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Abstract
The present study provides a comprehensive treatment of the issue of gas generation in and
transport from a repository for spent fuel (SF), vitrified high-level waste (HLW) and long-lived
intermediate-level waste (ILW), sited in the Opalinus Clay of the Zürcher Weinland in northern
Switzerland (Project Entsorgungsnachweis). It thus provides a synthesis of all information
available on the fate of gas, including the original sources of data and the arguments and
discussions documented in the Geosynthesis Report (Nagra 2002a), the Safety Report (Nagra
2002c) and the Models, Codes and Data Report (Nagra 2002d).
The issue of how gas generation in and transport from waste repositories may influence disposal
system performance has been under study for many years, both at Nagra and internationally.
Quantitative analysis is required for a number of reasons: Some of the gases produced may be
radioactive (e.g. those containing 14C), thus their release from the repository to the biosphere
may represent a radiological hazard. Gas accumulation may eventually result in pressures high
enough to damage the engineered barrier system or host rock, or influence groundwater
movement. This could potentially affect the transport of dissolved radionuclides. Moreover, in
order to establish confidence in the safety case, all significant processes associated with system
performance and safety should be addressed appropriately.
The report consists of three main parts:
First, a synthesis of basic information on the host rock and on details of repository construction
and wastes is given, focusing on the design and materials aspects that influence gas production
and transport from waste emplacement tunnels and projected gas production rates in the
repository. The nature and quantities of gas-generating materials and the processes leading to
gas production are discussed in detail. The total generated gas is estimated to be 4 × 107 m3
(SATP) for SF/HLW and 5 × 105 m3 (SATP) for ILW, the latter including the contribution from
Zircaloy and degradation of organic matter. Based on a steel corrosion rate of 1 µm a-1,
complete corrosion of the steel canisters would take about 2 × 105 years, at which time gas
production would cease.
In the second part of the report, the gas transport characteristics of the engineered barrier system
and the geosphere are discussed. The relevant gas transport processes are, i) advective-diffusive
transport of gas dissolved in the porewater, ii) visco-capillary two-phase flow, and iii) dilatancycontrolled gas flow. It is shown that gas transport in macroscopic tensile fractures can be ruled
out under the expected repository conditions. The gas-relevant properties are discussed for all
EBS materials, including bentonite, sand/bentonite mixtures, cementitious mortar and concrete,
as well as for the undisturbed host rock, EDZ, steeply dipping faults, confining units and
regional aquifer at the site. Finally, the conceptual understanding of gas transport pathways
from the emplacement tunnels either through the tunnel system or through the host rock, and
further through overlying formations into the biosphere, is presented.
The third part discusses the effects of gas on system performance, based on the available
information on gas generation, gas transport properties and gas patheways provided in the
previous parts of the report. Simplified model calculations based on a mass balance approach
for the gas generated within the repository are performed. In a first step, the pressure evolution
and gas migration in the SF/HLW/ILW repository are calculated. It is shown that the generated
gas is transported through the host rock and the tunnel system and slowly accumulates in the
overlying Wedelsandstein formation, from where it is gradually released through diffusion to
the Malm aquifer. In a second step, this model is applied to the transport and release of
potentially volatile 14C, assumed to be carried with the principal non-radioactive gasses,
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hydrogen and methane. These calculations suggest that doses in such cases would be well below
the regulatory dose limit. The possible displacement of some porewater from the near field into
the surrounding rock and/or through the ramp/shaft system due to gas pressure build-up is
evaluated in an additional assessment model. In the framework of various assessment cases
(base case, parameter variations and "what if?" case) it is shown that the expected doses for
such cases are well below the regulatory dose limit.

III
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Zusammenfassung
Die vorliegende Untersuchung enthält eine umfassende Behandlung aller Fragestellungen, die
im Zusammenhang mit der Produktion und dem Transport von Gasen in einem Tiefenlager für
abgebrannte Brennelemente (BE), verglaste hochaktive Abfälle (HAA) und langlebige mittelaktive Abfälle (LMA) im Opalinuston des Zürcher Weinlands stehen (Projekt Entsorgungsnachweis). Diese Untersuchung liefert eine Synthese aller Informationen, die über den Verbleib
von Gasen zur Verfügung stehen, einschliesslich der Datenquellen und der Argumente und
Diskussionen, die in der Geosynthese (Nagra 2002a), im Sicherheitsbericht (Nagra 2002c) und
im Bericht Models, Codes and Data (Nagra 2002d) dokumentiert sind.
Die Fragestellung, wie sich die Produktion und der Transport von Gasen in Tiefenlagern auf das
Systemverhalten auswirken, wird sowohl innerhalb der Nagra als auch international seit vielen
Jahren untersucht. Eine quantitative Analyse ist aus verschiedenen Gründen notwendig: Ein Teil
der produzierten Gase kann radioaktive Elemente enthalten (z.B. 14C-haltige Gase), deren Freisetzung aus dem Tiefenlager in die Biosphäre ein Strahlenrisiko bergen kann. Die Gasakkumulation bewirkt möglicherweise einen allmählichen Druckaufbau, der die technischen Barrieren
und das Wirtgestein in Mitleidenschaft ziehen und die Grundwasserflüsse beeinflussen könnte,
mit potenziellen Auswirkungen auf den Transport gelöster Radionuklide. Schliesslich sind – in
Hinsicht auf die Vertrauensbildung in den Sicherheitsnachweis – alle bedeutenden Prozesse, die
mit dem Systemverhalten und der Sicherheit in Zusammenhang stehen, in angemessenem
Masse zu berücksichtigen.
Der Bericht besteht aus drei Teilen:
Ein erster Teil enthält alle grundlegenden Informationen zum Wirtgestein sowie die Details zur
Lagerarchitektur und zu den Abfällen, wobei der Schwerpunkt auf denjenigen Auslegungs- und
Materialaspekten liegt, welche die Gasproduktion und den Gastransport aus den Lagerstollen
sowie die voraussichtlichen Gasproduktionsraten im Lager beeinflussen. Die Beschaffenheit
und Menge an Gas produzierenden Materialien und die Prozesse, die zur Gasproduktion führen,
werden im Detail diskutiert. Die insgesamt produzierte Gasmenge beläuft sich auf 4 × 107 m3
(SATP) für BE/HAA und 5 × 105 m3 (SATP) für LMA, wobei die letztere Menge die Beiträge
der Zircaloy-Korrosion und des mikrobiellen Abbaus von organischem Material berücksichtigt.
Basierend auf einer Stahlkorrosionsrate von 1 µm a-1 beläuft sich die Dauer bis zur vollständigen Korrosion der Behälter auf ca. 2 × 105 Jahre; danach würde kein Gas mehr gebildet.
Im zweiten Berichtsteil werden die für den Gastransport wichtigen Charakteristika der technischen Barrieren und der Geosphäre diskutiert. Die relevanten Gastransportprozesse sind:
i) advektiv/diffusiver Transport gelöster Gase im Porenwasser, ii) visko-kapillarer Zweiphasenfluss und iii) dilatanz-gesteuerter Gasfluss. Es wird gezeigt, dass der Gasfluss in makroskopischen, unter Zugspannung stehenden Klüften unter den im Tiefenlager zu erwartenden
Bedingungen ausgeschlossen werden kann. Die gasrelevanten Eigenschaften werden für alle
Materialien der technischen Barrieren (einschliesslich Bentonit, Sand/Bentonit-Mischung,
Zementmörtel und Beton) sowie für das ungestörte Wirtgestein, die Auflockerungszone, steilstehende Störungszonen, Rahmengesteine und für den regionalen Aquifer am Standort diskutiert. Schliesslich wird das konzeptuelle Verständnis der Gastransportpfade dargelegt, die aus
den Lagerstollen entweder durch das Stollensystem oder durch das Wirtgestein und weiter
durch die darüber liegenden Formationen in die Biosphäre führen.
Der dritte Teil diskutiert die Auswirkungen der Gase auf das Systemverhalten, basierend auf
den verfügbaren Informationen über die Gasproduktion, die Gastransporteigenschaften und die
Gastransportpfade in den vorhergehenden Berichtsteilen. Dazu werden vereinfachte Modell-
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rechnungen durchgeführt, die auf der Bilanzierung der im Tiefenlager produzierten Gasmengen
basieren. Ein erster Schritt dient dazu, die Druckentwicklung und die Gasmigration im Tiefenlager für BE/HAA/LMA zu berechnen. Es wird gezeigt, dass das erzeugte Gas durch das Wirtgestein und das Stollensystem transportiert wird, um danach langsam in der darüber liegenden
Wedelsandstein-Formation zu akkumulieren und von dort allmählich durch Diffusion in den
Malm Aquifer zu gelangen. In einem zweiten Schritt wird das Modell auf den Transport und auf
die Freisetzung von potenziell flüchtigem 14C angewandt. Hierbei wird angenommen, dass der
Transport von 14C zusammen mit nicht-radioaktiven Trägergasen (Wasserstoffgas, Methan)
erfolgt. Diese Modellrechnungen legen nahe, dass die für solche Fälle berechneten Dosen deutlich unter dem behördlichen Schutzziel liegen. Ein zusätzliches Transportmodell dient dazu, die
Auswirkungen einer gas-induzierten Porenwasserverdrängung aus dem Nahfeld in das benachbarte Wirtgestein und/oder durch das Rampe/Schacht-System zu bewerten. Im Rahmen verschiedener Rechenfälle (Basisfall, Parametervariationen, "what if?"-Fall) wird gezeigt, dass die
in diesen Fällen zu erwartenden Dosen deutlich unter dem behördlichen Schutzziel liegen.

V
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Résumé
Cette étude présente un exposé compréhensif des questions en rapport à la production et au
transport des gaz issus d'un dépôt géologique pour déchets radioactifs comprenant des assemblages de combustibles usés (AC), des déchets vitrifiés de haute activité (DHA) et des déchets
de moyenne activité à vie longue (DMAL); le site est localisé dans la couche d'argile à Opalinus
du Weinland zurichois, au nord de la Suisse (projet "Entsorgungsnachweis"). Ce travail de
synthèse rassemble toutes les informations accessibles sur le comportement des gaz, il comprend également les sources originales des données, les arguments et les discussions exprimés
dans le Rapport de Synthèse (Geosynthesis Report. Nagra 2002a), le Rapport de Sûreté (Safety
Report. Nagra 2002c) et dans le rapport Modèles, Codes et Données (Models, Codes and Data
Report. Nagra 2002d).
La question de comment les émissions de gaz provenant du dépôt des déchets et leur transport
influencent la performance du système du stockage géologique fut le sujet de nombreuses
études menées soit par la Nagra, soit dans la communauté scientifique internationale. Pour
différentes raisons une analyse quantitative est nécessaire: D'une part certains gaz produits
peuvent contenir des éléments radioactifs (par ex. 14C), ceux-ci représentent un risque potentiel
d'irradiation pour la biosphère. D'autre part, l'accumulation de gaz pourrait engendrer une
pression suffisamment élevée pour endommager les barrières ouvragées, la roche d'accueil, ou
même affecter les mouvements d'eaux souterraines; ce qui aurait des conséquences sur la
migration des radionucléides en solution. De plus, pour assurer sa crédibilité une évaluation de
sûreté doit considérer dans son ampleur chaque processus important pour la performance du
système et pour la sûreté.
L'étude est divisée en trois parties principales:
La première partie fournit des informations générales au sujet de la roche d'accueil, de
l'architecture du dépôt et de la composition des déchets; les aspects importants de l'agencement
du site et des matériaux utilisés qui influencent la production et le transport des gaz dans les
galeries de stockage ainsi que le débit de production sont soulignés. La nature et les quantités
des matériaux sources ainsi que les procédés de production de gaz sont décrits en détail. Ainsi
on estime un volume total de production gazeuse de 4 × 107 m3 (SATP) pour les AC/DHA, et de
5 × 105 m3 (SATP) pour les DMAL, ces derniers chiffres comprennent également le gaz produit
par la corrosion du Zircaloy et par la dégradation de la matière organique. En considérant une
vitesse de corrosion de 1 µm a-1, la corrosion complète d'un conteneur d'acier sera atteinte en
2 × 105 années, temps au bout duquel la production de gaz aura cessé.
La seconde partie du rapport traite des caractéristiques du transport des gaz à travers le système
multibarrière et la géosphère. Ainsi les gaz sont transportés avant tout par: i) advection/
diffusion des gaz dissous dans les eaux interstitielles; ii) écoulement biphasé visqueuxcapillaire; iii) écoulement par dilatance. Par contre il est démontré que dans les conditions
attendues on peut exclure le transport gazeux le long de failles macroscopiques crées sous un
régime de traction. De plus, les propriétés favorables au transport gazeux sont décrites pour
chaque matériau du système multibarrière, tel que la bentonite, les mélanges sable/bentonite, les
mortiers et ciments, de même que pour la roche avoisinante, y compris la zone perturbée par les
excavations, les zones de failles, les roches encaissantes et les aquifères régionaux. En dernier
lieu, les principes du transport des gaz et leurs trajectoires jusqu'à la biosphère à travers les
galeries de stockage, la roche d'accueil, puis les couches sus-jacentes sont expliqués.
La dernière partie examine les effets des gaz sur la performance du système à l'aide des connaissances réunies dans les précédents chapitres sur la production des gaz, leurs caractéristiques
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de transport ainsi que leurs trajectoires. La production gazeuse est calculée selon la méthode du
bilan de masse. Dans un premier temps, on détermine l'évolution de pression et la migration des
gaz dans le site de stockage pour CU/DHA/DMAL. On peut montrer que les gaz générés sont
transportés à travers la roche d'accueil et dans les galeries; ils s'accumulent lentement dans la
formation Wedelsandstein sus-jacente d'où ils diffusent peu à peu dans l'aquifère Malm. Dans
une étape ultérieure, ce modèle est appliqué au transport et au dégagement du 14C gazéifiable,
dont on assume qu'il se déplace avec les principaux gaz non radioactifs, l'hydrogène et le
méthane. Dans le cas présumé, les calculs dérivent des doses bien en dessous des valeurs seuil
réglementaires. Par ailleurs, un possible déplacement des eaux interstitielles du champ proche
dans la roche d'accueil ou le long des galeries qui serait causé par une hausse de pression est
simulé par un autre modèle. Enfin, en testant divers scénarios à l'aide de ces modèles (cas de
base, cas de variation des paramètres, cas hypothétique "what if?"), on a pu démontrer que les
doses obtenues étaient nettement en dessous des valeurs seuil réglementaires.

VII
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Gases will be produced in nuclear waste repositories as a result of anaerobic corrosion of metals
(which produces H2), degradation of organic matter (which may produce CO2 and CH4) and
radiolysis of water (which principally produces H2). The accumulation and release of such gases
from the repository system may affect a number of processes that influence long-term safety.
The present study provides a comprehensive treatment of the issue of gas generation in and
transport from a repository for spent fuel (SF), vitrified high-level waste (HLW) and long-lived
intermediate-level waste (ILW), sited in the Opalinus Clay of the Zürcher Weinland in northern
Switzerland. It has been performed within the context of Project Entsorgungsnachweis 1, which
incorporates three main elements:
1. a synthesis of information from geological investigations of the Opalinus Clay (Nagra
2002a),
2. a study of engineering feasibility for a repository in Opalinus Clay (Nagra 2002b), and
3. an assessment of the long-term radiological safety of the repository (Nagra 2002c).
Various parts of the above studies have examined the topics of gas production, gas transport in
the engineered barrier system and host rock, impacts on barrier performance and possible
radiological impacts associated with gas release. A detailed treatment focusing on the latter has
also been given in Nagra (2002d). The present study is a synthesis of information taken from all
of these studies, including discussion of original sources of data, presented in such a way as to
illustrate the entire issue in a comprehensive and self-contained manner.
The issue of how gas generation in and transport from waste repositories may influence disposal
system performance has been under study for many years (see the comprehensive review of
Rodwell et al. 1999). The reasons that quantitative treatment of the topic is required are:
1. some of the gases produced may be radioactive (e.g. those containing 14C and 3H), thus their
release from the repository to the biosphere may represent a radiological hazard,
2. gas accumulation may eventually result in pressures high enough to change the properties of
the engineered barrier system or host rock, or influence groundwater movement, thus
potentially influencing transport of dissolved radionuclides and
3. in order to establish confidence in the safety case for disposal, all significant processes
associated with repository performance and safety should be quantitatively evaluated, even
if radiological risks are low.
In comparison to many other assessments of the disposal of SF/HLW, the quantitative evaluation of gas impacts presented here is more comprehensive. This is in part because the host
formation, the Opalinus Clay, is a homogeneous rock with extremely low permeability, thus a
consequence of its great waste isolation properties is the question of how gases might be
released, the consequences of which must be rigorously assessed. It also reflects the increased
international trend towards a more effectively integrated treatment of the gas issue in
developing a safety case (Rodwell 2003).

1

The German term translates into English as "demonstration of disposal feasibility".
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1.2

2

Scope and contents of the report

The evaluation of gas production and transport and the impacts on disposal system performance
are presented in four chapters.
1. Chapter 2 covers basic characteristics of the host rock, design of the repository and the
engineered barrier systems (EBS) for SF/HLW and ILW and gas production rates,
including:
-

an overview of the geological and hydrogeological situation of the repository,

-

the overall design and layout of the repository, and the properties of materials used for
backfilling and sealing emplacement, construction and operations tunnels,

-

the quantities and nature of the wastes, including the number of disposal containers and
their compositions,

-

an assessment of the rates of gas production due to anaerobic corrosion, degradation of
organic matter (the latter applies only to ILW) and radiolysis, and

-

possible mitigation measures to reduce gas production and prevent high pressure buildup

2. Chapter 3 treats the gas transport characteristics of the EBS and the host rock, including
-

an overview of gas transport processes, including advection, diffusion, two-phase flow,
pathway dilation (microfracturing) and macroscopic gas frac formation, along with a
discussion of the factors governing these processes and the pressure regimes in which
they occur,

-

the expected gas transport behaviour of bentonite and cementitious material backfills,
argillaceous rocks in general and Opalinus Clay in particular,

-

the gas transport capacity of the host rock relative to the gas production rates discussed
in Chapter 2, and

-

the evidence for these phenomena and their importance in the case of a repository in
Opalinus Clay.

3. Chapter 4 illustrates the conceptualisation of the various gas pathways in the disposal
system and into overlying formations, to provide a foundation for the assessment cases of
Chapter 5.
4. Chapter 5 examines the effects of gas accumulation and release on system performance,
including
-

identification of conceptualisations of system behaviour based on information from
Chapters 2 to 4 that could lead to gas release affecting radiological doses,

-

presentation of mathematical models for these conceptualisations, using the data taken
from Chapters 2 to 4, and

-

an assessment of radiological impacts using these models.

The information presented in the present report is consistent with that presented in Nagra
(2002a-d).

3

2

Repository Design and Gas Generation

2.1

Introduction
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Objectives and Scope
The present chapter provides basic information on the host rock, details of repository
construction, focusing on the design and materials aspects that influence gas production and
transport from waste emplacement tunnels and projected gas production rates in the repository.
The repository layout is presented, including dimensions of waste emplacement and access
tunnels and positioning and design of tunnel seals. The properties and quantities of materials
used in construction of waste containers and emplacement tunnels are given for both the
SF/HLW and ILW, as well as relevant characteristics of access tunnels and seals. Projected gas
production rates are given for all types of waste based on consideration of the main gas
production processes, which include anaerobic corrosion of metals (which produces H2) and
degradation of organic matter (which produces mainly CH4 and CO2). Other gas production
processes such as radiolysis, fission gas release from SF and He production are also discussed
and the potential for the production of volatile radionuclide species is examined. The gas
production rates for the different waste types provide basic input data for evaluating gas
transport phenomena in the near and far field (Chapters 3 and 4) as well as providing input
parameters for models that evaluate the doses associated with assessment cases that incorporate
gas effects (Chapter 5).

2.2

Geological setting of the repository

The potential repository host rock identified consists of the Opalinus Clay and the Murchisonae
beds within the Opalinus Clay facies, and is more than 100 m thick. Fig. 2-1 shows the
lithological sequence as obtained from the Benken borehole. The repository is foreseen as
consisting of a series of waste emplacement tunnels constructed roughly in the mid-plane of the
Opalinus Clay.
The host rock, a well-compacted, moderately over-consolidated claystone, is expected to have
exceptional isolation properties resulting from its very low hydraulic conductivity. Evidence for
the high isolation potential is discussed further in Nagra (2002a and 2002c). The host formation
is overlain and underlain by further thicknesses (100 to 150 m) of clay-rich formations (confining units) which, although not as impermeable and homogeneous as the Opalinus Clay (they
contain thin, probably discontinuous sandstones and carbonate rocks), also possess good
isolation properties, with limited groundwater movement and good sorption potential.
Above and below these clay-rich formations, the sequence contains large, regional aquifers in
the carbonate rocks of the Malm and the Muschelkalk. There is significant groundwater flow in
some regions of these formations.
The geological components of the isolation concept is as follows (see Fig. 2-1):
•

The absence of significant advective groundwater flow in the host formation, which is thick
enough to extend for more than 40 m above and below a repository (Nagra 2002a,
Birkhäuser et al. 2001), will ensure that the rate of movement of radionuclides out of the
engineered barriers and through the undisturbed host rock will be extremely small. Any
such movement will mainly be controlled by diffusion and will be so slow that only the
most mobile and longest-lived radionuclides can reach the edge of the formation.
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•

The surrounding clay-rich sediments are rocks of the confining units and have the additional
potential to retard the movement of any radionuclides that escape from the host rock.
Although there are thin, more permeable horizons in these clays (such as the Wedelsandstein Formation above the Opalinus Clay and the Stubensandstein Formation below), based
on isotopic and hydrochemical evidence, flows are rather small due to limited hydraulic
interconnectedness, and potential pathways to the biosphere are long (15 – 25 km, if they
exist).

