repository 

Water infiltration rate 

Condition of rock 

supports 

Repository 

temperatures, humidity 

Resaturation of backfill 

and seal materials 

Within repository 

monitoring including 

access from boreholes 

drilled from the 

repository. 

Could include the use 

of devices that are 

installed in situ but 

with radio signals or 

earth currents for 

transmission of data. 

In situ/remote 

monitoring of 

backfilled openings 

Thermocouples etc. 

Displacement 

detectors 

Strain/load sensors 

Volume measurements 

Strain/load 

measurements 

Various techniques 

Pressure sensors, 

moisture detectors, 

geophysical techniques 

(seismic wave 

transmission) 

BEHAVIOUR OF 

WASTE PACKAGES 

AND BUFFER 

MATERIALS 

Monitoring the condition 

of emplaced waste 

packages/condition of 

buffer 

Strain, corrosion current 

Package temperature, 

humidity close to 

packages 

Radioactivity in 

drainage water 

Waste-derived gases in 

repository air 

Resaturation/swelling 

pressure in buffer 

In situ /remote 

monitoring of waste 

packages 

In situ /remote 

monitoring of 

environment close to 

the package 

Radioactivity 

monitoring of 

repository effluent 

water 

Monitoring of 

radioactive and other 

gases in repository air 

In situ/remote 

monitoring of 

environment close to 

the package 

Strain gauge, current 

meter 

Many techniques 

available 

Various e.g. gamma 

detection 

Gas analyser 

Pressure sensors, 

moisture detectors 
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Category/Purpose of 

Monitoring 

Typical Parameters Access Method Typical 

Measurement 

Methods 

NEAR FIELD 

CHEMICAL 

INTERACTIONS 

Chemical condition of 

backfill and 

seals/behaviour of 

engineered 

barriers/integrity of 

concrete 

structures/changes in 

near field 

environment/surface 

properties of tunnel 

walls/repository 

resaturation behaviour 

Repository temperature, 

humidity 

Mineral, chemical, 

biological changes on 

repository surfaces 

Changes to water 

content, pressure, 

chemistry in the near 

field when dewatering 

ceases (i.e. following 

sealing) 

Within repository 

monitoring 

Periodic sampling 

within repository 

Periodic sampling or 

continuous 

measurements from 

within repository 

Temperature, moisture 

(e.g. electrical 

conductivity), pressure 

Various analytical 

techniques 

Various techniques 

based on sampling or 

continuous 

measurements 

CHANGES TO THE 

GEOSPHERE 

Changes in surrounding 

geosphere/interactions 

between engineered 

barriers and rock-

groundwater 

system/influence of 

alkaline plume 

Changes in groundwater 

pressures and pathways 

Changes in groundwater 

chemistry e.g. pH, Eh, 

dissolved solids, 

radioactivity, microbial 

activity 

Changes in mechanical 

behaviour of important 

structures in the rock 

Changes in mineralogy 

Thermal field 

Stress field 

Monitoring of, and 

response to, seismic 

events 

Access from new or 

existing boreholes 

plus remote (for 

microseismic) 

In-repository, surface 

and boreholes 

Pressure monitoring 

devices, e.g. 

piezometers in 

saturated zone, 

tensiometers in 

unsaturated zone 

Various techniques; 

borehole sampling, 

gamma ray detection 

Electro-mechanical 

gauges, acoustic 

emission monitors 

Sampling 

Borehole logging 

Strain/load sensors 

plus microseismic 

techniques 

Seismic wave 

detectors 

2.1.3 NEA 

In 2014, the NEA published a report entitled ñMonitoring of Geological Disposal Facilities: 

Technical and Societal Aspectsò (NEA, 2014a) as part of a wider project on the preservation 

of records, knowledge and memory across generations.  This report summarises general 

objectives, practices and approaches to monitoring of radioactive waste disposal facilities, 

covering both technical aspects of interest to technical specialists and societal aspects related 

to the expectations of local communities and the need for records, knowledge and memory 

preservation following the closure of such facilities. 

The report provides an important focus on preparing for the implementation of repository 

monitoring programmes with respect to parameter selection: 

ñThe current, and justifiable, tendency is to measure as many parameters as possible 

so as to contribute in the most comprehensive way towards both the compilation of a 

complex description of the disposal system and the understanding of its performance 

under real conditions.  With the transition from the repository development stage to 

implementation, it becomes necessary to optimise the selection of the parameters to be 
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monitored which is motivated by practical reasons since it would be difficult to install 

and operate such a large number of monitoring systems over long time periods in the 

final disposal system.  Thus, the identification of those parameters which would 

sufficiently demonstrate the attainment or approach to the passive safety status of the 

disposal system would be of substantial benefit.ò 

Identification of such ñoptimisedò parameter lists is a key focus for the Modern2020 Project, 

and will be specifically addressed within the Modern2020 Screening Methodology (Section 6), 

and within safety case test cases undertaken in Task 2.2. 

The Reversibility and Retrievability Project was an NEA project that ran from 2007 to 2010, 

with implications for monitoring (NEA, 2011).  A major outcome of this work was a generic 

Retrievability Scale (R-scale) (Figure 2.1), adaptable to most national programmes and 

illustrating stages in the life cycle of waste, with changing degree of retrievability, cost of 

retrieval and passive versus active controls.  The potential for reversibility and retrievability 

are likely to feature in response plans prepared by some WMOs to respond to system 

behaviour outside of the performance bounds addressed in the safety case (many other 

responses are possible and these will be identified and discussed with Task 2.3 of the 

Modern2020 Project).  Reversibility is mandated in law in France (Loi, 2015), and, therefore, 

is one driver for Andraôs repository monitoring programme.  In addition, the R-scale illustrates 

lifecycle stages in the implementation of disposal, and provides a useful conceptualisation for 

consideration of stepwise monitoring during the repository operation and closure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Graphical description of the R-scale (from NEA, 2011).  The figure illustrates 

the changing degree of retrievability, and passive versus active controls on the 

waste for the lifecycle stages of a waste package.  During the operational 

phase, not all waste packages in the facility will be at the same lifecycle stage. 
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2.1.4 European Thematic Network 

Prior to the NEA Reversibility and Retrievability Project, the importance of monitoring in 

supporting decisions on waste retrieval was evaluated during an EC Concerted Action on the 

retrievability of long-lived radioactive waste in deep underground repositories (EC, 2000), and 

repository monitoring was identified as a subject requiring further work.  Partly in response to 

this, a European Thematic Network (ETN) on the role of monitoring in a phased approach to 

geological disposal of radioactive waste was established (EC, 2004).  The ETN was a 

collaborative effort between twelve organisations from within the European Union and 

Associated Countries, and built on guidance developed in the IAEA TECDOC (IAEA, 2001; 

see Section 2.1.2).  It aimed to improve understanding of the options for, and role of, 

monitoring during phased geological disposal, and identify how monitoring can contribute to 

decision making, operational and post-closure safety and confidence in repository behaviour.   

The following reasons for monitoring that relate to the stepwise implementation of a 

geological repository were identified: 

¶ Monitoring as part of the scientific and technical investigation programme, including 

environmental monitoring. 

¶ Monitoring of the acceptable operation of facilities. 

¶ Confirmation of key assumptions of the disposal concept. 

¶ Maintaining the confidence of future generations. 

¶ Nuclear material safeguards. 

The ETN explored the issues involved in monitoring by discussing four cross-cutting and 

overlapping ñtopicsò: baseline monitoring, monitoring for compliance, monitoring to support 

assessments of repository performance, and broader aspects of monitoring, including general 

scientific and technological development and the experience of other countries.  The ETN also 

considered strategic aspects of monitoring, general requirements and constraints, and methods 

and techniques.  A major conclusion was that, while existing and developing technologies give 

good prospects for a level of monitoring appropriate for assisting in stepwise repository 

implementation, national programmes would have to determine the actual extent of monitoring 

to be implemented.  The use of underground research laboratories (URLs) for research and 

development (R&D) relating to monitoring relevant to a repository environment was 

emphasised.  The report also included country annexes describing the plans for monitoring in 

each of the participating countries. 