•

Any radionuclides that migrate through the clay-rich formations of the Upper Dogger/
Lower Malm and Lias/Keuper (i.e. are not transported laterally along the thin, waterconducting horizons), will enter the regional aquifers of the Malm (above) and the
Muschelkalk (below). Neither of these aquifers or permeable horizons are exploited in this
region, and, with the exception of the Muschelkalk, the waters have relatively high salinities
and are non-potable2. The current discharge area for the Muschelkalk aquifer is some 30 km
to the west, with the Malm discharging a few km to the north.

•

If radionuclides enter the regional aquifers, they will be significantly dispersed and diluted.
An additional stage of dilution will occur when the deep aquifers discharge to the more
dynamic freshwater flow systems of near surface Quaternary gravel aquifers, or to river
waters.

The calculated hydraulic conductivites in the Opalinus Clay at the repository horizon are
10 13 m s-1 (horizontal) and 2 × 10-14 m s-1 (vertical). Nagra (2002c) presents a summary of the
hydrogeological situation of the repository and looks at various possible behaviours and
pathways for radionuclides within this conceptual system. The present study focuses only on
those assessment cases identified in Nagra (2002c) that deal specifically with gas effects.

2

Here non-potable is defined as groundwaters with salinities exceeding 5 g l-1
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Typical geological sequence in the Zürcher Weinland
(Benken borehole)
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Fig. 2.2-1: The lithological sequence in the Benken borehole (left) and the simplified features
illustrating the isolation concept (right)
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Repository Layout and Engineered Barrier Systems

Repository Layout
A plan view of the repository, which would be excavated in the centre of the Opalinus Clay
formation at a depth of ~ 650 m, is shown in Fig. 2.3-1. The main elements include:
•

an access ramp, construction and operations tunnels, central waste receiving facilities and a
shaft,

•

pilot and test facilities (see Nagra 2002b ),

•

an array of SF/HLW emplacement tunnels of 800 m length, spaced 40 m apart, and

•

three short emplacement tunnels for ILW.
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Material Transfer Construction

Fig. 2.3-1: Plan view of the repository for SF/HLW/ILW in the Opalinus Clay (see also Nagra
2002b)
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SF/HLW Emplacement Tunnels
In the proposed repository, carbon steel canisters containing either SF or HLW from reprocessing are emplaced co-axially within a system of parallel tunnels that are excavated in the
mid-plane of the Opalinus Clay layer, with bentonite blocks supporting the canisters and
granular bentonite filling the remaining space. SF assemblies consist of ceramic uranium oxide
(UO2 or MOX) pellets contained in a zirconium alloy (Zircaloy) cladding, along with other
structural materials such as steel alloys. The radionuclides of HLW are incorporated into
borosilicate glass, which is contained in thin-walled stainless steel flasks placed inside the
carbon steel canisters. The SF and HLW canisters are shown in Figures 2.3-2 and 2.3-3.
The SF/HLW tunnels (diameter = 2.5 m) are expected to be self-supporting during the emplacement operations, although rock bolts and a light mesh (both assumed to be carbon steel) are
required for operational safety (Nagra 2002b). All other tunnels, including the ILW emplacement tunnels and the access ramp, require concrete liners to ensure tunnel stability.

Fig. 2.3-2: Canister for the disposal of spent BWR fuel (a similar canister, with 4 assemblies,
is used for PWR fuel)
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Fig. 2.3-3: Steel canister for the disposal of vitrified HLW (Steag & Motor-Columbus 1985)

ILW Emplacement Tunnels
A variety of ILW types are produced as a result of reprocessing of spent fuel and these would be
emplaced in the short tunnels ILW-1 and ILW-2. These wastes include metals, organics and
inorganic materials. They are mixed with either cementitious materials or bitumen and placed in
steel and fibre-cement waste drums (McGinnes 2002) as shown in Fig. 2.3-4.

9
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ILW types

1192

1706

WA- COG- 4
1.5 m3 - container
WA-BNF-2/4/7
500 l - container

1130

883

WA- COG-2
200 l - drum
(old design)

WA- COG- 4/6
180 l - container

586

430
883

200 l - drum

1340

800

586

WA- COG-6
1.2 m3 - container

1500

(new design)

1000

Fig. 2.3-4: The various waste drums containing ILW (dimensions in mm), see also McGinnes
(2002)

The formally specified quantities and types of wastes to be returned from reprocessing are
referred to as the "cemented waste" option. A second scenario, referred to as the "high force
compacted waste" option, differs principally in that full compaction of fuel structural materials
(hulls and ends) takes place (McGinnes 2002). The quantities of metals are similar for the two
options. The waste drums are placed in concrete emplacement containers, which are then
emplaced in tunnels with a cross-section of ~ 7 × 9 m, as shown in Figures 2.3-5 and 2.3-6.
Void spaces within and around the containers are filled with cementitious grout.
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Emplacement containers for ILW

WA-BNF-2 /7

WA-BNF- 4

EC2-MA-25

EC2-MA-20

WA-COG-2

2000

WA-COG-4/6

25

2438

2400

20

25

2438

20

20

2438

WA-COG- 6

25
2438

Fig. 2.3-5: Emplacement containers for ILW (dimensions in mm)

Fig. 2.3-6: Cross-sections of ILW emplacement tunnels at the end of waste emplacement, with
different types of waste emplacement containers
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Design data for excavations and composition of sealing materials
SF/HLW emplacement tunnels
The SF/HLW emplacement tunnels are 2.5 m in diameter and the bentonite buffer is expected to
have an average dry density of ~ 1.5 Mg m-3 at emplacement. At full saturation, a swelling
pressure of ~ 2 to 4 MPa will develop and the hydraulic conductivity will be 10-12 m s-1 (Pusch
et al. 2002). The tunnel convergence process will compact the bentonite to a higher density,
likely in concert with the resaturation process. The final saturated density of the bentonite will
not exceed ~ 2.15 Mg m-3, because at this density the swelling pressure of ~ 15 MPa will
approximately balance the external stress field (~ 16 MPa vertical and 15 MPa minimum
horizontal). Assuming that this stress balance defines the limiting state of convergence, the
tunnel radius will be reduced from 1.25 to 1.15 m. Concurrent with the slow compaction of the
bentonite, its porosity would decrease from ~ 0.45 to ~ 0.36, and its permeability from
10-12 m s -1 to less than 10-13 m s-1 (Dixon 2000). As discussed in Chapter 3, there is little gas
storage capacity in saturated bentonite (except as dissolved gas). There is, however, some void
volume inside the SF and HLW canisters that is available for gas storage (0.7 m3 per SF
canister). The ends of the SF/HLW tunnels are sealed with highly compactedbentonite with a
dry density of about 1.65 Mg m-3, sufficient to give a swelling pressure of about 9 MPa.
The canister pitch (distance from mid canister to mid canister) is 7.6 m for SF and 5 m for HLW
and the canister lengths are 4.6 m and 2 m. As a consequence, the average gas production rate
per unit of tunnel length, due to anaerobic steel corrosion at canister surfaces, is roughly 50 %
higher for SF than for HLW.
The design data for SF/HLW emplacement tunnels, for the purpose of the model calculations
performed in Chapter 5, is summarised in Tab. 2.3-1. The gas transport characteristics of
saturated bentonite are discussed in Chapter 3.
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Tab. 2.3-1: Summary of design data used in the model calculations of Chapter 5 related to gas
migration in the SF/HLW/ILW repository system (Nagra 2002b and 2002c)
Parameter

Unit

Value

Comment/source

Tunnel radius

m

~7×9

represented by a circular cross-section
with a radius of 4.5 m in Chapter 5

Tunnel length

m

ILW

ILW-1 (2 tunnels)

180

ILW-2 (1 tunnel)
Tunnel volume

60
3

m

ILW-1 (2 tunnels)

11 500

ILW-2 (1 tunnel)

1 600

Tunnel separation

m

100

distance between ILW-1 tunnels

Bulk porosity (near field)

-

0.3

Averaged over waste and backfill

Tunnel radius

m

1.15

Limiting state after tunnel convergence
is fully developed

Tunnel length

m

800

Single tunnel for co-axial
emplacement of SF/HLW canisters

Tunnel separation

m

40

distance between emplacement tunnels

Number of SF/HLW tunnels

-

27

Canister length

m

SF

4.6

SF/HLW

HLW

2

Canister lifetime

a

Canister pitch

m

10 000

SF

7.6

HLW
Void volume inside canister
SF

Bentonite porosity

Distance from mid canister to mid
canister

5
3

m per
canister

HLW
Hydraulic conductivity of
bentonite

The length of a SF canister corresponds
to a weighted average of the three
canister types BWR UO2, PWR UO2
and PWR (3 UO2 +1 MOX), see
Tab. 2.3-2

0.7
0.03

ms
-

-1

Significant contribution to gas storage
volume in SF/HLW near field from SF
canisters only

10-13
0.36

Limiting state after tunnel convergence
is fully developed
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ILW emplacement tunnels
The three waste emplacement tunnels (2 of type ILW-1 and 1 of type ILW-2) are backfilled
with cementitious mortar, such that the final tunnel porosity is ~ 0.3, and have a cross-section of
~ 7 by 9 m. In contrast to the bentonite, pore sizes in the mortar and concrete are sufficiently
large that gas can enter the pores. This is taken into account in calculations of gas accumulation
and transport, as discussed in Chapters 3, 4 and 5. The ILW emplacement tunnels are closed
with a cementitious plug, with the adjacent tunnel backfilled with 30 % bentonite/70 % sand.
This creates a potential volume for storage of gas that is transported through or around the plug.
The design data for ILW is summarised in Tab. 2.3-1.
Access tunnels, ramp, shaft and sealing system
At the end of the operational phase, the operations and construction tunnels and the shaft are
sealed with a bentonite-sand mixture and bentonite seals. Final closure of the facility would
involve emplacement of two ~ 40 m long seals of highly compacted bentonite and backfilling
the ramp. The main seal at the repository horizon is to be placed at the construction branchoff of
the access tunnel (Fig. 2.3-7), the second where the ramp intersects the overlying
Wedelsansdstein Formation. These long-term seals are designed with the objective of ensuring
that the main tunnels and access ramp have hydraulic properties similar to those of the
undisturbed host rock. This will be achieved by the following steps:
1. The concrete tunnel liner and steel rails are removed within the seal section.
2. A ring of Opalinus Clay is excavated to a depth of ~ 1 m to remove the excavation-damage
zone, which may have been altered by contact with the concrete and with air.
3. A bulkhead is installed across the tunnel.
4. An approximately 40 m section of highly-compacted blocks of bentonite is installed, keyed
into the Opalinus Clay. The blocks would have a density sufficient to give a swelling
pressure of 9 MPa, to counteract tunnel convergence and the formation of a new EDZ.
5. The second bulkhead is emplaced; the ramp is then backfilled with a mixture of bentonite
and sand (30:70).
Details of the design of seals are given by Sitz (2002) and design data for the seals and
tunnel/ramp/shaft system relevant to calculations of gas transport are summarised in Table
2.3-2.
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Fig. 2.3-7: Status of the repository after final sealing and closure
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Tab. 2.3-2: Summary of design data used in the model calculations in Chapter 5 related to gas
migration in the access tunnel/ramp/shaft system
Parameter

Unit
-1

Value
-13

Comments
Highly compacted
bentonite

Hydraulic conductivity of bentonite seals

ms

10

Hydraulic conductivity of EDZ

m s-1

10-12

Hydraulic conductivity of tunnels backfilled
with bentonite/sand

m s-1

5 × 10-11

30 : 70 bentonite/sand

m3

~ 12 000

30 : 70 bentonite/sand

Porosity of 30 : 70 bentonite/sand

-

0.3

Radius of access tunnels and ramp (not
including liner): Ramp

m

Volume of bentonite/sand tunnel backfill
between ILW plugs and nearest bentonite seal

2.4

3.1

Shaft

1.8

All others

2.7

Length of seals: Ramp

Porosity is gas
accessible

m

40

Shaft

40

All others

10

Quantities of Waste and Gas-Generating Materials

SF/HLW Emplacement Tunnels
The number of canisters of SF and HLW and the masses of metals (steel and Zircaloy) for each
canister type is given in Tab. 2.4-1 taken from McGinnes (2002), based on the assumption of 60
years power plant operation (192 GWa (e)). Included in Tab. 2.4-1 is the total mass of
construction steel used in the 21.6 km of SF/HLW emplacement tunnels, incuding rails, mesh
and rock bolts (Nagra 2002b).
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Tab. 2.4-1: Rounded numbers of canisters and associated masses of metals in the SF/HLW
emplacement tunnels ( McGinnes 2002)
Number of
canisters

Steel mass
per
canister
(kg)

Zircaloy
mass per
canister
(kg)

Total steel
(mol Fe)

Total
Zircaloy
(mol)

BWR UO2

935

26 170

796

4.38 × 108

8.17 × 106

PWR UO2

680

24 100

589

2.92 × 108

4.37 × 106

PWR (3 UO2 +1
MOX)

450

24 100

564

1.95 × 108

2.78 × 106

460

8 475

6.93 × 107

-

8 475

7

-

Waste Type

Spent Fuel

Vitrified HLW
COGEMA
BNFL
Construction
steel (mesh, rails
rock bolts)

270
-

-

4.07 × 10
-

5.8 × 10

7

1.09 × 109

Total mass

1.53 × 107

ILW Emplacement Tunnels
The approximate numbers of the various waste drums present in the ILW-1 and ILW-2 tunnels
are given in Tab. 2.4-2.

Tab. 2.4-2: Approximate numbers of the various waste drums for disposal of ILW (McGinnes
2002)
Number of containers
Waste Type

Waste Sort

Cemented waste
option

High force
compacted waste
option

BaCO3/Crud

WA-BNF-2

30

30

H&E Cement

WA-BNF-4

270

270

Cent. Cake and
Non Specified

WA-BNF-7

170

170

Bitumen

WA-COG-2

380

380

H&E Cement

WA-COG-4

320

-

H&E + Tech. ILW
Compacted

WA-COG-4/6

-

1 030

Tech. ILW

WA-COG-6

510

-

*

* hulls (Zircaloy cladding) and ends
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The inventory of materials present in the ILW drums, including the concrete and bitumen
solidification matrices, but excluding the emplacement containers are summarised in Tab. 2.4-3
for the cemented waste option.

Tab. 2.4-3: The total inventories of materials in the ILW, excluding emplacement containers
(cemented waste option, see McGinnes 2002)
Material

Mass (kg)

Metals

8.9 ×10

5

Material

Mass (kg)

High mol. wt. organics

7.4 × 104

Steels

5.6 × 105

Bitumen

4.7 × 104

Al/Zn

3.4 × 103

Cellulose

5.1 × 102

Inconel

1.6 × 104

Plastics

2.7 × 104

Zircaloy

3.0 × 105

Other

3.2 × 103

Detergents

7.5 × 102

2.2 × 106

Flocculants

6.5

Inorganics

4

Salts

3.0 × 10

Glass

3.1 × 102

Cementitious material

2.1 × 106

Other

2.3 × 103

Low mol. wt. organics

Complexing agents

Total

8.4 × 102

9.1 × 101

3.1 × 106

Based on detailed characterisation information for the various waste drums (McGinnes 2002)
and information derived from Nagra (2002b) giving quantities of steel used in constructing the
emplacement containers (reinforcing steel) and construction steel used in the tunnels, a comprehensive data set for all metals and organic materials that could produce gas in the ILW tunnels
was developed. This data is incorporated in Appendix 1 and is discussed further below following the discussion of the estimated rates of the various gas production processes.

2.5

Estimated Rates of Gas Production Processes in the SF/HLW
Emplacement Tunnels

The expected evolution of conditions in the SF/HLW emplacement tunnels is discussed in detail
in Nagra (2002c). Saturation of the bentonite, which is emplaced with a low moisture content
(a few %), is expected to take decades to hundreds of years because of the low permeability of
the Opalinus Clay. It is nonetheless assumed that corrosion begins relatively soon after
emplacement and that the aerobic corrosion period is short (Johnson & King 2003). The
temperature at the surface of a SF canister will decline to about 100 °C after a few hundred
years (~ 60 °C for a HLW canister) (Johnson et al. 2002). The following provides estimated gas
production rate information for the two processes responsible for gas production in the SF/HLW
near field, anaerobic corrosion of metals and radiolysis of water.

NAGRA NTB 04-06

18

Corrosion of metals
Carbon steel
The anaerobic corrosion reaction for pure iron and carbon steel can be written as
3Fe + 4H2O →

Fe3O4 + 4H2

(2.5-1)

Rates of anaerobic corrosion of carbon steel under repository conditions have been derived in a
number of studies using both weight loss and direct H2 evolution measurements. It is assumed
that the reaction is not reversible, because the equilibrium H2 partial pressure is approximately
40 MPa (Neretnieks 1985) and that high H2 partial pressures have no effect on the corrosion
rate. The latter assumption is considered to be pessimistic, as there are indications of the rate
decreasing as the hydrogen partial pressure increases, at least under alkaline conditions (Naish
et al. 1990). The relevant studies have been reviewed by Johnson & King (2003) and the results
are summarised in Tab. 2.5-1, focusing only on values derived from direct measurement of H2
evolution rates. Rates derived from weight loss measurements in compacted clay typically yield
somewhat higher values (several microns per year), probably because of oxygen trapped in
bentonite and the slow approach to formation of a protective film.

Tab. 2.5-1: Summary of carbon steel corrosion rates measured by H2 generation for anaerobic
conditions relevant to crystalline and Opalinus Clay repositories
Time

Temperature
°C

Solution Composition

Corrosion
Rate
µm a-1

Reference &
Comments

100 – 380 h

80

Böttstein groundwater

2.7

Simpson (1989)

100 – 380 h

80

Säckingen groundwater

1.7

Simpson (1989)

195 h

80

Bentonite/
groundwater slurry

27

Simpson (1989)

195 h

80

Bentonite/
groundwater slurry

37

Simpson (1989)

~ 5 000 h

21

Böttstein groundwater

0.05 – 0.1

Kreis (1991)

7 500 h

30

Bentonite water

0.15

Peat et al. (2001)

4 500 h

50

KBS groundwater sat'd
with FeCO3

<1

Smart et al. (2001)

5 000 h

85

Äspö water
(0.3 mol l-1 Cl-)

0.1

Smart et al. (2001)

5 000 h

50

Bentonite-equilibrated
water

0.05

Smart et al. (2001)
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The corrosion rates derived from H2 evolution rates in Tab. 2.5-1 are plotted in Fig. 2.5-1. These
data cover conditions relevant to a repository in Opalinus Clay, including moderate salinity,
contact with bentonite-equilibrated water and temperatures of up to 85 °C (the canister surface
temperature decreases to this value after about 200 to 300 years, as noted in Johnson et al.
(2002)). The slow approach to a steady-state corrosion rate, which is associated with the slow
growth of a protective magnetite film, is illustrated in Fig. 2.5-2 from Smart et al. (2001). It is
notable that all the corrosion rate values derived from H2 evolution rates over short times
(hundreds of hours) are significantly higher than the long-term steady-state values (note that
only the rates at the end of the testing period are shown in Fig. 2.5-1). This is confirmed by
inspection of the corrosion rate vs. time curves of Simpson (1989) and the rate curves of Kreis
(1991), which drop by a factor of 5 to 10 between 200 h and 5 000 h. The anomalously high
rates measured by Simpson (1989) for bentonite slurries are likely to arise from a similar
phenomenon. These data show that the use of a rate of 1 µm a-1 in safety analysis calculations is
likely pessimistic and that the actual rate may be somewhat lower, possibly as low as 0.1 µm a-1.
Scoping calculations indicate that water supply from the Opalinus Clay will not be a factor
limiting corrosion for corrosion rates in this range.

100

Corrosion rate (mm a-1)

10

1

0.1

0.01
100

10 000

1000
Time (h)

Simpson (1989) Böttstein water

Simpson (1989) Säckingen water

Simpson (1989) Bentonite slurry

Simpson (1989) Bentonite slurry

Kreis (1991) Böttstein water

Peat et al. (2001) Bentonite water

Smart et al. (2001) KBS groundwater

Smart et al. (2001) Äspö groundwater

Smart et al. (2001) Bentonite water

Fig. 2.5-1: Corrosion rates of carbon steel under anoxic conditions based on H2 generation
rates (data from Tab. 2-4)
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Fig. 2.5-2: Hydrogen gas evolution rates and anaerobic corrosion rates for cast iron and carbon
steel in artificial Äspö groundwater at 85 °C (Smart et al. 2001)
The question of whether or not such rates are likely to be sustained over thousands of years can
be addressed by examining results from studies of iron and steel archaeological artifacts that
have been buried in various soil and sediment environments for up to 2 000 years, which have
been summarised by Miller et al. (2000). Corrosion rates ranged from 0.1 to 10 µm a-1. Some
caution must be used in applying the rates derived from such studies, as some of the specimens
may have been retrieved from oxidising environments, thus results may be skewed towards
higher rates. Nonetheless, they provide average rates over a time frame of the order of the
canister lifetime, and suggest that the proposed rate of 1 µm a-1 is reasonable. In Chapters 3 and
4, the impact of a so-called "conservative" rate of gas production (equivalent to a 10 µm a-1
corrosion rate for SF/HLW canisters) is examined, to illustrate the robustness of the rock with
respect to gas transport. This rate is considered to be well outside the range of uncertainty in the
corrosion rate, thus it is not considered in assessment calculations discussed in Chapter 5.
Zircaloy and other fuel assembly structural materials
The corrosion rate of Zircaloy is < 10 nm a-1 (Johnson & McGinnes 2002) and the total mass in
the SF/HLW emplacement tunnels is ~ 100 times smaller than that of the carbon steel of the
canisters. Other alloys are present in fuel assemblies in much smaller quantities than Zircaloy;
furthermore, they are corrosion-resistant nickel alloys. As a result, the contribution of Zircaloy
and other alloys to gas production in the SF/HLW tunnels is not considered in the calculations
in Chapter 5. However, the release of radionuclides from Zircaloy is evaluated in relation to
radionuclide release and transport calculations, as discussed in Section 2.7.
Radiolysis of water
Radiolyis of water by α-, β- and γ-radiation can produce H2 and O2 in addition to short-lived
radical species. Because the canisters shield the bentonite buffer from all forms of radiation over
their projected lifetime of ~ 10 000 years (Johnson & King 2003), a time over which the β- and
γ-activity decline to very low levels, and because H2 yields are low for β-γ radiolysis compared
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to α-radiolysis (Christensen & Sunder 2000), the latter makes a much more significant contribution to H2 production. Production of H2 by α-radiolysis of water contacting the surface of spent
fuel after canister breaching is difficult to estimate, because radiolysis models are normally
applied to relatively simple homogeneous solutions (a limited number of dissolved species and
no solids present). A rough bounding estimate can be derived assuming that all fuel surfaces are
covered with a water film and that α-radiolysis occurs with a G value 3 of 1. This is expected to
considerably overestimate the yield of H2 because some α-particle energy will be absorbed in
solids (e.g. fuel cladding contacting the outer surface of the pellets) and because recombination
with molecular oxidants produced by radiolysis will reduce the effective yield. For example,
Eriksen et al. (1995) reported direct measurement of H2 production rates in a spent fuel
dissolution study that imply a G value of 0.1. Applying this G value leads to a rough estimate of
the production rate of 0.2 mol a-1 (~ 5 l a-1) of H2 per canister, assuming canister breaching
occurs at 1 0000 years, with the rate declining proportionally with the α-activity of the fuel
(Johnson & Smith 2000). This is a small fraction of the H2 production rate due to anaerobic
corrosion of steel, thus the radiolytic contribution is effectively within the range of the
uncertainty of the production due to corrosion (note that some geosphere gas flow calculations
in Chapter 4 consider high gas production rates that would effectively cover even the maximum
theoretical H2 yield from radiolysis). The production of molecular O2 is not considered relevant,
as oxidants are expected to be scavenged in the H2-rich environment or will be consumed by
corrosion processes.

2.6

Rates of Gas Production Processes in the ILW Emplacement Tunnels

The low permeability of the Opalinus Clay will result in a slow rate of saturation of the
cementitious grout and waste drums. It is expected that oxygen will be consumed relatively
quickly and that anaerobic corrosion of metal used in construction and for waste drums will
begin relatively soon after emplacement tunnel closure. The temperature in the near field is not
expected to exceed about 60 °C and the pore water pH will remain in the range of 12.5 to 13.
The main processes resulting in gas production, anaerobic corrosion of metals, microbial
degradation of organic matter, and radiolysis of pore water, are discussed in detail below.
Anaerobic corrosion of metals
A variety of metals are present in the ILW and are used in construction of waste containers and
as part of tunnel construction. These include steels (carbon steel, various stainless steels),
Inconel, Zircaloy, zinc and aluminum. In estimating the molar quantities of hydrogen produced
by anaerobic corrosion, it is assumed that the alloys are entirely composed of the predominant
metal (e.g. Fe for all steels and Zr for Zircaloy). Stoichiometries for the relevant reactions are
given in Appendix 1.
The estimated corrosion rates of the metals and alloys are:
1. Carbon steel: Fujisawa et al. (1997) determined the corrosion rate of carbon steel by
measuring H2 evolution in mortar-equilibrated water at pH 12.6 over the temperature range
from 15 °C to 45 °C. Based on their data, the rate at ~ 40 °C, the expected long-term
ambient temperature of the ILW tunnels, is estimated to be 0.1 µm a-1. Kreis (1991)
measured rates of corrosion of iron wire at 21 °C in NaOH, KOH and Ca(OH)2 solutions at
a pH of 12.8, as well as in cement pore waters. Long-term corrosion rates ranged from 1 to
30 nm a-1, and Kreis (1991) recommended a conservative value of 70 nm a-1 to allow for
3

a G value of 1 represents a yield of 1 molecule of H2 per 100 eV of absorbed radiation
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uncertainties in the evolution of the pore water composition. Naish et al. (1990) observed a
decrease in corrosion rate of carbon steel by a factor of four in cement pore water as the H2
partial pressure was increased from 0.1 to 10 MPa. There are some indications that elevated
Cl- concentrations may increase the rate somewhat (Naish et al. 1990), but the effect is
unlikely to be large, based on the small effect of Cl- on corrosion rates observed by Kreis
(1991) at pH 8.5. It is reasonable to conclude from all these studies that a realistic corrosion
rate for iron and carbon steel is 0.1 µm a-1 for the iron and the various mild steels present in
the waste and used as construction materials.
2. Stainless steels: The anaerobic corrosion rate of 304 stainless steel has been measured by
Wada et al. (1999) at 30 and 50 °C at pH 12.5. Rates were < 1 nm a-1 at both temperatures.
A more pessimistic value of 10 nm a-1 is adopted here for all stainless steels and Inconel.
3. Zircaloy: The measurements of Kurashige et al. (1999) and Wada et al. (1999), both
performed at a pH of 12.5 to 13, gave rates of about 1 nm a-1. A more pessimistic value of
10 nm a-1 is selected, allowing for the fact that there are no reported corrosion rate measurements under alkaline conditions for irradiated Zircaloy. The thickness of Zircaloy cladding
is about 600 µm.
4. Aluminum and zinc: Hydrogen production due to corrosion of Al and Zn occurs even
under oxidising conditions. A rate of 1 mm a-1 is assumed, which is probably an overestimate, if one considers the measurements reported by Fujisawa et al. (1997). They
observed that rates in mortar decreased from ~ 1 mm a-1 to ~ 1 µm a-1 after several thousand
hours. Nonetheless, recommending a value lower than 1 mm a-1 is questionable, as the
results in their study were dependent on preserving the mechanically unstable film that can
spall off. Furthermore, the aluminum in the containers is mixed with steel wastes, which
may lead to galvanic coupling, thus sustaining a high rate until the aluminum has completely corroded. It is concluded that it is prudent to adopt a corrosion rate for Al (and Zn,
for which little data is available) of 1 mm a-1.
Microbial degradation of organic matter
Two broad categories of organic wastes can be distinguished: these are easily degradable
organics such as cellulose and organics such as plastics, resins and bitumen that are more
resistant to degradation. Microbially-mediated degradation of organic waste materials will
produce approximately equimolar amounts of CH4 and CO2, for which a simplified reaction can
be written as (Stumm & Morgan 1996):
2{CH2O} → CH4 + CO2

(2.6-1)

where {CH2O} represents an average composition of organic materials. Carbon dioxide would
dissolve in the alkaline porewater and precipitate as calcite. The rate of microbial degradation of
organic matter depends on the nature of the material, with cellulose more susceptible to rapid
degradation, and is uncertain because the environment, in particular the high pH, is considered
poor for optimum microbial activity, although it is unlikely to prevent it from occurring. The
maximum rates of degradation of organic matter to CH4 and CO2 in the ILW tunnels have been
estimated based on values given by Wiborgh et al. (1986) and are 0.7 mol kg-1 a-1 of cellulose
and 0.05 mol kg-1 a-1 of other organic material. These rates have been used as the basis of gas
production calculations for SKB's SFL3-5 repository (SKB 1999) and in Nagra studies for a
L/ILW repository (Grogan et al. 1992). Studies of gas generation rates of actual mixed wastes in
both brine and cementitious water (Kannen & Müller 1999) indicate rates that are more than an
order of magnitude lower than the reference values of Wiborgh et al. (1986).
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Radiolysis of water
Assessments of the disposal of long-lived low- and intermediate-level waste have shown that
radiolytic gas generation represents a very small fraction of the total gas produced by corrosion
and microbial degradation processes. For example, Wiborgh (1995) reported that, for the
SFL3-5 repository, which would contain ~ 1 × 1017 Bq of β/γ activity and 6 × 1012 Bq of α
activity, the radiolytic gas production rate is < 0.1 % of the gas production rate from corrosion
of metals. The significantly higher α activity of the Swiss ILW (~ 3 × 1014 Bq after storage for
40 years Nagra 2002c) would lead to a higher long-term gas production rates than for the SFL
3-5 wastes, and can be roughly estimated. The alpha content of the ILW is is principally
associated with fuel hulls and ends (see McGinnes 2002). For a conservative G-value of 1 and
absorption by water of one half of the total energy from each disintegration (the other half,
based on geometric considerations, is assumed to be absorbed by solids such as the fuel hulls),
the rate of production of oxidants in 1 year is about 370 mol (8.8 m3 (STP 4) . This represents
about 1 % of the combined production rate from corrosion and organic matter decomposition.
The time dependency of the decay of the alpha activity on the hulls can be assumed to be the
same as that of spent fuel. Based on the above annual production rate and the time dependency
of decay of spent fuel alpha activity derived from the data in Johnson & Smith (2000), the
hydrogen production rate (P) in mol per year for ILW can be approximated by:
P = 370 t-0.49

(2.6-2)

Integration from 40 year to 105 years gives a total yield of 2.6 × 105 mol (6.25 × 103 m3 (STP)).
This integrated yield is also about 1 % of the total gas produced, thus this process can be
neglected in the calculations of gas production for the ILW emplacement tunnels.
Summary of rates of ILW gas evolution processes
The rates of processes that produce gas in the ILW emplacement tunnels are summarised in Tab.
2.6-1.

Tab. 2.6-1: Rates of gas production processes in the ILW near field
Anaerobic corrosion rates of metals and alloys

4

m a-1

carbon steel and iron

10-7

stainless steels and Inconel

10-8

aluminum and zinc

10-3

Zircaloy

10-8

Decomposition rates of organic materials

mol kg-1 a-1

Easily degradable organics such as cellulose

0.7

Plastic, resins and bitumen

0.05

STP refers here to a pressure of 1 bar (0.1 MPa) and a temperature of 298 K
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Inventories and release of volatile radionuclides

Spent Fuel
Of the radionuclides present in the spent fuel matrix and cladding, only 14C, 129I, 3H and Rn need
be considered as having potential for formation of volatile forms. For Zircaloy cladding, there is
evidence of release of 14CO2 from cladding in air under oxidising conditions (Ahn 1994), but
leaching of an unidentified organic compound in anoxic alkaline solution (Yamaguchi et al.
1999) has also been observed. In the latter study, no 14C was observed in the gas phase, thus it is
likely that the organic compound containing 14C was non-volatile. Nonetheless, the possibility
of conversion to a volatile form such as CH4 in the reducing porewater of the repository cannot
be completely dismissed. As a result, it is pessimistically assumed in the calculations presented
in Chapter 5 that organic 14C released from Zircaloy is converted to a volatile form such as
14
CH4. Based on the analysis in Johnson & McGinnes (2002), 20 % of the 14C in cladding is
assumed to be released at the time of canister breaching, with the remaining inventory released
at a constant corrosion rate of 10 nm a-1. Studies of spent fuel solid-state chemistry summarised
by Johnson & Shoesmith (1988) as well as leaching studies (Stroes-Gascoyne et al. 1995 and
Gray 1999) confirm that 129I is released to solution as iodide, a non-volatile form. Conversion to
a volatile form (e.g. CH3I or I2) appears unlikely, as such compounds are reactive or hydrolyse
readily to reform iodide, which is non-volatile.
About 1 % of the inventory of 3H may be rapidly released from the fuel as a volatile species
(Johnson & McGinnes 2002); however, the release is unimportant because of the short half-life
of 12.3 years. Radioactive noble gases from chain decay (Rn) may contribute to the total dose if
their precursor decays in the biosphere, but they are not long-lived enough to survive transport
from the near-field to the biosphere. The inventories of 14C available for rapid release and the
assumed chemical forms are given in Tab. 2.7-1 and are based on McGinnes (2002) and
Johnson & McGinnes (2002).

Radionuclide

Tab. 2.7-1: Inventories of organic and inorganic 14C in SF canisters
Half life

Waste sort

[a]

[Bq per canister]
BWR: 9 UO2

C

5.7 × 103

PWR: 3 UO2+1 MOX

PWR: 4 UO2

inorganic 14C only

Fuel matrix
14

Volatile
fraction

Inventory after 40 years decay

10

2.5 × 10

10

[-]

0
2.9 × 10

10

1

Cladding

4.6 × 10

IRF of
cladding

1.1 × 1010

6.3 × 109

7.1 × 109

1

Total (volatile
fraction only)

5.7 × 1010

3.1 × 1010

3.6 × 1010

1
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HLW
It can be assumed that the small quantities of 14C in HLW glass are present in inorganic form.
ILW
The principal sources of 14C in ILW are fuel hulls and ends, from which the 14C is postulated to
be released in organic form based on the work of Yamaguchi et al. (1999), and BaCO3/crud
waste, in which the 14C is co-precipitated in carbonate form. Only the former is assumed to have
a potential for volatilisation under repository conditions. The inventories of 14C present and the
assumed chemical form are given in Tab. 2.7-2. Based on the analysis in Johnson & McGinnes
(2002), 20 % of the 14C in cladding is conservatively assumed to be released shortly after
closure of the repository, with the remaining inventory released at a constant cladding corrosion
rate of 10 nm a-1. Other 14C that might be released from ILW will be inorganic (carbonate) and
will be present in the aqueous phase and form carbonate precipitates, thus no transport in the gas
phase is expected to occur.

Tab. 2.7-2: Inventories of volatile 14C for ILW packages (McGinnes 2002)
Radionuclide

Half life

Inventory after 40 years of decay

[a]
Waste sort

Inventory

Volatile
fraction

IRF
[-]

[-]

[Bq]

14

C

5.7 × 10

3

WA-BNF-2

9.2 × 1012

0

-

WA-BNF-4

5.9 × 10

12

1

0.2

3.2 × 10

12

1

0.2

9.1 × 1012

1

0.2

WA-COG-4
Total (volatile
fraction only)

2.8

Gas production rates for SF/HLW and ILW

Total time-dependent gas production rates for SF/HLW are given in Tab. 2.8-1 based on the
inventories of steel present in waste canisters, a corrosion rate of 1 µm a-1, the total external
surface area of the canisters and the stoichiometry of Equation 2.5-1. The rate of H2 production
from corrosion of construction steels (mesh, rock bolts etc.) and inner surfaces of the canisters
are not considered in the calculated production rates. The additional materials may increase the
gas generation rate by up to a factor of 3, but they are likely to be corroded away after a few
thousand years and represent only ~ 5 % of the total steel mass. As a consequence, their
corrosion has no significant long-term effect on the migration of gas. These simplifications are
considered reasonable in the context of the uncertainties in the steel corrosion rate. Similarly,
gas production as a result of Zircaloy corrosion is not considered in the analysis, because the
mass is a very small fraction of the amount of steel and the corrosion rate is very low. Based on
a steel corrosion rate of 1 µm a-1, complete corrosion of the canisters would take about 2 × 105
years, at which time gas production would cease. In the calculations in Chapter 5, a corrosion
rate as low as 0.1 µm a-1 is also considered. For this range of rates, the hydrogen gas generation
rate lies in the range of 0.4 – 4 mol a-1 per canister.
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For ILW, the calculations of gas generation rates have been performed in Appendix 1 based on
materials inventories in Section 2.5 and corrosion rates in Section 2.6 for a time period of up to
104 a. The gas generation rates for times beyond 104 a have been extrapolated in Tab. 2.8-1 to
about 2 × 105 years. In the model calculations of Chapter 5, all generated gas is assumed to be
hydrogen. The total generated gas is estimated to be 4 × 107 m3 (STP) for SF/HLW and 5 × 105
m3 (STP) for ILW, the latter including the contribution from Zircaloy and degradation of
organic matter.

Tab. 2.8-1: Total gas generation rate for SF/HLW and ILW as a function of time
Total gas generation rate [m3 (STP) a-1]

Time

SF/HLW
(gas generated at canister surface
for a corrosion rate of 1 µm a-1)

ILW
(base case)

1.0

240

690

3.0

240

670

10

240

110

30

240

110

100

240

98

300

240

79

1 000

240

45

3 000

240

20

1 × 10

4

240

10

3 × 10

4

240

< 10

1 × 10

5

240

< 10

240

0

1.7 × 10
2 × 10
Total

5

5

0
7

0
3

4 × 10 m (STP)

5

5 × 10 m3 (STP)

Evidence for the utilisation of H2 by methanogenic and sulfate-reducing bacteria has been
discussed by Rodwell (2000). This could substantially reduce the volume of gas produced (by a
factor of up to four). This may also occur in Opalinus Clay but has conservatively not been
considered in the present analysis.