The ETN noted, however, that the extent of monitoring that is appropriate or useful to 

implement depends on implementation strategies, and stressed that there is a range of 

approaches to monitoring adopted by WMOs.  No common method for determining the extent 

of monitoring, i.e. selecting the parameters to be monitored, was developed within the ETN. 

2.1.5 MoDeRn Project 

The MoDeRn Project was a four-year collaborative research project that ran from 2009 to 

2013, with the overall aim to further develop collective understanding of the role of 

monitoring in the staged implementation of geological disposal and to provide examples, 

guidance and recommendations that may be useful to WMOs. 

The outcomes of the Project were summarised in a synthesis report (MoDeRn, 2013a) and can 

be grouped into four sections: monitoring objectives and strategies, monitoring technologies, 

illustrative monitoring programme case studies, and stakeholder involvement.  A summary of 

the findings for each of these topics is given below. 
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Monitoring objectives and strategies 

In addition to defining and setting out the main objectives for monitoring (Figure 2.2), one of 

the principal outputs from the work on objectives and strategies was the development of the 

MoDeRn Monitoring Workflow (Figure 2.3), a generic structured approach to developing and 

implementing a repository monitoring programme, which has been recognised as a useful tool 

in developing a monitoring programme.  It outlines a step-by-step process for identifying 

monitoring requirements and developing these into a defined programme through analysis of 

the disposal system. 

The MoDeRn Monitoring Workflow envisaged three key stages to this process: 

¶ Objectives and Parameters:  Identification of main objectives and sub-objectives, and 

using these to develop a preliminary parameter list.  Parameters may be identified 

through a number of means, including analysis of the safety case (e.g. consideration of 

safety functions and features, events and processes (FEPs)) or to address key 

programme requirements such as an ability to retrieve waste. 

¶ Monitoring Programme Design:  Analysis of monitoring system performance 

requirements, available technologies and redundancy/overlaps to screen the parameter 

list to facilitate the programme design.  This will define how, where and when data 

will be collected, and specify performance levels, trigger values and action to be taken 

in response to these.  This stage includes conducting further R&D if required. 

¶ Implementation and Governance:  Conducting a monitoring programme and using the 

results to inform decision making, including continuous and periodic evaluation of 

monitoring results within periodic safety case revision and other aspects of a disposal 

programme. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Overarching goals and main objectives for monitoring.  From MoDeRn 

(2013a). 
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Figure 2.3: The MoDeRn Monitoring Workflow.  From MoDeRn (2013a). 

Monitoring technologies 

Technical R&D in the MoDeRn Project focused on innovative EBS monitoring technologies 

in order to address the specific difficulties of monitoring in a repository environment.  The 

work was captured in a state-of-the-art report on repository monitoring that provides a 

compendium of monitoring technologies (MoDeRn, 2013b).  Within the project, R&D was 

carried out at several European URLs.  Specific developments were made in technologies 

including seismic tomography, microseismic monitoring of the excavation damaged zone, 

wireless sensors and high- and low-frequency data transmission, fibre-optic sensors, digital 

image correlation and technologies for measurement of in situ corrosion rates.  However, the 
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Project did not assess to what extent these technologies could actually monitor specific 

parameters during the operational period for specific repository designs. 

Illustrative monitoring programme case studies 

Three case studies focused on repository concepts constructed in salt (Germany), clay (France) 

and granite (KBS-3V).  The case studies developed illustrative monitoring programmes using 

approaches based on the MoDeRn Monitoring Workflow (Figure 2.1).  They consisted of both 

theoretical considerations and practical demonstrations, and included the use of a variety of 

monitoring strategies to avoid compromising the passive safety of emplaced waste. 