2.9

Design options to mitigate gas production and enhance gas transport
and storage capacity

Calculations of production of gas compared to the maximum diffusive loss into the surrounding
rock discussed in Chapter 3 clearly illustrate that simple diffusion of dissolved gas is incapable
of preventing gas pressure build-up. Although, as will be shown, other gas transport processes
come into play, the potential for reducing gas production by the use of alternative metals or
alloys and the possibility of enhancing gas transport and storage capacity in tunnels at relatively
low gas pressures is worth considering.
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Alternative canister materials
Metals or alloys other than carbon steel have been considered for construction of SF or HLW
canisters. The use of copper as an external shell material for SF canisters is the reference
approach in Sweden and Finland (Werme 1998). Although copper canisters will corrode due to
the trapped O2 in the buffer, corrosion should cease once all of this O2 has been consumed
(except for corrosion by low concentrations of sulphide (Johnson & King 2003)). Under anoxic
conditions, H2 production is negligible. The low strength of copper means that an internal
structural member is required, which is cast iron in the case of the Swedish canister. Because the
canister has a design lifetime of 100 000 years, no gas production will occur until the canisters
are breached and corrosion of the iron insert starts.
The use of ceramic canister materials (e.g. alumina) would similarly be effective, although
residual questions about delayed cracking remain unresolved (Johnson et al. 1994). Another
alternative would involve the use of a thin shell (~ 1 cm) of highly corrosion-resistant material
such as Grade 16 titanium or Hastelloy surrounding a load-bearing insert. These alloys have
extremely low general corrosion rates (< 0.01 µm a-1). The cost of such materials is high (e.g.
the cost of a 1 cm shell of a Ni or Ti alloy would be 3 to 5 times the cost of a 3 cm shell of Cu).
It is also unclear if the adoption of such materials would provide the same canister lifetime
potential as does a copper shell. The use of intermediate cost stainless steels can be ruled out
because of the relatively high chloride content of Opalinus Clay pore water (Nagra 2002c),
which would favour pitting corrosion. The use of a bronze insert for a Cu canister would
eliminate gas production altogether in the case of SF canisters.
In the case of ILW canisters, the use of stainless steels with a low anaerobic corrosion rate
already ensures a low gas production rate from the canisters themselves. Gas production due to
corrosion and degradation of waste materials can be reduced to a minimum by ensuring low
levels of Al, Zn and cellulose in the waste.
Enhancing gas transport and accumulation in tunnels
The possibility of enhancing gas flow through or past the concrete plugs of ILW tunnels to keep
gas pressures low has been considered. This can be done by designing a plug with a low gas
entry pressure, to allow gas to escape slowly to the adjacent construction tunnel, which is
backfilled with a bentonite/sand mixture with a low gas entry pressure and can provide
additional gas storage volume. This is discussed further in Chapter 3. Such an approach does not
appear feasible for SF/HLW emplacement tunnels, as the gas entry pressures of the bentonite
backfill around the canisters themselves and of the bentonite seals at the ends of emplacement
tunnels are high.
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3

Gas transport characteristics of the engineered barrier
system and the geosphere

3.1

Relevant gas transport processes

A similar conceptual framework can be used to describe gas transport processes in both the
engineered barrier system (EBS) and the geosphere. In any case gas flow is controlled by the
material properties (intrinsic permeability, porosity, strength), the hydro-mechanical state of the
rock mass (porewater pressure, water saturation and rock stress) and by the gas pressure p at the
source. The material properties exhibit marked differences for the different EBS materials
(cementitious backfill of ILW emplacement tunnels, bentonite backfill of SF/HLW tunnels,
sand-bentonite mixtures of the backfilled construction and operations tunnels) and for the host
rock, respectively. Hence, significant differences in gas transport capacity are expected for the
different materials.
Phenomenologically, any gas release from the disposal system through the EBS and the
geosphere may be accommodated by the following mechanisms (see Fig. 3.1-1):
•

advective-diffusive transport of gas dissolved in the porewater

•

visco-capillary two-phase flow

•

dilatancy-controlled gas flow

•

gas transport in macroscopic tensile fractures

These gas transport mechanisms are strongly dependent on the geomechanical regime and may
influence the barrier function of the host rock, as discussed in detail in this Chapter.
σ3

Phenomenological description
Clay
aggregates
Quartz
Diffusion grain

Free gas
phase

Porewater

σ3

Dilatancy

σ1

Advection

Envelope of
damage zone

~1 µm

Advection & diffusion of
dissolved gas

Visco-capillary flow of gas and
water phase (”two-phase flow”)

Dilatancy controlled gas
flow (”pathway dilation”)

Tip of frac

σ1

Frac aperture

Gas transport in tensile
fractures (”hydro-/gasfrac”)

Transport mechanisms
Single phase
(liquid)

Single phase
(gas)

Visco-capillary two phase flow

Geomechanical regime
Plastic deformation (dilatancy)
Poro-elastic deformation

Distributed shear
failure

Localised tensile
failure

Dilatancy-controlled
permeability

Distinct fracture
transmissivity

Barrier function of host rock
Not affected

Fig. 3.1-1: Phenomenological description of gas transport processes in argillaceous rock,
along with the relationship of transport mechanisms to geomechanics and the
barrier function of the rock.
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Table 3.1-1 presents an overview of the transport mechanisms, pressure regimes and the
efficiency of the different mechanisms in the rock mass. The remainder of this section is
dedicated to a discussion of the individual transport mechanisms on a phenomenological basis
and, where appropriate, in terms of a conceptual modelling approach. Furthermore, the link
between gas migration and the deformation of the rock mass is illustrated.
Tab. 3.1-1: Overview of potential gas migration mechanisms in argillaceous rocks. The transport capacity of the various mechanisms is influenced by the gas pressure p, the
minimum principle stress σ3 and the various hydro-mechanical properties of the
formation (pae – gas entry pressure, Trock – tensile strength of the rock)
Gas migration mechanism

Gas pressure regime*

Remarks

Advective and diffusive
transport of dissolved gas

For any gas pressure p

Gas transport by advection (and diffusion)
is not very efficient in low permeability
media because of the low advective fluxes

Visco capillary two-phase
flow

pae < p < σ3

Gas transport efficiency is limited by the
high gas entry pressure of argillaceous
media

p ≈ σ3

The microfracturing process is controlled
by the gas production rate.

Dilatancy controlled gas flow
("pathway dilation")

High gas transport capacity due to
pressure-dependent gas permeability
Gas transport in macroscopic
tensile fractures
(gas frac/hydro frac)

p > σ3 + Trock

Creation and propagation of macroscopic
tensile fracs is initiated and controlled by
gas pressure.
Extremely high transport capacity due to
high frac transmissivity

* pressure ranges are indicative rather than precise delimitations of the regime

Transport of dissolved gas
Advective and diffusive transport of gas in porewater is a straightforward migration mechanism
which is characterised by three fundamental laws. The advective groundwater flow is governed
by Darcy's law. Fick's law represents the diffusion of dissolved gas due to concentration
gradients. Henry's law describes the solubility of gas in porewater (Helmig 1997):

χ wκ = pκ ⋅ K H

Mκ
Mw

with
χ wκ
pκ
KH
Mw
Mκ

- mass fraction/solubility, [-]
- partial pressure of the gaseous component (air), [Pa]
- Henry coefficient, [1/Pa]
- molecular weight of the liquid component (water), [kg mol-1]
- molecular weight of the gaseous component (air), [kg mol-1]

(3.1-1)
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Henry's coefficient depends on temperature T, e.g. (Helmig 1997, Henry's coefficient for an airwater system):

[

]

K H Pa −1 = (0.89 + 1.47 ⋅ e −0.044⋅T [°C ] ) × 10 −10

(3.1-2)

The temperature dependence is of some relevance for SF/HLW wastes (KH40°C=1.1×10-10 Pa-1;
KH80°C=9.2×10-11 Pa-1).
The transport of dissolved gas occurs even at low gas pressures; the pressure-dependent solubility of gas in porewater and the increased groundwater flux cause the specific flux of the dissolved gas to increase with an increase in the gas pressure. The main parameters affecting the
transport behavior of dissolved gas are the (gas) diffusion constant, the Henry's coefficient, the
accessible porosity and the hydraulic conductivity. The low hydraulic conductivity of argillaceous rock significantly restricts the efficiency of this transport mechanism.
Visco-capillary two-phase flow
In its conventional form, two-phase flow is described as the process whereby the pore volume
of a rock formation fills with gas by replacing porewater under the influence of visco-capillary
forces (e.g. Bear 1972). The rock mass behaves like a linear elastic medium. The controlling
factor for the two-phase flow characteristics of a porous medium is the gas entry pressure pae,
which represents the difference between gas pressure and water pressure needed to displace the
porewater from the initially fully saturated medium. For a capillary tube Young's equation gives
the relationship between the gas entry pressure (capillary threshold pressure) and the pore radius
of a capillary tube:

pae ≈

2 ⋅ σ aw
r

(3.1-3)

where:
pae
σaw
r

- gas entry pressure (capillary threshold pressure), [Pa]
- surface tension gas/water (ca. 0.073 N m-1 at 20 °C), [N m-1]
- radius, [m]

In porous media Young's equation is sometimes adopted to define an equivalent pore radius of
the medium by measuring the entry pressure with a non-wetting fluid (e.g. mercury).
Once the gas entry pressure has been exceeded, the gas mobility is controlled mostly by the
intrinsic permeability k of the formation, the permeability-saturation relationship (relative
permeability), and the relationship between the capillary pressure and the water saturation
(suction/water retention curve). The functional dependency between the pore space saturation
and the relative permeability or the capillary pressure are commonly described with parametric
models (e.g. Brooks-Corey model, van Genuchten model). Van Genuchten (1980) describes the
functional relationship between water saturation and capillary pressure as:

pc =

1

α

n
⋅ ( S ec 1− n

1
− 1) n

S − S wr
with S ec = w
1 − S wr

(3.1-4)

NAGRA NTB 04-06

32

and:
pc
1/α
Sw
Swr
n

- capillary pressure, [Pa]
- apparent gas entry pressure, [Pa]
- porewater saturation, [-]
- residual porewater saturation, [-]
- shape factor, [-]

It is a characteristic feature of the van Genuchten model that the capillary pressure decreases
continuously to zero when water saturation approaches full saturation (Sw=1). Hence, the porous
medium is not characterised by a sharp capillary threshold value. Minor desaturation processes,
however, may take place below the apparent gas entry pressure; the onset of gas mobility is
controlled by the residual gas saturation Sgr (cf. eq 3.1-5). Van Genuchten's formulation of the
capillary pressure relationship accounts for the experimental evidence of widespread poresize
distributions of geomaterials. For the Opalinus Clay the suitability of van Genuchten's
parametric model has been confirmed by laboratory and in-situ experiments (cf. Chapter 3.3)
In the context of Nagra's geosynthesis project (Nagra 2002a), relative gas/water permeabilities
of the Opalinus Clay are described by the approach of Mualem (1976):
1/ 2

k r,g = (1 - Se )

n

⋅ (1 - Se n -1 ) 2(1−1 / n)

n n −1
⎤
1/ 2 ⎡
k r, w = Se ⋅ ⎢1 - (1 - Se n -1 ) n ⎥
⎣
⎦

2

(3.1-5)

with

Se =

Sw - Swr
1 - Sgr - Swr

and:
kr,g
kr,w
Sgr

- relative gas permeability, [-]
- relative water permeability, [-]
- residual gas saturation, [-]

A distinct hysteresis is often seen in the capillary pressure relationship, when a porous medium
is saturated or desaturated, respectively. The porosity of the medium cannot be saturated
completely during the saturation process (residual gas saturation Sgr). On the other hand,
assuming an initially fully saturated medium, a critical gas saturation has to be exceeded before
gas starts to form a continuous phase with a gas permeability > 0. Experimental studies by Dury
et al. (1999) showed that the critical gas saturation ("emergence point") can be higher than the
residual gas saturation. In the context of the present study, due to the limited experimental data
base, no distinction is made between residual and critical gas saturation.
For the release of repository generated gases through the EBS and the geosphere, porewater
displacement by the gas phase is the relevant process. For this reason, most of the experiments
aimed at determining two-phase flow parameters are conducted as gas imbibition experiments
and possible hysteresis effects are not considered.
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Dilatancy controlled gas flow ("pathway dilation")
The tensile strength of argillaceous media is relatively low. Therefore, it is most likely that
neither bentonite nor the host rock will withstand long-term gas pressures with a level higher
than the minimum principal stress σ3. Based on the expected micro-scale variability of the rock
strength it even seems plausible that (micro-)fractures will form in the Opalinus Clay before the
macroscopic tensile strength of the formation is exceeded ("pathway dilation"; terminology after
Horseman et al. 1996). This process causes an increase of the pore space (dilatancy), and a
detectable increase in intrinsic permeability. While the regime of the conventional two-phase
flow sees the intrinsic permeability quasi independent of the absolute gas pressure, for dilatancy
controlled gas flow the permeability is observed to increase with an increase in gas pressure.
Senger et al. (2002) applied a simple formulation to describe the onset of a pressure-dependent
permeability when the threshold pressure for dilatant (gas) flow is exceeded:

k
⎧
k act = ⎨
⎩k ⋅ f ( p − p d )

when
when

p ≤ pd
p > pd

(3.1-6)

where:
k
kact
p
pd
f(∆p)

- intrinsic permeability, [m2]
- pressure dependent permeability, [m2]
- actual gas pressure, [Pa]
- threshold pressure for dilatant gas flow, [Pa]
- dimensionless permeability multiplier, [-]

The empirical permeability multiplier, which has to be determined by experiments, is a
monotonously increasing function f(∆p) > 1 for ∆p > 0.
The physical reason of the smooth transition between conventional two-phase flow and
dilatancy controlled gas flow is based on the fact that the gas transport processes are still
controlled by visco-capillary forces. Obviously, the creation of new pore space involves the
rearrangement of porewater along the gas path, i.e. the gas pressure in the gas-filled pore space
changes the porewater pressure by porewater displacement (classical two-phase flow) and by
changing the state of rock deformation (dilatancy). In the terminology of multiphase flow
theory, this process is called phase interference between the wetting fluid (porewater) and the
non-wetting fluid (gas), where the rock matrix represents the solid phase. The main difference
with respect to conventional two-phase flow is that the transport properties of the solid phase
(rock permeability, relative permeability, capillary pressure relationship) are no more seen as
invariants but depend on the state of deformation of the rock.
A similar conceptual framework was used by Nash et al. (1998) to determine the pressure
dependent permeability of a tubular gas path. In both approaches the threshold pressure for
dilatant flow pd depends not only on the hydraulic and geomechanical properties of the porous
material, but also on the in-situ conditions in the rock formation (porewater pressure, in-situ
stress). As will be shown in the subsequent sections, the phenomenon of pathway dilation
occurs when the gas pressure is allowed to increase slowly: the additional pore volume – which
is the result of dilation – maintains a balance with the volumetric gas production rate so that a
quasi-stationary gas flow may evolve along the newly developed gas flow path.
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Gas transport in macroscopic tensile fractures (gasfracs/hydrofracs)
As a rule of thumb, a macroscopic tensile fracture develops when the gas pressure is larger than
the sum of the minimum principal stress σ3 and the tensile strength Trock of the rock (see Table
3.1-1). This critical gas pressure is known as the frac-pressure (e.g. Daneshy 2002). A
macroscopic frac develops only when the gas pressure build-up is rapid, i.e. when the formation
of (microscopic) fractures (i.e. dilatancy) no longer counterbalances the gas production rate. The
macroscopic frac is initiated quasi-instantaneously and propagates at about the velocity of a
shear wave. The propagation comes to a halt when the gas pressure in the macroscopic fracture
becomes less than the value of the minimum principal stress (shut-in pressure). When the gas
pressure is increased once more, the re-frac pressure is reached when the previously created
fracture is re-opened. The value of the re-frac pressure is intermediate between shut-in pressure
and frac pressure. The conceptual, theoretical and experimental framework for fracture
propagation is well documented in standard hydrocarbon exploration literature (e.g. Valko &
Economides 1997).
In the field of hydrocarbon exploration hydrofracs are designed to enhance hydrocarbon production (e.g. Daneshy 2002). Successful hydrofracs are characterised by a fracture transmissivity,
which increases the bulk permeability of the treated rock by many orders of magnitude. Gas
flow in such a macroscopic tensile fracture can be seen as a single-phase (gas) flow process.
Gas related deformation behaviour of the host rock formation (continuum deformation)
The well-established critical state theory (Wood 1990) forms the foundation for conceptualisation of rock deformation due to gas transport processes. Coupling of hydraulic and mechanical
quantities is expressed by the concept of effective stress. Assuming a fully saturated porous
medium at a given porewater pressure that is subjected to mechanical stress, the mean effective
stress is defined as:
σm ' =

σ1 + σ 2 + σ 3
σ '+ σ '+ σ '
− pw = 1 2 3
3
3

σi
σi'
σm'
pw

-

(3.1-7)

principle stress components, [Pa]
principle components of effective stress (σi - pw), [Pa]
mean effective stress, [Pa]
porewater pressure, [Pa]

The geomechanical behaviour of an unsaturated medium requires an extension of the above
described effective stress concept by introducing a term, which accounts for the capillary
pressure (e.g. Azizi 2000). For a geomaterial with a high degree of saturation (i.e. Sw > 0.85),
however, the impact of the capillary pressure decreases and, for the sake of simplicity, may be
neglected in the following discussions. Further references with respect to the geomechanical
behaviour of unsaturated media are found in Azizi (2000).
The Opalinus Clay formation at Benken is an indurated, slightly overconsolidated claystone.
When the rock is exposed to changing stress conditions in an elastic deformation regime, a
logarithmic relationship holds for the inter-dependence between void ratio and mean effective
stress (Figure 3.1-2a):
e = eκ 0 − κ ⋅ ln

σ m'
σ 0'

(3.1-8)
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- void ratio, [-]
- negative slope of the rebound-reconsolidation line (RRL), [-]
- Intercept of the void ratio at effective mean stress σ' = σ0', [-]

where porosity can be calculated from the void ratio, using:
n=

e
1+ e

n

(3.1-9)

- porosity, [-]
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Fig. 3.1-2: Geomechanical characteristics of argillites: (a) normal consolidation and rebound/
reconsolidation behaviour and (b) elasto-plastic material law, defined by the yield
envelope (state boundaries: tensile failure, shear failure and compaction)
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On the other hand, shear stresses are required to create plastic deformation:

[(σ
τ=
τ

1 −σ 2

) 2 + (σ 2 − σ 3 ) 2 + (σ 3 − σ 1 ) 2 ]
3

0.5

(3.1-10)

- octahedral shear stress, [Pa]

For a body of rock subjected to shear stresses, the transition from elastic to plastic behaviour is
defined in the σm'-τ plane (resp. σ-τ plane) by so-called yield envelope consisting of different
state boundaries (Fig. 3.1-2b; tensile failure, shear failure, pore collapse/compaction). As long
as the state of stress is below the yield envelope, the rock deforms elastically and, according to
the rebound/reconsolidation line (eq. 3.1-8 & 3.1-9), the porosity is determined by the mean
effective stress component. However, when the shear stress reaches one of the state boundaries,
the rock sample may dilate (tensile failure or shear failure at low effective stress) or compact
(pore collapse at elevated effective stress).
Classical visco-capillary two-phase flow can be assigned to the regime of elastic deformation.
The conditions for two-phase flow in the vicinity of the emplacement tunnels are twofold: gas
pressure in the tunnels has to exceed the gas entry pressure of the host rock. On the other hand,
shear stress in the immediate vicinity of the tunnels may reach neither the shear- nor the tensile
failure criterion. If one of these state boundaries is reached during pressure build-up, plastic
deformation of the host rock is expected – microfractures ("pathway dilation") or even macroscopic tensile fractures are generated (gas fracs/hydrofracs). The actual fracture pattern, in
particular with respect to the degree of fracture localisation, is determined by the stress path and
by the rheological properties of the rock.
The stress path is essentially determined by the pressure build-up in the emplacement tunnels.
Figure 3.1-3 shows this process schematically in the σ'-τ plane for the special case of standard
triaxial test conditions, where σ'2 = σ'3. Before pressure build-up starts, stress conditions in the
undisturbed host rock are characterised by the maximum and minimum principal stress σ1 and
σ3, respectively. The stress magnitudes in the σ'-τ plane can be represented by the Mohr-circle
(dashed green line) with the midpoint located on the mean stress axis at σ' = ½ (σ'1 + σ'3) and
the radius is ½ (σ'1 – σ'3). When gas pressure increases in the tunnels, porewater will be displaced, leading to increase of the porewater pressure in the surrounding host rock. Consequently,
the effective stress in the host rock will decrease (shift of the Mohr-circle to the left) and rock
failure is to be expected, when the Mohr-circle hits one of the state boundaries (tensile failure,
shear failure). Two cases are considered:
•

gas pressure build-up is slow

•

gas pressure build-up is rapid

When the gas pressure build-up is slow, the rock expands along the rebound/reconsolidation
line according to eq. 3.1-8 (cf. Fig. 3.1-2a) and the water content increases as the porosity
increases. Tensile strength and cohesion of the rock decrease with increasing water content (cf.
Nagra 2002a; Couples 1999), which is reflected in Figure 3.1-3 by a shift of the state boundaries
(tensile failure boundary moves to the right, shear failure boundary moves downwards, red
line). Consequently, the rock is expected to fail in a shear failure mode at low gas overpressures
or – in other words – at elevated effective stress (Mohr-circle, red line). Assuming that the
principal stress components do not change with time, the loci of plastification are essentially
determined by the shape of the porewater pressure perturbation. Hence, the plastic zone (zone of
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microscopic rock failure) propagates through the rock, preceded by the front of porewater
overpressure.

Shear stress

Rapid stress change
Shear failure

Slow stress change

Tensile
failure

s 3’

s 1’
Effective normal stress

Dp gas pressure buildup

Fig. 3.1-3: Geomechanical response of rock when subjected to gas overpressures. The state
boundaries correspond to an elasto-plastic material law (Figure 3.1-2b).
When the gas pressure build-up is rapid, the rock cannot expand and the rock strength remains
high. The rock can sustain high gas pressures (Figure 3.1-3, blue line). Eventually, when the
frac pressure is reached, a macroscopic tensile frac is initiated quasi – instantaneously (Mohr
circle, blue line) and propagates at about the velocity of a shear wave (hydraulic fracturing, gas
fracturing).
Montgomery & Ramos (2001) use a similar conceptual framework to explain their difficulty in
creating macroscopic tensile fractures in soft rock formations. Enhancement of rock
permeability by hydrofracturing techniques is less efficient than in hardrock formations, because
such formations tend to exhibit shear failure.
Gas-related deformation of geological deformation structures (discrete structures)
Geological deformation structures may be (re-)activated if their mechanical properties, e.g.
tensile strength, cohesion, friction angle, are lowered with respect to the intact Opalinus Clay.
Gas-induced fractures may form along these discontinuities. Figure 3.1-4 shows a conceptual
drawing of a rock joint subjected to a normal stress σn and porewater pressure ppw. The joint is
characterised by the geometric aperture ap and the normal joint stiffness Kn. Bandis et al. (1983)
developed for hardrock a simple relationship between the aperture of the joint and the normal
effective stress:
ah = aho ⋅ (1 −

σn'
)
aho ⋅ K no + σ n '

(3.1-11)
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where:
Kno
aho
σn'

- normal joint stiffness for σn'=0 [Pa m-1]
- joint aperture for σn'=0 [m]
- effective normal stress (σn – ppw) ≥ 0, [Pa]

Equation (3.1-11) indicates that the joint has an aperture aho when it is completely unloaded, i.e.
effective normal stress is zero. The joint will close with increasing normal effective stress.
The cubic law (De Marsily 1986), provides a relationship between joint aperture and joint
transmissivity:

Tr =

ρ w ⋅ g ⋅ ah3
12 ⋅ µ w

(3.1-12)

where:
Tr
ρw
g
µw

-

joint transmissivity [m2 s-1]
density of porewater [g m-3]
gravitational acceleration [m s-2]
dynamic viscosity of porewater [Pa⋅s]

sn’

Normal stress on
fracture plane

ah

Fig. 3.1-4: Dependency between fracture aperture and normal effective stress after Bandis et
al. (1983). The fracture will close when the effective stress increases.

The Bandis model and cubic law (eq 3.1-12) have been developed for hardrock and, therefore,
the applicability to fractured argillites may be limited. In particular, it is expected that selfsealing processes along the discontinuity planes may further reduce the joint transmissivity.
Nevertheless, the two laws provide a simple conceptual framework for the (re-)activation of
geological deformation structures when subjected to elevated porewater pressures or gas
pressures, respectively. Confirmation of the general applicability has been gained by focussed
experiments conducted at Mont Terri (Enachescu et al. 2002; cf. Chapter 3.3).
Due to the relatively low bulk modulus of the intact Opalinus Clay (cf. Nagra 2002a) it is
expected that the joint stiffness of fractured Opalinus Clay is also quite low. Hence, according
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to eq 3.1-11 the effective normal stress needed to close a joint is low as well. The above
referenced experiments at Mont Terri indicated that pre-existing fractures are tight, when the
normal effective stress on the fracture exceeds a value of about 1 – 2 MPa. It can be concluded
that the threshold pressure which is needed to (re-)activate a geological deformation structure is
about the same as the value of the minimum stress component.
Given that the minimum stress component is oriented normal to the deformation structure, the
gas pressure needed for activation of gas flow along the discontinuity is assumed to be 1 MPa
below minimum stress. On the other hand, if the deformation structure is not oriented
perpendicular to the minimum stress direction, a gas-induced activation of the discontinuity is
unlikely.
Propagation of gas-induced fracture patterns
Independent of the fracture mechanism, the fracture orientation and propagation are controlled
primarily by the in-situ stress conditions and the geomechanical/structural properties of the
formation. The following factors are particularly noteworthy:
• In an anisotropic stress field, fracture propagation occurs perpendicular to the direction of
minimum principal stress or – in general terms – along the steepest stress gradient.
• Under anisotropic mechanical formation conditions, fracture propagation occurs perpendicular to the direction of minimum tensile strength. One may assume, therefore, that
fractures develop preferentially along the bedding.
• Geological deformation structures may represent a preferential gas path, if normal effective
stress on the stuctures is low (< 1 MPa). As described in the previous section, a gas-induced
activation of geological deformation structures may be expected only, if they are oriented
normal to the minimum stress direction. Two different orientations may be relevant for the
stress conditions in the Zürcher Weinland at repository level: subhorizontal features or
subvertical features with strike parallel to the axis of the emplacement tunnels.

3.2

Gas-relevant properties of the EBS

At the end of the operational and monitoring phase, all access, operations and emplacement
tunnels of the repository will have been backfilled and sealed (see Section 2.3). At various
locations, seals will be placed to prevent preferential porewater flow along the backfilled
tunnels (Fig. 2.3-7). The following types of backfill and sealing materials will be used:
•

bentonite (SF/HLW emplacement tunnel backfill)

•

highly compacted bentonite (tunnel and shaft seals)

•

sand/bentonite mixtures (operations and access tunnel backfill)

•

cementitious mortar (ILW emplacement tunnel backfill)

•

concrete (ILW emplacement tunnel liner and plugs)

Specific materials and densities have been assumed in the case of bentonite and sand/bentonite
mixtures; nonetheless, there remains considerable flexibility to optimise the performance of
bentonite-based backfills and seals. In the case of cementitious materials, specific mix designs
have not been selected, but some assumptions have been made regarding certain properties
relevant to gas transport and storage based on a large experimental programme (Jacobs et al.
1994a&b, Mayer et al. 1998). In the context of gas release from the repository, waste
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emplacement tunnel backfills conduct free gas and dissolved gas from the waste containers to
the rock. In the specific case of cementitious backfills for ILW emplacement tunnels, a further
function is to provide some storage capacity for gas. Access tunnel backfills may also provide
storage capacity for free gas. Therefore, gas accessible porosity, gas permeability and hydraulic
conductivity are the most relevant gas-related properties of the backfill materials.
Bentonite
Various different types of bentonite backfill materials have been extensively characterised in
many laboratories worldwide (e.g. Börgesson et al. 1996, Galicia 2002, Swift et al. 2001, Tanai
et al. 1997). Depending on densities and the specific bentonite sources in question, the hydraulic
conductivity of saturated and compacted bentonite is 10-12 to 10-14 m s-1 and the porosity is 0.36
– 0.45. As noted in Section 3.1, diffusion of dissolved gas has a very limited transport capacity
in fully saturated bentonite. Although the porosity is quite high, most of this is associated with
water films bound to the mineral surfaces. The interpretation of experimental data on gas
migration in terms of possible transport mechanisms, which is the focus of work within the
GAMBIT project (Swift et al. 2001), is presently unresolved, although there seems to be general
agreement that conventional two-phase flow is not appropriate to describe gas migration
(Amaya & Horseman 2000, Rodwell 2003). The study of Horseman et al. (1999) suggests that
gas moves through a network of discrete pathways that are formed when pressures exceed the
swelling pressure, although by how much the swelling pressure must be exceeded is not clear
(Nash et al. 1998, Rodwell 2003). Other groups have argued that gas migration may involve
displacement of water and/or gels from pre-existing capillary-like pathways (Graham et al.
2002, Pusch & Hökmark 1990), which is analogous to a conventional porous medium flow
model. In spite of uncertainties about the mechanisms, it is apparent that gas pathways (whether
discrete or capillaries) can transmit gas through bentonite at rates comparable to rates of gas
production from corrosion of steel canisters (Horseman et al. 1999, Gallé 2000). Furthermore,
several lines of evidence indicate that the gas storage capacity is a very small fraction of the
total porosity (Rodwell 2003).
In the case of SF/HLW emplacement tunnels, the reference MX-80 bentonite system of blocks
(supporting the canister) and high density granules would give a dry density on emplacement of
1.5 Mg m-3. It is assumed that the confining stress and the bentonite swelling pressure would
eventually reach an equilibrium value of ~ 15 MPa, associated with a tunnel convergence from a
radius of 1.25 m to 1.15 m (Nagra 2002a). This implies a saturated density of ~ 2.15 Mg m-3, a
hydraulic conductivity of < 10-13 m s-1 and a porosity of 0.36.
Sand-bentonite mixtures
Comprehensive data bases have been established for sand-bentonite mixtures, for mixing ratios
ranging from 10 % bentonite/90 % sand up to 70 % bentonite/30 % sand (e.g. Tashiro et al.
1998). Depending on the mixing ratio and the emplacement density, hydraulic conductivity may
vary between 10-10 and 10-14 m s-1 and porosity is typically in the range 0.3 to 0.4.
In the case of mixtures with low bentonite/sand ratio such as the 30 % bentonite/70 % sand
backfill in access tunnels, low gas entry pressures are expected (1 – 2 MPa), two-phase flow is
expected to occur and significant gas storage capacity is expected in the pore space (Tashiro et
al. 1998).
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Concrete
Various types of cementitious materials are used in the repository, including shotcrete tunnel
liner (ILW emplacement tunnels and access tunnels), mortar used for infilling and backfilling
around ILW emplacement containers (Figs. 2.3-5 and 2.3-6) and concrete for ILW tunnel plugs.
These materials can be tailored to give a wide range of porosities, compressive strengths and
hydraulic and gas permeabilities. Typically, hydraulic permeabilities range from 10-10 to
10-13 m⋅s-1 and porosities range from 0.2 to 0.3. Special high permeability/high porosity mortars
have been developed and tested by Jakobs et al. (1994a,b) and Mayer et al. (1998). These have
porosities as high as 50 %. Pore sizes are sufficiently large in most cementitious materials that
two-phase flow will occur.
In the Opalinus Clay study, the cementitious materials present are assumed to have an average
porosity of 0.25 and two-phase flow is assumed to occur.

3.3

Gas-relevant properties of the geosphere

As will be explained in greater detail in Chapter 4, gas transport in the geosphere may take place
along the following paths:
•

the undisturbed host rock formation

•

the excavation-disturbed zone (EDZ) around the tunnels

•

steeply dipping faults (host rock)

•

the confining units (Wedelsandstein)

•

the regional aquifer at the site (Malm)

In the context of the geosynthesis project (Nagra 2002a), experimental investigations were
focussed on the host rock formation. The confining units and the aquifer systems, however,
were not subjected to any gas-related studies – for those gas paths, relevant gas transport
properties have to be derived from other evidence (e.g. regional hydrogeology, gas-related desk
studies in the field of hydrocarbon exploration, natural gas storage). The key references for the
site specific database are Horseman & Harrington (2002), Marschall et al. (2003), Senger (2002)
and Senger et al. (2002). A summary of key results is given below.
Undisturbed host rock formation
In the investigation borehole at Benken a total of 4 successful packer tests were conducted in the
host rock formation. One of the tests was followed by a gas threshold pressure test (Marschall et
al. 2002, Senger et al. 2002). Complementary laboratory studies with two core specimen were
carried out, consisting of gas- and water permeability measurements in an isostatic cell
(Horseman & Harrington 2002). In-situ packer tests and laboratory experiments provided
consistent estimates of hydraulic conductivity in the range 6 × 10-15 – 6 × 10-14 m s-1. The
laboratory experiments indicate that K-anisotropy (Kh/Kz) may range between 1 and 10. Taking
into account further packer test results from the region (Klemenz et al. 2000), the suggested
representative K-values of the Opalinus Clay formation at Benken are Kz = 2 × 10-14 m s-1 and
Kh = 1 × 10-13 m s-1, respectively (Marschall et al. 2002).

NAGRA NTB 04-06

42

The appropriate parameter for the description of gas transport processes is the intrinsic
permeability rather than hydraulic conductivity (e.g. de Marsily 1986):

[ ]

k m2 =

ηw
⋅ K ≈ 1×10−7 ⋅ K [m / s]
ρw ⋅ g

ηw
ρw
g

- dynamic viscosity of water, [Pa⋅s]
- density of water, [kg m-3]
- gravitational acceleration, [m s-2]

(3.3-1)

Figure 3.3-1 compares the ranges of porosities and intrinsic permeabilities of the Opalinus Clay
formation with some other rock formations worldwide. As a slightly overconsolidated claystone
formation, the Opalinus Clay is characterised not only by its low permeability, but also by a low
porosity ranging between 0.07 and 0.13 (mean value: 0.12).
The estimated range of specific storage is between 1 × 10-6 and 2 × 10-5 m-1. The κ-value
(negative slope of the rebound/reconsolidation line; cf. Eq. 3.1-8) was determined for an
Opalinus Clay sample from the borehole Benken as 0.0075.
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Fig. 3.3-1: Relationship between porosity and intrinsic permeability for a wide variety of
argillaceous media (after Neuzil 1995). The Opalinus Clay formation, as a slightly
overconsolidated claystone is characterised by a low permeability and a low
porosity
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In-situ gas threshold pressure tests (2 experiments) and gas permeability tests with core
specimen (4 experiments) were conducted at the Mont Terri rock laboratory (Marschall et al.
2003). Those experimental results combined with the data from Benken indicate that the
Opalinus Clay exhibits a correlation between intrinsic permeability and gas entry pressure. For
many rock formations similar correlations were found and empirical relationships between
intrinsic permeability and gas entry pressure have been developed. Davies (1991) proposed the
following power law:

pae[ MPa] = 5.6 ⋅ 10 −7 ⋅ ( k [m2 ])−0.346

(3.3-2)

Figure 3.3-2 shows data compilations from Horseman (2000) and Davies (1991) – the results
from Mont Terri and Benken are added. The gas entry pressures from Benken fit reasonably
well to the Davies relationship, whereas the Opalinus Clay at Mont Terri is characterised by
entry pressures which are significantly below the Davies relationship. This deviation may be
explained by the superposition of another process: the much lower effective stress at Mont Terri
due the low overburden, which gives rise to pathway dilation even for low gas pressure
(transition from classical two-phase flow to pathway dilation at low effective stress).

Gas entry pressure [MPa]
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Horseman (2000)
Davies (1991)
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Benken

?
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Fig. 3.3-2: Relationship between gas entry pressure and intrinsic permeability for various low
permeability rock formations (claystones, shales, sandstones). The results from
Benken and Mont Terri have been added to the original data compilations of
Davies (1991) and Horseman (2000)
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Various laboratory studies with core samples from Benken and Mont Terri were conducted to
determine the pore size distribution of the Opalinus Clay (mercury porosimetry, nitrogen
adsorption/desorption, see Gimmi 2003). For the Opalinus Clay at Benken the pore size distribution can be classified as follows (Nagra 2002a): 20 % of the porosity consists of micropores
(< 1 nm), 50 – 60 % of mesopores (1 nm – 25 nm) and 20 – 30 % of macropores (> 25 nm).
According to Young's equation (eq. 3.1-3) the gas entry pressure of a capillary tube with pore
size of 25 nm is in the order 6 MPa. Consequently, it is not very likely that mesopores and
micropores will make a major contribution to gas transport. The gas accessible porosity of
Opalinus Clay is estimated to be ngas < 0.024, which corresponds to a fraction of 20 % of the
total porosity (volume fraction of macropores). Experimental evidence from gas permeability
tests with core material from Benken (Horseman & Harrington 2002) suggests that at least 5 %
of the pore voume was desaturated in the course of the gas tests (corresponding to ngas ≈ 0.006).
Capillary-pressure – water saturation relationships were derived from those poresize distributions using Young's equation (Eq. 3.1-3). Furthermore, direct determinations of the capillary
pressure relationship were carried out for rock samples from the Mont Terri rock laboratory
(Gens 2000). Figure 3.3-3 shows a compilation of different data sets. The capillary pressure
curves clearly confirm the appropriateness of the van Genuchten parametric model to describe
the two-phase flow behaviour of Opalinus Clay. A hysteresis is seen between the adsoption and
the desorption path. The desorption path, which is the relevant path for gas transport processes,
is characterised by high capillary pressures even at Sw → 1. Capillary pressures in the range
1 − 10 MPa indicate, that high gas pressures are needed to initiate water displacement. At a
capillary pressure of 10 MPa water saturation is still high (Sw typically > 90 %). Mercury
intrusion experiments suggest the existence of a limited fraction of macroporosity, which may
determine the critical gas saturation of the bulk rock. Furthermore, the nitrogen adsorption curve
suggests a residual gas saturation up to 0.1.
Drawing on the above-mentioned experimental results and complementing them by numerical
two-phase flow analyses of in-situ gas threshold pressure tests, the following two-phase flow
parameters have been suggested as representative for Opalinus Clay (Senger 2002, Nagra
2002a):
Parameter model:
Intrinsic permeability:
Apparent gas entry pressure:
Residual water saturation:
Residual gas saturation:
Shape factor

van-Genuchten/Mualem
0.2 − 1 × 10-20 m2 (vertical/horizontal permeability as bounding
values)
5 − 21 MPa; derived from k, according to Davies' equation
0 ≤ Swr ≤ 0.5
0 ≤ Sgr ≤ 0.05
1.5 ≤ n ≤ 2

When gas transport takes place in a dilatant geomechanical regime, the hydraulic and
geomechanical state conditions around the emplacement tunnels have to be considered. Given
the reference repository depth of 650 m the following assumptions are made:
•

after repository closure, the porewater pressure will recover slowly to hydrostatic or slightly
overpressurised conditions (6.5 − 7.5 MPa).

•

the mean stress is about 17.9 MPa (Nagra 2002a). This leads to a mean effective stress in
the range 10.4 − 11.4 MPa. For the further gas-related calculations, the value of 11.4 MPa
will be used.

•

the magnitude of the minimum principal stress is about 15 MPa.

45

NAGRA NTB 04-06

At Mont Terri various experiments were conducted to investigate the regime of dilatant gas
flow (Marschall et al. 2003). The experiments indicated an onset of dilatancy at gas pressures
which were 2 − 3 MPa below the shut-in pressure, measured during the subsequent hydro-frac
experiment (rough estimate for minimum stress). In the course of the gas threshold pressure test
in the investigation borehole at Benken, evidence for pathway dilation was seen at gas pressures
that were 3 − 4 MPa below the minimum principal stress (Senger et al. 2002). Hence, for the
reference depth of 650 m, a threshold pressure for dilatancy-controlled gas flow in the order of
13 − 15 MPa is believed to represent a defensible value.
The laboratory and field studies at Mont Terri, even those experiments that indicated dilatancycontrolled gas transport, did not exhibit any evidence for permanent changes of intrinsic rock
permeability after gas imbibition (Marschall et al. 2003, Chapter 3.5).
Table 3.3-1 summarises the key parameters characterising gas transport in the undisturbed host
rock.

Capillary pressure [MPa]
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Fig. 3.3-3: Capillary pressure – water saturation curves for Opalinus Clay samples from
Benken and Mont Terri. Various methods were applied: nitrogen adsorption/
desorption tests, mercury porosimetry (Gimmi 2003) and controlled suction tests
(Gens 2000)
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Tab. 3.3-1: Relevant rock-specific parameters for the characterisation of gas transport processes
Parameter

Range

Remarks

Gas transport through the undisturbed host rock formation
Mean effective stress
at repository level
[MPa]

10.4 − 11.4*

Mean octahedral* stress: 17.9 MPa; pore pressure at
hydrostatic conditions: 6.5 MPa. Porewater overpressures
of up to 1 MPa cannot be excluded (see below).

porewater pressure at
repository level
[MPa]

6.5* − 7.5

After resaturation of the repository, recovery to
hydrostatic conditions is expected (6.5 MPa). However, if
the overpressure zone has not completely dissipated,
porewater overpressures of up to 1 MPa cannot be
excluded.

2 × 10-21

Intrinsic permeability has been derived from hydraulic
conductivity of the Opalinus Clay at Benken (packer tests
and permeameter tests). K values were typically in the
range 6 × 10-15 – 6 × 10-14 m s-1.

intrinsic permeability k
[m2]

-20

− 1 × 10 *

Notably, in low-permeability media the determination of
the intrinsic permeability by hydraulic tests (water is a
wetting fluid) leads generally to lower values than gas
testing (gas is a non-wetting fluid), e.g. Bear (1972)
gas permeability
kg = k × kg, rel
[m2]

1 × 10-21*
− 1 × 10

-24

In the conceptual framework of two-phase flow, gas
permeability depends on the degree of saturation of the
porous medium. We assume that the relative permeabilitywater saturation relationship can be described by the van
Genuchten/Mualem model. Further assumptions are:
- gas induced overpressures are in the order of 7.5 MPa
- lower limit for kg: k = 1 × 10-20 m2 and ngas= 0.024
- upper limit for kg: k = 2 × 10-21 m2 und ngas= 0.006

Specific storage
coefficient Ss
[m-1]
Negative slope of the
rebound/
reconsolidation line κ
[-]
Visco-capillary gas
entry pressure (Two
phase flow)
[MPa]

1 × 10-6
-5

– 2 × 10 *

Determined from permeameter tests and packer tests
(Benken and Mont Terri)

0.0075
(no range)

Derived from a long term permeameter test (Horseman &
Harrington 2002)

5* − 21

Derived from Davies' empirical relationships between
intrinsic permeability and gas entry pressure.
According to van Genuchten's formulation of the capillary
pressure/water saturation relationship, a limited fraction of
gas can imbibe the rock even when the gas entry pressure
has not been reached.
k = 1 × 10-20 m2 (equivalent to Kh) ⇒ pae= 5 MPa
k = 2 × 10-21 m2 (equivalent to Kv) ⇒ pae= 21 MPa

*

1/3 (σ1 + σ2 + σ3 ) with σi = norml principal stress
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Tab. 3.3-1: (Cont.)
Parameter

Range

Remarks

Gas transport through the undisturbed host rock formation
Gas accessible porosity
of the host rock ngas
(visco-capillary twophase flow)
[-]

0.006 − 0.024* A fraction of 20 % of the total porosity consists of
macropores (equivalent porosity ngas = 0.024). If the
macropores are not fully connected to each other, the gas
accessible porosity may be lower (assumption: connected
macroporosity represents 5 % of the total porosity).

Threshold pressure for
dilatancy- controlled gas
transport at repository
level (pathway dilation)
[MPa]

13* − 15

It is assumed, that the threshold pressure for dilatant flow is
slightly below the minimum principal stress magnitude.
Quasistationary gas propagation is expected (pathway
dilation), preferentially along the bedding.