Stakeholder involvement 

Research was also undertaken on public stakeholder involvement in relation to repository 

monitoring.  This took the form of interviews with specialists, workshops with stakeholders 

and public representatives from nuclear facility host communities; URL site visits with a 

subset of the public representatives; and discussions on the role of stakeholder involvement in 

repository monitoring programmes at an end-of-project international conference on 

monitoring in the geological disposal of radioactive waste.  The main conclusions were: 

¶ Many stakeholders believe that monitoring should not be viewed and designed as a 

confirmatory process, but rather as a comprehensive check of repository performance 

with no prior assumptions that it will behave as expected.  Furthermore, they believe 

that this checking should be linked to an overall science programme including further 

R&D on disposal and repository monitoring techniques.   

¶ Some stakeholders have expectations regarding post-closure monitoring with respect 

to preparation for and response to unanticipated events or evolutions. 

¶ Monitoring can be characterised as a socio-technical activity and could contribute to 

building public confidence in the safety of a particular repository project.  Monitoring 

can contribute to successful repository governance if it is expressed as a practical 

commitment to maintain a watch over repository performance and can address 

stakeholder expectations through clear communication of scientific understanding and 

the safety case. 

Summary of MoDeRn Project Outcomes 

The partners in the MoDeRn Project undertook a wide-ranging work programme that 

developed a better understanding of repository monitoring, provided developments in the 

technologies that can be used to monitor the repository near field, and provided a reference 

framework against which national programmes can be developed.  However, the work was 

generic or illustrative in nature, and further work was therefore required to allow the collective 

understanding developed in the MoDeRn Project to be transferable to specific monitoring 

programmes. 

2.2 Existing Monitoring Programmes 

In addition to the theoretical and experimental work described above, important lessons can be 

learned from reviewing the development, implementation and management of monitoring 

programmes for existing radioactive waste disposal facilities.  Three such examples are 

reviewed in Appendix B: 

¶ The Waste Isolation Pilot Plant (WIPP), a repository for transuranic waste constructed 

in bedded salt in New Mexico, USA.  The WIPP monitoring programme was designed 

to address the US concept of performance confirmation, and a multi-stage process 

resulted in the reduction of possible monitoring parameters to a relatively small list of 

compliance monitoring parameters. 

¶ The NLLWF, a surface disposal facility for low-level waste developed at Dounreay, 

UK, under a similar regulatory regime as a geological repository would be developed.  
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The NLLWF monitoring programme demonstrates a strong link to the safety case 

prepared against similar requirements for authorisation as will be used for geological 

repositories, and also illustrates how a consolidated monitoring programme can be 

developed and managed starting from the consideration of a number of different 

monitoring objectives.  There are strong parallels between the NLLWF and a 

geological repository in terms of the safety assessment approach, the nature of the 

post-closure safety case, and the role of monitoring within it. 

¶ The ONKALO Underground Rock Characterisation Facility (URCF), developed in 

crystalline rock at Olkiluoto, Finland, as the first step in the construction of a 

geological repository for spent fuel.  The preliminary identification of EBS monitoring 

parameters considers objectives, processes and parameters identified through an 

analysis of FEPs following by screening against various criteria. 

2.3 Need for Further Work in Modern2020 

The preceding discussion has illustrated that a significant body of work has been undertaken 

by the international community and in specific waste disposal programmes on repository 

monitoring.  This existing work has defined the general principles and defined the role of 

monitoring within a geological disposal programme.  Illustrations of how monitoring might be 

implemented have been developed and the overall reference framework for monitoring 

established. 

However, the preceding discussion has also highlighted remaining generic issues for 

repository monitoring.  The first step in further development of generic monitoring guidance is 

explicit consideration of the safety case and how monitoring can be integrated with other 

methods to build confidence and demonstrate safety.  Such considerations need to be clearly 

set out, along with other themes common to all repository monitoring programmes, as good 

practice guidelines that WMOs can use to guide further development of monitoring plans.  

Such guidelines must consider the requirement to ensure that monitoring systems do not affect 

the passive safety of the repository, and this can be done by developing generic strategic 

approaches to monitoring in the context of specific concepts and safety cases. 

The IAEA Safety Standards provide a clear requirement for monitoring of the repository 

during the operational phase, but the monitoring that is required is not necessarily EBS or 

near-field monitoring in support of building further confidence in the post-closure safety case.  

In theory, EBS monitoring could contribute to meeting the requirements of the IAEA (should 

these requirements be adopted into national regulations).  However, the feasibility of EBS 

monitoring in support of building further confidence in the post-closure safety case depends to 

a large extent on the high-level strategy adopted in the monitoring programme, and also in 

further developments in monitoring technology (as addressed in WP3 of the Modern2020 

Project).  There is a need to choose parameters that will contribute to the periodic update of 

the post-closure safety case during the operational period, but, at the same time, such 

monitoring will have to have no significant impact on the post-closure safety case, i.e. such 

monitoring will have to avoid affecting the passive safety of the repository. 

Although previous work has concluded that monitoring supports decision making, it has not 

explicitly described how this might occur.  Therefore, it would be helpful if the pre-closure 

management decisions into which repository monitoring data might play a role (e.g. a 

supporting role through providing information that feeds into a periodic update to the safety 

case) were more clearly set out, including both high-level decisions that all WMOs will need 

to take, and examples of country- and concept-specific decisions.  Such work is planned for 

Task 2.3 of the Modern2020 Project. 

Finally, although the MoDeRn Monitoring Workflow has been used by several WMOs (e.g. 

Posiva, 2012 and RWM, 2014) in progressing monitoring plans, it is in need of thorough 

testing in different national contexts, particularly its more detailed aspects.  Furthermore, the 

MoDeRn Project case studies focused on developing preliminary parameter lists and no 



Modern2020 ï Work Package 2 Deliverable D2.1 

 Modern2020 ï Deliverable D2.1, Final 

 Dissemination level: PU Page 17 

 Date of issue of this report: 08/02/2017 © Modern2020  

screening against the post-closure safety case was applied.  In order to develop and implement 

effective and efficient monitoring programmes, as identified by the NEA (2014a), more 

detailed and structured process descriptions for screening approaches must be developed. 

The following sections of this report address several of these questions: 

¶ Section 3 considers the role of monitoring within the safety case. 

¶ Section 4 discusses high-level monitoring strategies. 

¶ Section 5 considers the decisions that could be underpinned by monitoring. 

¶ Section 6 provides generic methods for developing lists of monitoring parameters. 
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3 Repository Monitoring and the Post-closure Safety Case 

This section presents a high-level overview of the relationship of repository monitoring to the 

post-closure safety case.  This includes discussion of the scope and purpose of a safety case, 

and the role of safety assessment and performance assessment within it (Section 3.1); 

definitions of, and methods used to account for, uncertainties in the safety case; and the role of 

quality control and the wider science programme in checking compliance with the safety case 

(Section 3.2); and conclusions regarding the role of repository monitoring in a post-closure 

safety case (Section 3.3). 

The discussion of the post-closure safety case in this section is high-level, the information 

does not present a detailed review of safety case approaches.  More detail can be found in, for 

example, the guidance documents produced by the IAEA that are discussed in Section 2, and 

project and workshop reports produced by the NEA, such as: 

¶ Summary of the state-of-the-art in the safety case for deep geological disposal of 

radioactive waste (NEA, 2014b). 

¶ Overview of methods for safety assessment of geological disposal facilities for 

radioactive waste (MeSA Initiative) (NEA, 2012). 

¶ Post-closure safety case for geological repositories (NEA, 2004a). 

¶ Management of uncertainty in safety cases and the role of risk (NEA, 2004b). 

¶ Establishing and communicating confidence in the safety of deep geological disposal 

(NEA, 2002a). 

¶ The handling of timescales in assessing post-closure safety of deep geological 

Disposal (NEA, 2002b). 

¶ Development and communication of confidence in the long-term safety of deep 

geological repositories (NEA, 1999). 

¶ History and achievements of the Probabilistic System Assessment Group (NEA, 

1997a). 

¶ Lessons learnt from ten performance assessment studies (NEA, 1997b). 