Permanent changes of
intrinsic permeability
due to pathway dilation
– dimensionless
permability multiplier
[-]

permeability
multiplier

Permanent changes of intrinsic rock permeability after gas
imbibition have not been observed. The upper limit for the
permeability multiplier addresses the inherent uncertainties
in process understanding (in-situ stress rock stress,
efficiency of self-sealing)

1* − 10

* Reference values/geodata set "safety"

Preferential gas paths in the host rock formation (EDZ and steeply dipping
discontinuities)
No experiments have been conducted to determine gas-relevant parameters for potential gas
paths in the EDZ and for gas transport along discontinuities. Nevertheless, within certain
limitations, the empirical relationships derived for the undisturbed host rock formation can be
used to assign sensible parameters for the EDZ and the discontinuities. A summary of the
parameters is given in Table 3.3-2. More detailed explanations are given below.
Assessment of gas transport along discontinuities requires the estimation of the gas pressure
which is needed for the activation of gas flow along the fracture plane (threshold pressure for
dilatant flow). As discussed in Chapter 3.1, discontinuities (sub-)normal to minimum stress will
be activated most easily (subhorizontal features or sub-vertical features with strike parallel to
the axis of the emplacement tunnels). It is assumed that pathway dilation along such discontinuities could take place at gas pressures close to the minimum stress magnitude (14 − 15 MPa).
Firm data characterising gas transport characteristics of activated discontinuities are not yet
available (ongoing analyses of the GS experiment at Mont Terri).
Conceptually, the EDZ is described as a composite structure consisting of two concentric shells
(EDZ-i, EDZ-o) the radius of which depends on the local tunnel radius and the orientation of the
tunnel axis to the principal horizontal stress direction (Nagra 2002a). The two sections are
characterised by different intrinsic permeabilities. After completion of the repository resaturation process, the estimated permeability of the inner section is 5 × 10-19 m2 and is thus 50 times
higher than the component of the permeability of the intact host rock parallel to bedding. The
k value of the outer section is estimated to be 1 × 10-19 m2. Given the validity of the Daviesrelationship, the corresponding gas entry pressures are 2 and 3 MPa, respectively. Alternatively,
the EDZ may converge completely and the intrinsic permeability is indistinguishable from the
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undisturbed rock (k = 1 × 10-20 m2). In this case, the entry pressure would be the same as for the
undisturbed rock.
After complete repository resaturation, the porosity of the EDZ is assumed to be higher than the
porosity of the undisturbed host rock. However, convincing experimental evidence for the postclosure evolution of the EDZ is not yet available (the EU-cofunded SELFRAC experiment at
Mont Terri is on-going). For the sake of conservatism, the gas accessible porosity is assumed to
be the same as for the undisturbed rock.
At elevated gas pressures, dilatancy-controlled gas flow may take place in the EDZ around the
seal sections. Due to the swelling pressure of the bentonite seals, it is expected that the local
stress magnitude around the seal sections is close to the minimum stress in the site. Hence, the
threshold pressure for dilatancy-controlled gas flow along seal sections is expected to be in the
range of 14 − 15 MPa.

Tab. 3.3-2: Relevant rock-specific parameters for the characterisation of gas transport processes in the EDZ and along steeply dipping discontinuities
Parameter

Range

Remarks

Gas transport along steeply dipping discontinuities (host rock)
Gas pressure needed for
activation of dilatant gas
flow along steeply
dipping discontinuities
(repository level) [MPa]

14* − 15

Pathway dilation along a discontinuity may be initiated, if
gas pressure approaches the normal stress on the fracture
plane. At repository level, minimum stress is represented
by the minor horizontal stress component with a
magnitude of 15 MPa

Gas transport along the excavation disturbed zone (EDZ)
Visco-capillary gas entry
pressure of the inner EDZ
[MPa]

2* − 5

Visco-capillary gas
threshold pressure of the
outer EDZ [MPa]

3* − 5

Gas entry pressure according to the Davies relationship.
Intrinsic permeability of EDZ:
kEDZ,i = 5 × 10-19 m2
kEDZ,o = 1 × 10-19 m2

gas accessible porosity
0.006 − 0.024* The same values are used as for the undisturbed host rock
(visco-capillary two-phase
– this is a conservative assumption.
flow) [-]
Threshold pressure for
dilatancy-controlled gas
transport along seal
sections (pathway
dilation) [MPa]

14* − 15

Due to the swelling of the bentonite seals the radial stress
component around the seal sections is expected to
equilibrate close to minimum stress (15 MPa). Pathway
dilation may be initiated at gas pressures, which are
slightly below the magnitude of local stress.

* Reference values/geodata set "safety"

Upper confining unit, regional aquifer and regional fault
The Wedelsandstein has not been characterised in terms of gas migration. Geological and
hydrogeological evidence indicates, however, that the formation is an independent hydrogeological unit in which restricted water flow is possible along fractures and faults. The
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hydraulically effective thickness of the Wedelsandstein is assumed to be around 5 m. An
equivalent hydraulic conductivity of around 5 × 10-10 m s-1 can be derived from the results of
hydrodynamic modelling (average value over the entire thickness Kws = 1 × 10-10 m s-1),
although the local conductivity in the Benken borehole is much lower. Such a permeability
corresponds to a gas entry pressure of 0.2 MPa. If there is an accumulation of gases in the
Wedelsandstein, then it is to be expected that only low overpressures will form before the gas
phase can migrate along the water-conducting systems of the formation. The flow porosity of
the Wedelsandstein is assumed to be 0.001 and the distance to the exfiltration zone is around
25 km (see Table 3.3-3).
It is, however, possible that the lateral gas migration in the Wedelsandstein will be interrupted if
the gas phase reaches the Neuhausen Fault (estimated lateral transport path length approx.
1 km). If the fault has an enhanced hydraulic conductivity (assumption: KNH = 1 × 10-8 m s-1),
the gas phase could pass along the Neuhausen Fault and into the Malm aquifer and, finally, into
the Quaternary gravels below the Rheinfall at Neuhausen (Nagra 2002). Relevant parameters for
the characterisation of gas transport along these gas paths are given in Table 3.3-3.
Tab. 3.3-3: Relevant rock-specific parameters for the characterisation of gas transport processes in the upper confining unit, regional aquifer and regional fault
Parameter

Range

Remarks

1* − 0.2

Distance from the edge of the repository area to the
Neuhausen fault, which may form an exfiltration path

Wedelsandstein
Horizontal gas path
[km]
Gas accessible
porosity [-]

0.001*
(no range)

assumption

Gas entry pressure
[MPa]

0.2* − 0.4

Gas entry pressure according to the Davies relationship.
Intrinsic permeability of Wedelsandstein (Nagra 2002a):
kWD = 1 − 5 × 10-17 m2

Neuhausen Fault/Malm
Gas entry pressure
Neuhausen Fault
[MPa]

0.05 − 0.1*

Gas entry pressure according to the Davies relationship.
Intrinsic permeability of Neuhausen Fault (Nagra
2002a):
k = 1 − 10 × 10-15 m2

Vertical transport
path along Neuhause
fault [km]

0.1
(no range)

Exfiltration into Malm aquifer: distance between Wedelsandstein and Malm along Neuhause Fault

Horizontal transport
path in Malm [km]

1 − 2*

Exfiltration into Quaternary gravels below the Rheinfall
at Neuhausen

Gas accessible
porosity in
Neuhausen fault and
Malm [-]

0.001
(no range)

assumption

Gas entry pressure in
Malm [MPa]

0.02
(no range)

Gas entry pressure according to the Davies relationship.
Intrinsic permeability of Malm (Nagra 2002a):
k = 5 × 10-14 m2.

* Reference values/geodata set "safety"
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Transport capacity of the different processes

The gas transport processes described in Chapter 3.1 are characterised by rather different transport capacities. The transport capacity is essentially governed by the gas pressure in the disposal
area, by the porewater pressure in the host rock and by the in-situ stress conditions, but also the
transport distance and the time scales under consideration. Senger et al. (2002) conducted a set
of simple scoping calculations to demonstrate the relationship between gas pressure and transport capacity. For this purpose a 1-D numerical model was established (length 50 m, cross
sectional area 1 m2) using the two-phase simulator TOUGH2 (Pruess 1995). Displacement of
porewater by a gas phase was simulated. Figure 3.4-1a gives a schematic sketch of the model.
Initially the model domain is fully saturated. The downstream porewater pressure is 6.5 MPa. At
the upstream side (disposal area) fixed gas pressures between 7 and 15 MPa are applied
(assumption: gas pressure cannot exceed the minimum in-situ stress σ3 ≈ 15 MPa). Relative
permeability and capillary pressure relationships are based on the van Genuchten/Mualem
model (1/α = 5 MPa, n = 2, Swr = 0.5, Sgr = 0.0) with an intrinsic permeability of 1 × 10-20 m2 .
The scoping calculations indicate that the transport capacities of the assessed transport mechanisms are not stationary – they vary considerably with time and transport distance. This is
particularily true for the gas/water ratio. During the early stage of gas imbibition, the gas
pressure largely creates a water flow and, therefore, transport of dissolved gas is the dominant
process. After a certain time (> 100 years) the onset of a typical two-phase flow regime is
observed. Water flow decreases steadily due to the displacement process (kr,w→ 0) – gas flow,
however, is more or less stable. As soon as the gas front approaches the downstream model
boundary (transport times > 10 000 years) gas flow increases and eventually stabilises after gas
breakthrough.
Due to the complexity of the gas transport processes, the discussion of the model results is
focussed on those time scales that are relevant for the release of repository gas accumulated in
the disposal area. Figure 3.4-1b shows the dependence of transport capacity and gas pressure at
two different time steps after start of gas imbibition (after 1 000 and 10 000 a, respectively). The
transport capacity is defined as the specific gas flow through the cross section A (m3 gas/m2
cross sectional area/year at STP), located 5 m downstream from the disposal tunnel. The
contribution of the different gas transport mechanisms are discussed below.
Advection and diffusion of dissolved gas takes place in the whole range of gas pressures. The
solubilities of hydrogen and methane are 2 × 10-7 and 3.5 × 10-7 m3 (STP)/(m3⋅Pa), respectively.
Transport capacity increases with increasing gas pressure, because advective porewater flow
depends linearly on the pressure gradient between the up- and the downstream pressure
boundary (Fig. 3.8b) and due to the increased amount of dissolved gas. When compared with
advection, the contribution of diffusion is negligible even at a gas pressure as low as 7 MPa. At
15 MPa the transport capacity of dissolved gas is in the range 0.8 – 2 × 10-5 m3 m-2 a-1 (STP).
Visco-capillary two-phase flow starts when the gas pressure in the disposal area exceeds the
total of in-situ porewater pressure and gas entry pressure (i.e. gas pressure > 11.5 MPa). Using
the van Genuchten/Mualem model a small gas flow is observed even below the apparent gas
entry pressure. At a gas pressure of 15 MPa the specific flow is about 2 – 6 × 10-2 m3 m-2 a-1
(STP), which is more than 3 orders of magnitude higher than the gas transport capacity of
advection (and diffusion).
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Fig. 3.4-1: Gas transport mechanisms for the release of corrosion and degradation gases: (a)
schematic sketch of the model, consisting of the disposal area, gas path through the
host rock (length 50 m) and a downstream pressure boundary at 6.5 MPa, (b)
specific gas flow through cross section A, located 5 m downstream of the disposal
tunnel, at two different times (1 000 and 10 000 a) versus gas pressure in the
disposal area (upstream boundary)
Dilatancy-controlled gas flow (pathway dilation) is a process, which has been observed in the
context of various field studies at Mont Terri (Marschall et al. 2003). The onset of this transport
mechanism occurred well below the shut-in pressure, the latter being a measure of the minimum
principal stress σ3. A pressure-dependent permeability of the rock was also observed at the same
time as the dilatancy. In order to estimate the transport capacity of this process, it is assumed
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that the threshold value for dilatancy-driven gas migration in the host rock is around 13 MPa,
i.e. approximately 2 MPa below the minimum principal stress. It is also assumed that the gas
permeability due to dilatancy increases linearly by a factor of 10 between 13 and 15 MPa.
Figure 3.4-1b shows the resulting transport capacity of dilatancy-driven gas transport. The
transport shows a marked increase as a result of the pressure-dependent permeability – at
15 MPa the specific gas flow is around 0.06 – 0.3 m3 m-2 a-1 (STP).
The introduction of a pressure-dependent gas permeability represents a rough simplification of
the dilatancy-driven gas flow, as dilatant deformation processes in the host rock are determined
in a complex manner by the hydro-mechanical parameters and state variables of the rock, as
well as the development with time of gas pressure build-up. As part of the experiments at Mont
Terri and Benken, specific gas flows between 0.2 and 300 m3 m-2 a-1 (STP) were measured
without macroscopic tensile fractures (hydro fracs/gas fracs) being observed in the test boreholes. A comparison of these gas flows with model calculations clearly shows that the transport
capacity of the dilatancy-driven gas migration has probably been under-estimated, i.e. the
threshold pressure required for the onset of dilatancy is lower and/or the permeability increase is
greater than assumed in the model calculations.
For initiation of a macroscopic tensile fracture, a very rapid gas pressure build-up is necessary
as discussed in Chapter 3.1 (see Fig. 3.1-3). The tensile fracture is propagated once the frac
pressure has been reached and closes only when the pressure drops below the shut-in pressure
(≈ refrac pressure). At gas pressures above the shut-in pressure, the transport capacity of a
macroscopic tensile fracture exceeds the efficiency of other gas transport mechanisms by orders
of magnitude.
Rough calculations of gas pressure build-up in the SF/HLW emplacement tunnels and the ILW
tunnels are described in Poppei et al. (2002). Pressure build-up was simulated for different gas
generation rates ("realistic" and "conservative" rates; see below) and for different repository
resaturation conditions (gas generation starts when resaturation of the emplacement tunnels is
0 %, 50 %, 80 % and 100 %, respectively). Furthermore, a limited number of parameter
variations were conducted with respect to the rock and EBS properties (Tab. 7.7-2 in Nagra
2002a). Figure 3.4-2a shows the transients of pressure build-up in the ILW tunnels (ILW-1),
indicating that the maximum expected overpressures are in the order of 3 MPa (assumptions:
conservative gas generation rates; gas generation starts after full saturation of the emplacement
tunnel). The total pore volume of the ILW tunnels (cf. Chapter 4.1) is large enough to store the
gas for periods of thousands of years without reaching the critical pressure for dilatancycontrolled gas flow (∼ 13 − 14 MPa).
For the case of the SF/HLW emplacement tunnels (Fig. 3.4-2b) a similar behaviour is seen. The
simulations include both isothermal and non-isothermal modelling runs (heat production by the
SF/HLW). Only in the extreme case RGH5K ("conservative" gas generation rates, horizontal
intrinsic permeability 2×10-21 m2, gas entry pressure 21 MPa) is a continuous pressure increase
observed in the emplacement tunnels, reaching a pressure of 15 MPa after about 16 000 a. The
model calculations show clearly that the propagation of a macroscopic tensile fracture in the
disposal zone is not possible due to the relatively low gas generation rates, thus the pressure
build-up occurs under drained conditions. However, due to the displacement of the porewater
from the disposal tunnels, the effective stress in the tunnel near-field will decrease slowly but
constantly, with the result that the shear strength of the rock can be exceeded locally without the
conditions for a macroscopic tensile fracture being fulfilled. This formation of local shear
fractures ("pathway dilation") is controlled by the gas generation rate, as the pore volume
generated by dilatancy has to be in equilibrium with the gas generation rate.
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Fig. 3.4-2: Two-phase flow simulations of pressure build-up (a) in the ILW tunnels and (b) in
the SF/HLW emplacement tunnels after Poppei et al. (2002). Modelling runs with
realistic gasgeneration rates are indicated with "R" (e.g. RGL2R, RGH1R) and
conservative gas generation rates are marked with "K" (RGL1K, RGH1K). A
description of the model parameters is given in Nagra (2002a).
Realistic gas generation rates are here assumed to be 0.04 m3 and 0.05 m3 of gas per m of tunnel
and year (STP) for the SF/HLW and ILW tunnels, respectively. Note that this is an initial rate
including construction steel in the tunnels (Section 2.8), thus it is about 3 times higher than the
rate given in Table 2.8-1 which is for the wastes and canisters only. A conservative rate of 0.4
m3 m-1 a-1 (SF/HLW) and 0.15 m3 m-1 a-1 (ILW) is also considered, although this reflects an
unrealistically high corrosion rate of 10 µm a-1, which is not supported by the discussion of
Section 2.5. It nonetheless provides a good basis for exploring the robustness of the system with
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respect to gas production rates. The specific gas flows in the immediate tunnel vicinity are thus
in the order of 0.005 and 0.05 m3 m-2 a-1 (STP) for SF/HLW and 0.0025 and 0.01 m3 m-2 a-1
(STP) for ILW. This area is shaded grey in Figure 3.4-1b. This makes it clear that two-phase
flow processes and – for the case of conservative gas generation rates – dilatancy-driven gas
migration, are the most important transport mechanisms for removal of corrosion and
degradation gases from the SF/HLW and ILW tunnels.

3.5

Gas related changes of rock properties

It is not expected that advective or diffusive transport of gas dissolved in porewater will have a
significant influence on the hydraulic properties of the Opalinus Clay, provided there are no
phase transitions during the transport process (e.g. release of dissolved gases due to a decrease
in porewater pressure). If such a phase transition occurs, the hydraulic conductivity of the
Opalinus Clay would decrease because the free gas phase would increase the friction-dependent
flow resistance of the groundwater flow. Two-phase flow processes in the Opalinus Clay tend to
lead to a decrease in the hydraulic conductivity, and never to an increase; because of the gas
phase, the pore space of the rock available to the mobile groundwater is reduced either
temporarily or permanently, but never increased. In particular, the hysteresis between adsorption
and desorption behaviour observed in Figure 3.3-3 is evidence of the production of a residual
gas phase during the resaturation process. This means that the hydraulic conductivity of the host
rock will possibly decrease following visco-capillary gas flow, but it cannot increase.
If gas migration processes are associated with plastic deformation (dilatancy, fracture formation), the hydraulic properties of the host rock can, however, change significantly. One example
involves the hydro-frac methods used in hydrocarbon exploration to permanently increase the
rock permeability. A prerequisite for a significant, permanent increase in permeability is the
initiation of tensile fractures, which are then filled with high-strength granulate during the
fracture propagation phase (Valko & Economides 1997, Daneshy 2002). If such a filling
material is not injected, the fracture tends to close once pressure values have dropped below the
shut-in pressure and the transport capacity drops by orders of magnitude. As part of the GS
experiment at Mont Terri, hydraulic tests were performed in a borehole before and after a
combined hydro- and gas-frac (Enachescu et al. 2002). Testing was conducted in the test interval which contained the hydrofrac (Fig. 3.5-1a). Interval transmissivity increased by 5 – 6
orders of magnitude when the injection pressure exceeded the normal stress on the fracture
plane (Fig. 3.5-1b). For low injection pressures, however, the interval transmissivity was
indistinguishable from that of the intact rock (T ≤ 1 × 10-12 m2 s-1). These findings can be
explained by the dependence of frac transmissivity on the effective normal stress (cf. Fig.
3.1-4). An effective mechanical self-sealing of the artifical fracture is observed already at
moderate effective normal stress values in the order of 1 – 2 MPa (Fig. 3.5-1b).
Another experiment, as part of the Mont Terri Project, was initiated to demonstrate the selfsealing capacity of excavation-induced fractures and to investigate the time dependence of the
self-sealing process (Bossart et al. 2002). A sequence of hydraulic single hole and interference
tests was conducted in the EDZ of an open tunnel section. The test results indicated a significant
reduction of the EDZ transmissivity over a period of 800 days from 5 × 10-7 m2 s-1 to 2 ×
10-9 m2 s-1 (Figure 3.5-2b). During the subsequent test phase, a load plate was installed and the
EDZ was subjected to radial stresses between 1 and 5 MPa to simulate bentonite swelling
pressures in a backfilled emplacement tunnel (Figure 3.5-2a). A further drop in transmissivity
by two orders of magnitude to 2 × 10-11 m2 s-1 was observed (ongoing EU Selfrac Project; Nagra
2002a).
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Fig. 3.5-1: Self-sealing of fractures in Opalinus Clay as part of the GS-experiment at Mont
Terri (Enachescu et al. 2002): (a) experimental set-up and (b) dependency between
interval transmissivity and normal effective stress (σn – pi). Hydraulic tests were
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Fig. 3.5-2: Long-term changes in EDZ transmissivity in an open tunnel section at the Mont
Terri Rock Laboratory: (a) sketch of the experimental set-up and (b) long-term
monitoring of EDZ transmissivity. Initially, the EDZ was saturated for a period of
800 days (blue dots) and EDZ transmissivity was monitored periodically. Afterwards, a load plate was installed (1 − 5 MPa) and the transmissivity measurements
were repeated (ongoing EU Selfrac Project; Nagra 2002a).
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4

Conceptual understanding of gas transport

4.1

Possible gas paths

NAGRA NTB 04-06

The migration of gases that have accumulated in access, operations and emplacement tunnels is
influenced by both the gas-specific transport properties of the host rock and the selected
disposal concept (backfilled tunnels, ramp and shaft; seals and EDZ) and the expected gas
generation rates (Nagra 2002c). Because of the selected disposal concept, with its spatial
separation of the disposal zones for SF/HLW and ILW, the gas migration from these wastes has
to be considered separately. In addition, the dimensioning of the underground structures and
their orientation with respect to the regional stress field has an important influence on the EDZ
in the vicinity of the repository. Sealed sections represent an effective barrier to gas migration
and can thus contribute to the transitory accumulation of gases in the backfilled tunnels. Figure
4.1-1 shows a schematic representation of potential gas paths for SF/HLW and ILW. As part of
the analysis of migration processes, the gas flow paths for both waste categories are divided in
Table 4.1-1 into the following relevant sections: backfilled emplacement tunnels and access-/
operations tunnels, excavation-disturbed zones in the tunnel vicinity, sealed sections, backfilled
operations and access tunnels, the host rock, the upper confining unit and the regional aquifer
(Wedelsandstein, Neuhausen fault and Malm). The significance of the different flow paths is
discussed below. For completeness the backfilled ramp and the shaft are to be mentioned which
represent further potential gaspaths through the upper confining units. Their role as potential gas
paths depends on various design aspects which have not yet been finally determined.

Fig. 4.1-1: Potential migration paths for degradation and corrosion gases accumulated in the
SF/HLW tunnels and ILW tunnels. An important factor for gas build-up in the ILW
tunnels is the pathway through and around the sealing system. The access tunnel,
and the construction and operations tunnel represent a potential storage volume for
gas.
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ILW disposal tunnels
The ILW disposal tunnels (ILW-1) are each 90 m long and are backfilled with cement mortar.
The bulk porosity of the backfill is given in Nagra (2002a) as 0.24. A simplifying assumption is
made to the effect that this porosity is accessible for gas, practically without restriction (i.e.
residual water saturation Swr = 0). If increased gas pressures occur, this means that practically all
the porewater can be expelled from the backfilled ILW tunnels. A pore volume of approximately 2 000 − 3 500 m3 is thus available in the two tunnels for storage of generated gas. In the
ILW disposal zone, the ILW operations tunnel, which is closed off by the ILW sealing system,
represents an additional gas storage volume (approx. 5 000 − 8 000 m3).
SF/HLW disposal tunnels
In the SF/HLW disposal tunnels, the cylindrical waste canisters are surrounded by a bentonite
barrier approximately 0.6 m thick. The bentonite has a relatively high porosity of around 0.4,
but, once the bentonite has saturated, only a small proportion of this porosity will be accessible
for gas transport. It is expected that, as the waste canisters corrode, high gas pressures will build
up locally the gas will escape radially into the EDZ surrounding the tunnel.
Excavation-disturbed zone (EDZ)
During the construction and operations phase, an excavation disturbed zone (EDZ) will form
around the underground structures, characterised by a more or less interconnected network of
fractures and enhanced rock permeability. Following saturation and convergence of the
underground structures, the hydraulic conductivity of the EDZ is only slightly higher than that
of the intact host rock due to self-sealing processes (cf. Table 3.3-2). It can be assumed that the
strength of the rock is reduced in the area of the EDZ. This means that, if gas pressures are
sufficient, the self-sealed fracture systems of the EDZ could be partly reactivated. Such
reactivated fracture systems would have an effective hydraulic conductivity that is dependent on
the local value of effective (normal) stress. Formulations similar to that in eq. 3.1-6 can be used
to describe the permeability-stress relationship. With a return to hydrostatic conditions, the
fracture systems would close as a result of self-sealing processes.
For the accumulated gas in the ILW tunnels, the EDZ represents an enlargement of the effective
tunnel cross-section, which means an increase in the accessible surface for gas release into the
undisturbed host rock. In the SF/HLW tunnels, the EDZ has a second function – it serves as a
potential flow path for removal of the corrosion gases generated by the individual waste
canisters. It is possible that the locally accumulated gas will migrate in an axial direction and
that a more or less continuous gas pathway will form along the EDZ (Figure 4.1-1). The length
of this pathway will be several hundred metres.
Sealing zones (including ramp seal and ventilation shaft)
The operations tunnels are sealed with highly compacted bentonite (see Figure 4.1-1).
According to the current disposal concept, the length of these seals is ≥ 40 m (Nagra 2002c). In
addition, the repository will be separated from the Wedelsandstein with a bentonite seal with a
length of ≥ 40 m. The shaft is also sealed over the entire host rock unit. It is planned to clear out
a part of the inner excavation disturbed zone along the sealed sections. The hydraulic
conductivity of the bentonite seals is comparable to that of the host rock (1 × 10-13 m s-1; Nagra
2002c). The sealed zones are expected to be practically impermeable to gas until the gas
pressure exceeds the threshold pressure for dilatant gas flow (estimated value approx.
14 − 15 MPa; see Table 3.3-2).
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Backfilled operations and construction tunnels, central area
The construction and operations tunnels and the central area will be backfilled with a sandbentonite mixture following the operating phase (Nagra 2002c). The porosity, hydraulic
permeability and gas permeability of the backfill material are significantly larger than in the
host rock and EDZ (cf. Table 3.3-2). In terms of gas migration, these areas represent a
significant storage volume. If it is assumed that the porosity of the backfill material is 0.4 and
the residual water saturation is Swr = 0.5, the total available pore space in the operations and
construction tunnels and the central area will be in the order of 10 000 m3.
Host rock
The following pathways are conceivable for migration of a gas phase in the host rock (cf.
chapter 3): (i) the microscopic system of macro-, meso- and micropores, (ii) existing faults and
(iii) microscopic fractures newly formed due to gas pressure (pathway dilation). In the
undisturbed rock, gas migrates preferentially in the horizontal direction along the bedding plane
due to rock anisotropy (see Section 3.3). The larger the lateral extent of the gas-filled region
parallel to the bedding plane becomes, the more effective will be vertical gas transport by
diffusion, i.e. perpendicular to the bedding planes, resulting in a limited extent of the affected
area. Gas migration along bedding planes is also important in that it provides a considerable gas
storage volume, as well as a potential flow path around sealed zones.
From the point of view of potential effects of gas transport on radionuclide retention, it is
important to note that, (i) of the whole radionuclide travel path from the waste to the biosphere,
the part consisting of vertical transport through the Opalinus Clay provides by far the most
effective barrier, and that, (ii) gas transport in the vertical direction occurs by diffusion only.
This means that the effects of gas transport on the key barrier to radionucide transport will be
negligible.
In the Opalinus Clay of the Zürcher Weinland, no evidence is seen that geological faults could
be transmissive. It is, however, conceivable that such faults could be reactivated by high gas
pressures and could then contribute as preferential flow paths for the removal of gases produced
in the disposal tunnels. The deformation behaviour of the Opalinus Clay associated with the
relatively slow gas pressure build-up in the disposal tunnels rules out the formation of
macroscopic tensile fractures (see Section 3.2). Much more likely is that the reactivation of the
faults and the associated gas migration will be in equilibrium with the gas generation rate.
Reactivated faults are particularly significant as potential gas flow paths to the Wedelsandstein,
but they are irrelevant as storage volume.
Wedelsandstein, Neuhausen Fault and Malm
The Wedelsandstein will collect the gas that has been released through the host rock. Due to the
elevated hydraulic conductivity and low gas entry pressure of the formation (see. Table 3.3-3),
the gas may accumulate at low overpressures and eventually be transported by advection to the
Rhine and by diffusion into the Malm aquifer. Alternatively, the gas may reach the Neuhausen
Fault and pass along this subvertical discontinuity into the Malm aquifer. However, this case
would presume that the Neuhausen Fault exhibits a hydraulic conductivity which is higher than
that of the Wedelsandstein.
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Tab. 4.1-1: Potential gas flow paths and their significance for migration of corrosion and
degradation gases generated in the disposal tunnels
Gas flow path

Relevant for
ILW

SF/HLW

Emplacement tunnels/accessand operations tunnels

- storage volume/gas
accumulation

- not relevant (small storage
volume)

Excavation disturbed zone (s)

- axial gas migration

- axial gas migration

- storage volume/gas
accumulation

- (storage volume)

Sealing zones (incl. closure
structure and shaft)

- effective gas barrier up until a critical gas pressure is reached
(threshold pressure for dilatancy-driven gas migration)

Backfilled operations and
construction tunnels/central area

- gas accumulation/storage volume

Host rock

- gas accumulation and visco-capillary gas migration in
microscopic pore space (preferentially along bedding planes due
to anisotropic permeability)
- migration along induced microfractures (dilatancy-driven gas
migration)
- visco-capillary and/or dilatancy-driven migration along existing
fault zones

Wedelsandstein/Neuhausen
Fault/Malm

- gas accumulation, diffusion into the Malm aquifer and lateral
migration in fractured pore space of the Wedelsandstein
- vertically upwards directed gas migration along the Neuhausen
Fault
- movement into the Malm aquifer and lateral migration to the next
exfiltration zone
- release to the biosphere

4.2

Dilatant gas paths through the host rock

The process of gas accummulation in the emplacement tunnels gives rise to the build-up of
porewater overpressures in the host rock. The pressure increase corresponds, as discussed in
Chapter 3.2, to a decrease of mean effective stress in the host rock. Gas pressure build-up in the
emplacement tunnels occurs slowly (Poppei et al. 2002) – hence the geomechanical response of
the rock on the decreasing effective stress involves either purely elastic or plastic deformation
(Figure 3.1-2). In the elastic regime advective/diffusive transport of gas in the porewater and
two-phase flow are the most likely gas transport processes. A comprehensive conceptual
framework exists for both advective/diffusive gas transport and for visco-capillary two-phase
flow (Section 3.1).
In the plastic regime, dilatancy (development of microfractures) is expected to increase the
accessible porosity for gas. Eventually, (single phase) gas flow takes place predominantly along
these microfractures. Given the complexity of the hydraulic and geomechanical processes
involved and the incomplete data base available, modelling of dilatancy-controlled gas paths
through the host rock is an extremely demanding task. For this reason, it was felt that the use of
coupled hydro-mechanical models is not appropriate at the current stage of conceptualisation.
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Notably, as mentioned in Section 3.1, initiation of tensile hydro- or gas fracs can be excluded.
Due to the fact that pressure build-up is slow enough to create porewater overpressures in the
vicinity of the emplacment tunnels, quasi-stationary evolution of the plastic zone around the
tunnel is expected, rather than spontaneous, rupture of the rock in a tensile mode. This implies
that gas flow through the host rock is still represented by the concept of visco-capillary twophase flow with strong interference between the liquid and the gas phase (cf. Chapter 3.1).
A simplified gas transport model, capable of modelling dilatant gas paths, is presented in
Chapter 5. Key input parameters for the model are (i) the threshold pressure for the creation of
dilatant microfractures through the Opalinus Clay (diltant gas paths) and (ii) the increase in pore
volume, created by the microfractures. In the following sections, some calculations are
presented aimed at constraining the ranges of those parameters, specifically:
•

scoping calculations on the build-up of porewater overpressures in the host rock due to
water displacement from the emplacement tunnels. It is assumed, that the front of porewater
overpressures represents a rough measure for the propagation of the gas front by dilatant gas
pathways around the emplacement tunnels.

•

estimation of the increase of pore volume in the host rock formation, caused by purely
elastic unloading in the overpressurised zone around the emplacement tunnels. It is assumed
that the elastic expansion of the host rock can be seen as a lower bound for the pore volume
increase expected in a dilatancy-controlled regime.

Hydrodynamic scoping calculations
Scoping calculations were carried out with a (single-phase) hydrodynamic model (Kuhlmann &
Marschall 2002). The purpose was to assess the evolution of porewater overpressures in the host
rock caused by gas-induced water displacement from a panel of SF/HLW emplacement tunnels
with particular focus on:
•

the shape and temporal evolution of the overpressurised zone around the emplacement
tunnels

•

the propagation velocity of the 13 MPa pressure isoline (corresponds to the threshold
pressure for dilatancy-controlled gas flow)

As mentioned above, it is assumed that the front of porewater overpressures represents a rough
measure for the propagation of the gas front by pathway dilation. Justification for this
assumption is based on the fact that dilatant gas flow through the host rock formation involves
visco-capillary two-phase flow with strong phase interference. During the gas release process,
water saturation around the emplacement tunnels remains close to 1, suggesting the applicability
of single-phase hydrodynamic models. A restriction of the hydrodynamic approach is given by
the fact that the effect of pressure-dependent permeability enhancement is neglected.
Figure 4.2-1 presents a 3-D view of the repository with a vertical cross section through the
SF/HLW emplacement tunnels. The distance between the tunnels is 40 m and the diameter is
2.5 m. Intrinsic permeability of the host rock is anisotropic (kz = 2 × 10-21 m2, kh = 1 × 10-20 m2)
and the specific storage coefficient is 2 × 10-5 m-1 according to the reference values in Table
3.3-1. A composite EDZ was implemented, consisting of two concentric zones with enhanced
permeability (see Table 3.3-2). Prior to the onset of water displacement, hydrostatic conditions
are assumed in the host rock, corresponding to a porewater pressure of 6.5 MPa at repository
level (Table 3.3-1). Gas pressure build-up in the emplacement tunnels is simulated by
implementing prescribed pressure boundary conditions along the walls of all SF/HLW
emplacement tunnels (assumed pressure 14 MPa).
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Fig. 4.2-1: Repository scale model of porewater flow and vertical cross-section through the
SF/HLW disposal area
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Fig. 4.2-2: Transients of porewater pressure due to water displacement in the emplacement
tunnels. The corresponding locations of the pressure transients are on the horizontal
axis (h-2.5m, h-5m, h-10m, h-20m) and on the vertical axis (v-10m, v-20m) .
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Figure 4.2-2 shows the pressure transients in the host rock at different locations along the
horizontal and vertical axis through the centre of the SF/HLW emplacement tunnel. According
to Table 3.3-1 the assumed threshold pressure for dilatancy-controlled gas flow at repository
level is 13 MPa. For the given distances of 2.5m, 5 m, 10 m and 20 m this threshold is reached
after 25 a, 2 500 a, 10 000 a and 17 000 a respectively. Consequently, the corresponding
propagation velocity of the 13 MPa pressure isoline is in the order of 1 – 2 mm a-1.
Notably, the hydrodynamic simulations do not account for any porosity-permeability coupling,
which might take place at elevated porewater pressures. Pressure-dependent permeability
enhancement accelerates the propagation of the pressure front. On the other hand, phase interference along the gas path may slow down pressure propagation. The estimated propagation
velocity of the 13 MPa isoline in the order of 1 – 2 mm a-1 is therefore not an upper bounding
value, but an order of magnitude estimate of the expected velocity.
In Figure 4.2-3, the head distribution (note: head is expressed in terms of a pressure by multiplying by the factor g⋅ρw) is shown in a vertical cross section for different time steps. The
propagation of the pressure front is strongly controlled by the distribution of hydraulic
conductivity of the EDZ and the host rock. The pressure front propagates rapidly from the
tunnel walls towards the outer EDZ. After that, the front moves horizontally along the direction
of kh and, eventually, hits the pressure front propagating from the adjacent tunnel. Finally, a
stationary pressure field is established with a uniform vertical gradient towards the Wedelsandstein formation. The spatial evolution of the (porewater) pressure front suggests that the gas
propagates predominantly in the horizontal direction (along the bedding planes) for a long
period – the 13 MPa isolines of two adjacent tunnels are expected to reach each other after
about 17 000 a (Figure 4.2-2). During this phase, creation of new porespace around the
emplacement tunnels cannot be excluded, because porewater pressure reaches the critical
threshold, where the onset of dilatancy is expected. Most likely, the dominant gas transport
processes are two-phase flow and pathway dilation. After 20 000 a the head distribution tends to
quasi-stationary conditions, indicating that the zone of dilatancy stabilises, too. The importance
of pathway dilation decreases and it is expected that the gas tranport capacity of conventional
two-phase flow and advection/diffusion of dissolved gas in the vertical direction is sufficient to
accommodate gas transport through the host rock formation.
The results illustrate that if pathway dilation occurs it will be limited to the horizontal plane
around the tunnels and the migration barrier of the remaining overlying rock in the vertical
direction will be unaffected.
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Fig. 4.2-3: Head distribution for different time steps in a vertical cross-section. Note that head
is converted into a pressure by multiplying by the factor g⋅ρw. This allows to
delimit the 13 MPa isoline, which corresponds to the threshold pressure for dilatant
gas flow at repository level.

Increase of pore volume in the rock due to gas-related porewater overpressures
Porewater overpressures in the host rock formation due to water displacement from the
emplacement tunnels lead to a decrease of effective stress, entailed by an elastic geomechanical
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response according to equations 3.1-9 and 3.1-10. Figure 4.2-4 shows the relationship between
porosity and stress for the geomechanical parameters given in Table 3.3-1. Assuming a mean
effective stress of 11.4 MPa in the undisturbed host rock, the physical porosity is 0.12 (see
Table 3.3-1). Porewater overpressures of 6.5 MPa (corresponding to the threshold pressure for
dilatancy-controlled gas transport of 13 MPa) give rise to an increased porosity of 0.125.
Finally, at an overpressure of 8.5 MPa (corresponding to the magnitude of the minimum stress
of 15 MPa), the porosity is about 0.128.
0.15
minimum stress
conditions:
sm'=2.9 MPa
0.14

Porosity (-)

undisturbed conditions:
sm'=11.4 MPa
0.13

n = 0.128
n = 0.125

0.12

0.11
threshold pressure for
pathway dilation:
sm'= 4.9 MPa
0.1
0
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12
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Fig. 4.2-4: Elastic porosity – stress dependence of an overconsolidated claystone (rebound/
reconsolidation line)
The porosity increase due to unloading along the elastic rebound/reconsolidation line can be
seen as a lower bounding value for the expected porosity increase during the pressure build-up
phase in the emplacement tunnels. Any plastic deformation would be a dilatant response,
leading to an even stronger porosity enhancement.
Given the porosity-stress relationship in Figure 4.2-4, the increase in total pore volume in the
host rock can be derived from the graphs of porewater distribution around the emplacement
tunnels. Figure 4.2-5 shows an enlargement of the head distributions in Figure 4.2-3 for the time
steps 1 200 a and 20 000 a, respectively. After 1 200 a, the 13 MPa isoline has almost the shape
of an ellipse (length of the principal axes: 8.8 m and 5.2 m) around each of the emplacement
tunnels, whereas, after 20 000 a, a quasistationary pressure field towards the upper and lower
confining units has been established with more or less horizontal isolines above and below the
repository level (distance beween the upper and lower 13 MPa isoline: 10 m). Assuming a
porosity increase of 0.005, the increase in pore volume can be inferred from the cross-sectional
area, delimited by the 13 MPa isoline:
1 200 a:

v = 2.6 × 4.4 × π × 0.005 ≈ 0.2 m2 × length of the emplacement tunnel

20 000 a

v = 40 × 10 × 0.005 = 2 m2 × length of the emplacement tunnel
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Fig. 4.2-5: Distribution of hydraulic head around the SF/HLW emplacement tunnels (a) after
1 200 a and (b) after 20 000a. Note that head is converted into a pressure by
multiplying by the factor g⋅ρw. This allows delimitation of the 13 MPa isoline,
which corresponds to the threshold pressure for dilatant gas flow at repository
level.
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Gas transport variants

In this section, possible gas transport variants for the two waste categories ILW and SF/HLW
are defined. These variants are used to highlight current understanding of transport processes
and fundamental data for quantitative consideration of the issue are provided. The different
variants are summarised in Table 4.3-1. Combinations of the different variants are also possible.
Tables 3.3-1 – 3.3-3 provide an overview of the relevant parameters for the different gas paths.
Variant ILW-V1 (gas accumulation in the ILW disposal zone 5): The central point of this variant
is the assumption that the total gas volume generated in the ILW tunnels can be stored in the
disposal zone. The pressure build-up caused by the gas production causes porewater to be
displaced from the ILW tunnels. This means that effectively the total pore volume of the ILW
tunnels is accessible for the gas phase and can serve the purpose of gas storage, without the gas
pressures leading to irreversible deformation in the rock (i.e. the dilatancy and fracturing limit
of the rock is not reached). The gas pressures are also insufficient to create a gas pathway
through the sealing system at the entry to the ILW disposal zone. On the long term, the stored
gas is removed through advection/diffusion and two-phase flow processes and the gas pressure
in the tunnel drops.
Variant ILW-V2 (gas accumulation in the central area of the repository): Besides the pore
volume created in the ILW disposal tunnels through displacement of porewater, the host rock
also contributes to the storage of gas. It seems plausible that a gas seam will form in the host
rock due to visco-capillary displacement processes; this would extend preferentially along the
bedding of the rock over the entire thickness of the ILW tunnels (including the EDZ). Transport
along the bedding would also occur along the approximately 10 m long sealing system which
separates the ILW disposal zone from the central area of the repository. Besides two-phase flow
processes, dilatancy-driven gas transport mechanisms could also contribute to the breakthrough
of the gas phase into the backfilled tunnels of the central area. Gas breakthrough leads to a
marked drop in pressure in the ILW tunnels. At the same time, it is to be expected that the gas
seam in the tunnel vicinity will become smaller.
Variant ILW-V3 (gas breakthrough into the Wedelsandstein formation): Following a possible
breakthrough at the sealing system of the ILW disposal zone, the gas will be stored in the
central area of the repository. It is possible (particularly in combination with the variant
SF/HLW-V1) that this pore space will be insufficient to store the produced gas. In such a case, a
further breakthrough at the approximately 40 m long ramp seal may occur, until the gas finally
enters the Wedelsandstein. Gas transport from the Wedelsandstein is described in variant
SF/HLW-V2.