Further information on programme-specific approaches can be found in the major feasibility 

studies, safety assessments, post-closure safety cases and licence applications that have been 

produced by waste management organisations over the last four decades. 

3.1 Scope and Purpose of a Post-closure Safety Case 

A post-closure safety case is the synthesis of evidence, analyses and arguments that quantify 

and substantiate a claim that a disposal facility will be safe after closure and beyond the time 

when active control of the facility can be relied on.  It is an integrated methodology using 

multiple lines of reasoning, including both qualitative arguments and scientific evidence, and 

quantitative arguments based on safety assessment and performance assessment.  The safety 

case includes a statement of confidence in these arguments.  It should acknowledge the 

existence of any unresolved issues and provide guidance for work to resolve these issues in 

future development stages.  It will be updated periodically throughout the lifetime of a 

repository, including both before and after an operational licence is granted. 

The main components of a generic safety case are shown in Figure 3.1. These components are: 

¶ The safety case context:  The safety case context provides the scope and purpose of 

the safety case. 

¶ The safety strategy: The approach that will be taken in site selection and facility 

design to comply with the safety objectives, principles and criteria, to comply with 
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regulatory requirements and to ensure that good engineering practice has been adopted 

and that safety and protection are optimised. 

¶ The facility description:  The facility description is a record of all of the information 

and knowledge about the disposal system and provides the basis on which safety 

assessment is carried out. 

¶ Safety assessment:  Post-closure safety assessment is the overall process of 

performing quantitative assessments of the radiological impact of the facility for the 

period after closure.  Within the safety case, the performance of the facility against the 

quantitative safety standards is evaluated using a performance assessment.  For 

assessment of the post-closure performance of the facility, the performance 

assessment involves developing an understanding of how, and under what 

circumstances, radionuclides (and chemotoxic substances) might be released from the 

repository, and how likely such releases are. 

¶ Limits, controls and conditions:  The safety case is used to assist in the establishment 

of limits, controls and conditions to be applied to all work and activities that have an 

influence on the safety of a facility and to be applied to the waste that will be disposed 

of in a facility (see Section 3.2.3). 

¶ Iteration and design optimisation:  Iteration and design optimisation is the process of 

making decisions on design options.  Optimisation is defined by the International 

Commission on Radiological Protection (ICRP) as ñthe source-related process to keep 

the magnitude of individual doses, the number of people exposed, and the likelihood 

of potential exposure as low as reasonably achievable below the appropriate dose 

constraints, with economic and social factors being taken into accountò (ICRP, 2006). 

¶ Uncertainty management:  Uncertainties in the safety case are the result of incomplete 

knowledge of the repository system or how it will perform in the future.  Uncertainty 

management within the safety case is, arguably, the most significant aspect in relation 

to repository monitoring during the operational period in support of building further 

confidence in post-closure safety.  Uncertainties are defined in Section 3.2.1, 

management of uncertainties is discussed in Section 3.2.2. 

¶ Integration of safety arguments:  Integration of safety arguments is the activity that 

combines the available evidence, arguments and analyses to demonstrate that the 

repository will be safe. 

¶ Involvement of interested parties and the regulatory body (or bodies):  This activity 

relates to dialogue processes undertaken as part of building confidence in the safety of 

the disposal facility, and as part of gaining authorisations. 

¶ Application of management systems:  The regulatory body (or bodies) and the 

operator are required to put in place an appropriate management system to ensure the 

quality of all safety-related work and activities.  Of particular relevance to repository 

monitoring is quality control during emplacement, backfilling and sealing (see Section 

3.2.3). 

A safety case can be regarded as a process that continually evolves through the 

implementation of geological disposal in a repository, rather than a product produced at a 

fixed point in time.  Each safety case collates the state of knowledge at a particular stage of 

repository implementation, and includes the identification of uncertainties, unresolved issues 

and guidance on work to resolve these before the next stage of implementation.  It is therefore 

an essential input to important decisions concerning the repository.  Safety cases can be used, 

for example, to demonstrate the feasibility of geological disposal, to support siting, as part of a 

licence application, and to support continued operation and closure of a repository.  The latter 

two uses are of relevance to the scope of the Modern2020 Project. 
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Figure 3.1: Components of a safety case.  From IAEA (2012). 

3.2 Accounting for Uncertainty in a Post-closure Safety Case 

3.2.1 Types of Uncertainty in a Post-closure Safety Case 

As noted in Section 3.1, a post-closure safety case presents arguments regarding safety of 

geological disposal over long periods.  One of the key components of a post-closure safety 

case is uncertainty management, where uncertainty is incomplete knowledge of the system.  

This uncertainty can be identified and characterised, and there are many different methods of 

accounting for it such that it can be shown that the repository will operate safely despite this 

uncertainty, as long as the assumptions in the post-closure safety case hold true.   

Two categories of uncertainty are widely recognised (see, for example, Wilmot, 2002): 

¶ Epistemic uncertainty (subjective uncertainty) is knowledge-based uncertainty, for 

example data collected during site characterisation or laboratory experiments that may 

be used to define parameter values or probability density functions.  Epistemic 

uncertainty may be reduced by the acquisition of more data, although this could be 

difficult and/or expensive. 

¶ Aleatory uncertainty (stochastic uncertainty) is uncertainty that has a random or 

seemingly random element, such as prediction of specific tectonic events, climate 

change and future human activities.  Additional study cannot provide additional 

quantitative information that will reduce aleatory uncertainty. 

In the context of assessing the post-closure safety of a radioactive waste repository, the main 

types of uncertainty that will need to be addressed are: 

¶ Uncertainty in the future evolution of the disposal system (scenario uncertainty). 

¶ Uncertainty in the models used to represent this evolution. 

¶ Uncertainty in the parameter values used in the modelling programme to evaluate the 

potential consequences of scenarios. 

The first two are largely a consequence of aleatory uncertainty, while the third mainly 

represents epistemic uncertainty.  However, different safety cases may classify epistemic and 

aleatory uncertainty in different ways, and, as a result, also address uncertainties using 



Modern2020 ï Work Package 2 Deliverable D2.1 

 Modern2020 ï Deliverable D2.1, Final 

 Dissemination level: PU Page 21 

 Date of issue of this report: 08/02/2017 © Modern2020  

different methods.  A more detailed discussion of uncertainty in the safety case is provided in 

PAMINA (2009). 

The need for uncertainty management is not unique to geological disposal of radioactive 

waste, but geological disposal requires some specific considerations, for example, owing to 

the long timescales addressed in the post-closure safety case.   

One particular example of timescale considerations is demonstration of the performance of the 

multi-barrier system with respect to the functions they are required to provide.  Figure 3.2 

illustrates the processes that contribute favourably to safety within the Swiss disposal concept 

for spent fuel, high-level waste (HLW) and intermediate-level waste (ILW), and the timescale 

over which these processes operate (Nagra, 2002).  These processes are subject to uncertainty.  

For example, the exact value of the instant release fraction (IRF)
1
 is difficult to determine, 

and, therefore, the radionuclide inventory that could be released soon after failure is uncertain 

(Johnson et al., 2004).  In systems that provide safety over much shorter periods, it may be 

possible to include monitoring of performance as part of an overall strategy to dealing with 

uncertainty; monitoring is part of the approach for demonstrating safety during repository 

operations.  However, for post-closure safety, demonstration of safety cannot be undertaken 

by monitoring the processes illustrated in Figure 3.2.  Instead, uncertainty must be addressed 

through a series of other methods.  The types of approaches adopted in post-closure safety 

cases are briefly summarised in Section 3.2.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Key processes (phenomena) contributing positively to long-term safety, and 

the time frames over which they are expected to operate, in the Swiss concept 

for long-lived waste disposal in Opalinus Clay.  From Nagra (2002). 

 

  

                                                      

1
 The IRF is the fraction of the inventory of more mobile radionuclides that is assumed to be readily 

released from HLW or spent fuel upon canister failure.   


























































































