5

The ILW disposal zone includes all ILW emplacement tunnels and the ILW operations tunnel. The concrete plugs separating
the emplacement tunnels from the operations tunnel are considered to be less efficient gas transport barriers than the sealing
zone separating the ILW operations tunnel from the central area of the repository.
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Variant SF/HLW-V1 (gas transport via the construction and operations tunnels): The process
can be divided into five phases. In the first phase, the gas accumulates in the SF/HLW disposal
tunnels and is transported along the EDZ into the construction and operations tunnels. There,
the gas accumulates under increasing pressure and displaces the porewater. A gas seam forms in
the host rock along the disposal tunnels and along the construction and operations tunnels. As in
the case of the ILW variant ILW-V2, if there is sufficient pressure it can be expected that there
will be a breakthrough of the gas phase along the SF/HLW sealing systems. The gas would then
flow into the central area, accumulate there and displace the porewater from the backfilled
tunnel sections (phase 3, cf. Table 4.3-1). While the gas pressure gradually increases in the
central area, the gas seam formed in the host rock due to two-phase flow processes will become
larger. As a first approximation, it is expected that the lateral extent of this gas seam will
correspond to the 40 m length of the ramp seal. As soon as gas breakthrough into the
Wedelsandstein has occurred at the ramp seal, the gas pressure in the underground structures
will decrease fairly rapidly. The gas collects in the Wedelsandstein and becomes mobile as soon
as the gas entry pressure of the rock has been exceeded. Release through the Malm-DoggerMergel into the Malm aquifer occurs mainly by diffusion. Lateral advective gas transport in the
Wedelsandstein is radially away from the disposal zone, until the exfiltration zone of the
formation has been reached. As an alternative, transport of the gas phase along the Neuhausen
Fault and into the Malm is also conceivable.
Variant SF/HLW-V2 (gas transport through reactivated steeply dipping fault zones): In this
case, gas transport is not through the underground structures but through steeply dipping
reactivated fault zones. Geological fault zones are reactivated by the gas pressures in the
disposal tunnels. The gas then "creeps" along these faults through the host rock into the
Wedelsandstein. In this case, only a minor fraction of the generated gas would be accumulated
in the host rock formation and the backfilled underground installations, respectively.
Variant SF/HLW-V3 (gas transport exclusively through the host rock formation): It is assumed,
that gas can escape by a combination of classical two-phase flow and dilatancy-controlled gas
transport through the host rock. Firstly, gas transport follows the bedding planes. Porewater
pressure in the tunnel near field reaches the threshold pressure for dilatant gas transport,
creating microfractures along the bedding planes. The porosity created by dilatancy represents
an additional gas storage volume. The transport capacity of visco-capillary two phase flow is
enhanced, because a more or less uniform (two-phase) flow field is established in vertical
direction above and below the footprint of the SF/HLW facility. Notably, the zone where
dilatancy can occur is restriced to a narrow strip above and below the repository level with a
thickness of about 10 m (cf. Fig. 4.2-5). Therefore, the effect of dilatant gas transport on the
vertical barrier function of the host rock is almost irrelevant.
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Tab. 4.3-1: Transport variants for gas produced in the disposal tunnels. Because of the spatial
separation of the disposal zones for ILW and SF/HLW, the variants are considered
separately for the two waste groups.
ILW gas transport variants
ILW-V1: gas
accumulation in
ILW tunnels

Phase 1

Gas pressure build-up and displacement of porewater from the ILW
tunnels (disposal and operations tunnels). The sealing system foreseen
for closure of the ILW disposal zone is assumed to be a perfect barrier.
The gas phase remains contained in the ILW tunnels and is removed by
advection/diffusion (dissolved gas) and two-phase flow (classic twophase flow or pathway dilation) through the host rock. The EDZ around
the tunnels forms an additional storage volume.

ILW-V2: gas
accumulation in
central area

Phase 1

Gas pressure build-up and displacement of porewater from the ILW
tunnels (cf. variant ILW-V1/phase 1). In this phase, the gas migrates
predominantly horizontally over the entire height of the tunnel (incl.
inner and outer EDZ) as part of two-phase flow in the host rock
(assumption: approx. 10 m penetration depth).

Phase 2

Escape of gas by flowing round the ILW sealing system. The gas breaks
through at the 10 m long sealing element and fills the pore space of the
central area. The drop in gas pressure in the ILW tunnels leads to a
reduction of the gas seam formed in the host rock in the vicinity of the
ILW tunnels. The gas phase remains in the backfilled underground
installations and is eventually transported away by advection/diffusion
(dissolved gas) and two-phase flow via the host rock.

Phases
1&2

Largely identical to ILW-V2. However, there is insufficient pore space
in the central area to store the gas and a high pressure builds up.

Phase 3

Escape of gas by flowing round the 40 m long ramp seal. The gas
escapes into the Wedelsandstein (discussion of gas transport in the
Wedelsandstein: see variant SF/HLW-V2).

ILW-V3: gas
breakthrough
into the
Wedelsandstein
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Tab. 4.3-1: (Cont.)
SF/HLW gas transport variants
SF/HLW-V1:
gas transport
through the
construction and
operations
tunnels

Phase 1

Formation of a gas pathway along the inner/outer EDZ from the
SF/HLW tunnels to the construction and operations tunnels (the sealing
systems in the disposal tunnels are bypassed). The sealing systems used
to close the SF/HLW disposal zone in the construction and operations
tunnels form an effective barrier. In this phase, the gas is transported
horizontally over the entire height of the tunnel (incl. the inner/outer
EDZ) as part of advection/diffusion of dissolved gas and two-phase flow
(classic two-phase flow or pathway dilation) in the host rock
(assumption: 10 m penetration depth).

Phase 2

Escape of gas by bypassing the SF/HLW sealing sections. The gas
breaks through at the 10 m long bentonite sealing elements and fills the
pore space of the central area. The drop in gas pressure in the SF/HLW
tunnels leads to a reduction of the gas seam formed in the vicinity of the
SF/HLW tunnels.

Phase 3

Gas pressure build-up in the central area and displacement of porewater
from the backfilled underground installations. The ramp seal forms an
effective barrier. In this phase, gas is transported in the whole of the
repository as part of two-phase flow in the host rock (assumption:
approx. 40 m penetration depth).

Phase 4

Escape of gas by bypassing the ramp seal. The gas breaks through at the
40 m long bentonite seal element and flows along the ramp into the
Wedelsandstein. The drop in gas pressure in the entire repository reduces
the gas seam formed in the vicinity of the underground structures.

Phase 5

Accumulation and migration of the gas phase in the Wedelsandstein.
Diffusion and advective transport of dissolved gas through the MalmDogger-Mergel into the Malm aquifer. Once the gas entry pressure has
been exceeded, the gas propagates concentrically in the Wedelsandstein.
Entry into the Malm via the Neuhausen Fault is possible.

SF/HLW gas transport variants
SF/HLW-V2:
gas transport
through the
construction and
operations
tunnels

SF/HLW-V3:
gas transport
exclusively
through the host
rock formation

Phase 1

Gas pressure build-up and displacement of porewater along the
inner/outer EDZ out of the SF/HLW tunnels and into the construction
and operations tunnels (see variant SF/HLW-V1 / phase 1). Viscocapillary two-phase flow in intact host rock.

Phase 2

Escape of gas by pathway dilation along steeply dipping faults. The gas
breaks directly through to the Wedelsandstein. Additional contribution
through release via the intact host rock (visco-capillary two-phase flow).

Phase 3

Accumulation and transport of the gas phase in the Wedelsandstein (cf.
variant SF/HLW-V1/phase 5). The drop in gas pressure in the entire
repository reduces the gas seam formed in vicinity of the underground
structures.

Phase 1

Build-up of gas- and porewater pressure in the vicinity of the SF/HLW
disposal tunnels. Threshold pressure for dilatant gas flow is exceeded
and micro-fracs are created, predominantly along the bedding planes.

Phase 2

Gas accumulation in the porespace of the newly generated
microfractures. Propagation of microfracture zone in horizontal direction
and, at the same time, advective transport of dissolved gas and two-phase
flow in vertical direction.
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Effects of gas on system performance

5.1

Introduction

5.1.1

Objectives and scope
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A first objective of this chapter is to develop a model and perform simplified calculations for
the pressure evolution and gas migration in the SF/HLW/ILW repository in Opalinus Clay
(Section 5.2). The pressure build-up caused by gas generation is mitigated by gas dissolution
and gas diffusion 6, gas-induced porewater displacement and capillary leakage 7 from the
emplacement tunnel walls into the Opalinus Clay or along the EDZ into the access tunnel
system. If the gas pressure exceeds the threshold pressure of ca. 13 MPa, horizontal dilatant gas
pathways 8 in the Opalinus Clay are created, which increase the efficiency of gas release, limit
the maximal gas pressure in the repository and enlarge the surface area for vertical gas transport.
Gas transported vertically through the host rock will accumulate in the Wedelsandstein
formation (lateral extension due to higher permeability compared to Opalinus Clay and lowpermeability upper confining units), from which gas release takes place through the lowpermeability upper confining units to the Malm aquifer (see Fig. 5.2-1).
A second objective is to develop a model and perform dose calculations for the release of volatile radionuclides 9 in the gas phase from the repository (Section 5.3), based on the results of the
calculations of gas pressure build-up and gas migration. The calculations are performed for 14C
only, because 14C is the only relevant volatile radionuclide in SF and ILW. For HLW, the
contribution of volatile radionuclides to the total dose is insignificant.
A third objective is to develop a model and perform dose calculations for the release of
dissolved radionuclides by gas-induced displacement of porewater from the repository
(Section 5.4), based on the results of the calculations of gas pressure build-up and porewater
displacement. The calculations are performed for SF and ILW for all safety-relevant radionuclides10. For HLW, the contribution of gas-induced displacement of porewater to the total
dose is insignificant, because of the small amount of mobile porewater in the near field and
because no IRF is present in HLW.
Tab. 5.1-1 gives an overview of all safety-relevant aspects explicitly included in the model for
gas-mediated transport (the Gas Model). These aspects are discussed in more detail in the
relevant sections on the conceptual models (Sections 5.2.1 and 5.3.1), where they are
highlighted in bold.

6
7
8
9
10

Gas diffusion is an abbreviation for diffusive transport of dissolved gas in the aqueous phase.
Capillary leakage is an abbreviation for advective transport of gas in the gas phase under two-phase conditions (no structural
changes in pore space involved).
Dilatant gas pathway is an abbreviation of gas-induced microscopic pathway dilation (which involves mechanical deformation
of the pore space).
Volatile radionuclides is used as an abbreviation of radionuclides that can form volatile species and be transported in the gas
phase.
The selection of safety-relevant radionuclides is discussed in Appendix 5 of Nagra (2002c).
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Tab. 5.1-1: Safety-relevant aspects explicitly included in the Gas Model
Model features

Safety-relevant aspects explicitly included in the Gas Model

General

Radionuclide decay

Pressure evolution and gas migration

Gas generation rate for SF/HLW
Gas generation rate for ILW
Gas dissolution and diffusion (SF/HLW near field; ILW near
field; Opalinus Clay, incl. tunnel EDZs)1
Porewater displacement by gas (ILW near field)
Capillary leakage into the Opalinus Clay
Dilatant gas pathway formation in the Opalinus Clay
Porewater displacement in the Wedelsandstein
Gas dissolution and diffusion in the low-permeability upper
confining units

Dose due to volatile 14C in the gas
phase

Organic 14C in volatile form upon release
Corrosion rate (cladding)
Dissolution rate (fuel matrix)2
Time of occurrence of breaching (SF canisters)
Dilution in the Quaternary aquifer
Ingestion of drinking water from Quaternary aquifer

1

Advection of dissolved gas is considered to be negligible.

2

This capability of the Gas Model is not used in the present context, because the 14C contained in the
fuel matrix is assumed to be present in inorganic (non-volatile) form.

5.1.2

Assessment cases related to gas-mediated transport of radionuclides

By definition, an assessment case is a specific conceptualisation of the evolution of the disposal
system that is investigated in the safety assessment. It also includes the assignment of parameter
values used in the calculation of radionuclide transport. A summary and brief characterisation of
all investigated gas-related assessment cases is given in Tab. 5.1-2. Note that the assessment
cases related to the release of volatile 14C in the gas phase are derived from the gas transport
variants in Tab. 4.3-1, although there is not a one-to-one correspondence between gas transport
variants and assessment cases.
For ILW, gas transport variant ILW-V1 considers gas accumulation in both the ILW
emplacement tunnels and operations tunnel, whereas in Case 2.1, gas accumulates in the ILW
emplacement tunnels only. Gas transport variant ILW-V2 (gas accumulation in central area) is
not translated into an assessment case, because it does not involve any gas release from the ILW
repository to the Wedelsandstein. Gas transport variant ILW-V3, related to gas transport
through the ramp into the Wedelsandstein, is represented by Case 2.2. Furthermore, Case 4.6
addresses instantaneous gas transport through steeply dipping faults, which is considered to be
outside the range of possibilities supported by scientific evidence ("what if?" case). This issue is
addressed by variant SF/HLW-V2, but has no counterpart for ILW.
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For SF/HLW, gas transport variant SF/HLW-V1 (gas transport through the construction and
operations tunnels) is represented by Case 2.2, whereas variant SF/HLW-V2 (direct gas
transport through steeply dipping faults) is addressed by "what if?" Case 4.6. Finally, gas
transport variant SF/HLW-V3, related to gas transport exclusively through the host rock
formation, is treated in Case 2.1. This latter situation is adopted as the reference
conceptualisation, because of uncertainty related to the properties of the EDZ with respect to
gas transport. In contrast, Case 2.2 is considered as an alternative conceptualisation.
All cases addressing the release of volatile 14C from the repository by way of the
Wedelsandstein to the biosphere are grouped in the Alternative Scenario "Release of volatile
radionuclides along gas pathways" (see Nagra 2002c). A more detailed discussion of the
conceptual assumptions for these assessment cases is given in Section 5.3.1.
In contrast to the assessment cases for volatile 14C, discussed above, the assessment cases
related to the release of dissolved radionuclides by gas-induced porewater displacement are
derived in analogy with the assessment cases of the Reference Scenario in Nagra (2002c), which
addresses transport of dissolved radionuclides in the aqueous phase in a variety of situations.
These assessment cases are, therefore, not directly related to the gas transport variants
summarised in Tab. 4.3-1 and are grouped within the Reference Scenario (Nagra 2002c). A
more detailed discussion of the conceptual assumptions for these assessment cases is given in
Section 5.4.1 and Tab. 5.4-1.
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Tab. 5.1-2: Summary of assessment cases related to the release of volatile 14C in the gas phase
and of dissolved radionuclides by gas-induced displacement of pore water
(numbering of cases according to Tab. 6.8-2 in Nagra 2002c)
Assessment case
Number
2.1

2.2

4.6

1.8

4.5

Related gas
transport
variant
(Tab. 4.3-1)

Title

Description

Parameter variations

Release of
volatile 14C from
SF and ILW in
the gas phase not
affected by
ramp/shaft
("tight seals").

Volatile 14C is mixed with
non-radioactive gases in the
gas storage volume
provided by near field
(incl. EDZ), dilatant gas
pathways in Opalinus Clay
and Wedelsandstein.

Parameter variations
ILW-V1
related to gas permeability SF/HLW-V3
kg in Opalinus Clay:

Release of
volatile 14C from
SF and ILW in
the gas phase
affected by
ramp/shaft
("leaky seals").

Volatile 14C is mixed with
non-radioactive gasses in
the gas storage volume
provided by near field
(incl. EDZ), access tunnel
system and Wedelsandstein.

Unretarded
transport of
volatile 14C from
SF and ILW
through host rock
("what if?").

Volatile 14C is mixed with
non-radioactive gasses in
gas storage volume
provided by near field and
Wedelsandstein

Gas-induced
release of
dissolved
radionuclides
affected by
ramp/shaft

Dissolution of radionuclides
in the near field pore water
and advective transport by
gas-induced porewater
displacement through the
Opalinus Clay and the
ramp/shaft in parallel.

ILW: Gasinduced release
of dissolved
radionuclides
through the ramp
only ("what if?").

Dissolution of radionuclides
in the near field pore water
and advective transport by
gas-induced porewater
displacement from ILW
tunnels through the ramp
only.

2.1a kg = 10-23 m2
2.1b kg = 10-22 m2
2.1c kg = 0 m2
Parameter variations
ILW-V3
related to gas permeability SF/HLW-V1
kg in Opalinus Clay:
2.2a kg = 10-23 m2
2.2b kg = 10-22 m2
2.2c kg = 0 m2
Parameter variations
ILW: none
related to gas permeability SF/HLW-V2
kg in Opalinus Clay:
4.6a kg = 10-23 m2
4.6b kg = 10-22 m2
4.6c kg = 0 m2
Parameter variations
related to pore water
displacement rate from
SF/ILW:

None

1.8a 0.07/0.05 m3 a-1
1.8b 0.07/0.3 m3 a-1
Parameter variations
related to pore water
displacement rate from
ILW:
4.5a 0.05 m3 a-1
4.5b 0.3 m3 a-1

None
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5.2

Pressure evolution and gas migration in the SF/HLW/ILW repository

5.2.1

Conceptual model

In the following, the relevant processes governing the pressure evolution and gas migration in
the SF/HLW/ILW repository in Opalinus Clay, as discussed in the previous chapters, are
summarised and the conceptual assumptions listed (see Tab. 5.2-1 and Figs. 5.2-1 and 5.2-2):
•

Resaturation of tunnels
While gas pressure in the repository is below the formation pore pressure of 6.5 MPa, slow
inflow of water from the Opalinus Clay occurs and water saturation in the emplacement
tunnels gradually increases. In the case of the ILW emplacement tunnels, full saturation is,
however, not likely to be reached before the start of gas generation and a free gas phase will
remain.

•

Gas generation
As discussed in Chapter 2, gas generation is caused by anaerobic corrosion of SF/HLW
steel canisters (the gas generation rate for SF/HLW is determined by the corrosion rate –
realistic corrosion rate is 1 µm a-1, but may be as low as 0.1 µm a-1) and – for ILW – other
metals, producing hydrogen, and by microbial degradation of organic compounds,
producing CH4 and CO2. Realistic gas generation rates for ILW are used for the model
calculations (Tab. 2.8-1). There is the possibility that hydrogen may be reduced to methane
by microbial activity, leading to a reduction in the total gas volume, but this process is
conservatively neglected in the calculations (see Section 2.8).

•

Gas dissolution and diffusion
Gases generated by the above mechanisms, as well as gas entrapped a the time of closure,
dissolve in the near field pore water until the solubility limit at repository pressure is
reached. Dissolved gas diffuses through the tunnel walls into the Opalinus Clay.

•

Pressure build-up and porewater displacement by gas
The pressure of the free gas phase increases as a result of the ongoing generation of gas. In
the case of ILW and for pressures exceeding the formation pore pressure of 6.5 MPa, water
is displaced from the emplacement tunnels into the Opalinus Clay. In the case of SF/HLW,
the pressure increases until gas pathways through the bentonite are created. The resulting
gas storage volume in the near field is significantly smaller than for ILW and the amount of
displaced porewater is expected to be small. If the gas generation rate exceeds the rate of
gas removal (by dissolution/diffusion) and gas volume increase (porewater displacement),
then the gas pressure further rises until capillary leakage and/or pathway dilation occurs (see
next two bullet points).

•

Capillary leakage into the Opalinus Clay
When the gas pressure exceeds the threshold for capillary leakage (formation pore pressure
of 6.5 MPa plus gas entry pressure of approximately 5 MPa), leakage of gas into the
Opalinus Clay takes place. Leakage is proportional to the product of the gas permeability
times the hydraulic gradient (Darcy’s law).
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Formation of gas pathways through the sealing zone (ILW only)
If the gas pressure exceeds the threshold pressure for the formation of gas pathways through
the sealing zone (including EDZ), gas escapes to the operations tunnel where significant
pore volumes are provided for additional gas storage. These processes have not been fully
included in the Gas Model, but their mitigating effect is illustrated in a parameter variation
in which the total length of the ILW tunnels is doubled from 180 m to 360 m, thus providing
additional volume for gas accumulation.

•

Dilatant gas pathway formation in the Opalinus Clay (pathway dilation)
Pressure may further increase until the threshold pressure for the formation of dilatant gas
pathways in the Opalinus Clay is eventually reached (approximately 13 MPa). Based on the
prevailing stress conditions, dilatant gas pathways penetrate along the bedding planes into
the formation, thus increasing the surface over which capillary leakage and gas diffusion
vertically into the Opalinus Clay matrix take place (both upwards and downwards). Gas
pathway propagation stops when the combined effect of capillary leakage/ porewater
displacement/gas diffusion over the available surfaces (tunnel wall and gas pathway)
balances the gas generation rate. In the conceptual model, the gas pathways are represented
by a single feature with an effective aperture. The effective aperture is determined by the
number and apertures of individual pathways as well as by the extent of a desaturated zone
along the pathways, the formation of which can be assumed to occur in equilibrium with the
propagation of the pathways. The growth of the feature is dynamically modelled by
considering the mass balance for gas and by assuming a constant pressure inside the
pathway, which equals the threshold pressure for gas pathways.

•

Gas accumulation in and loss from the Wedelsandstein
Gas transported through the host rock and/or through the ramp/shaft accumulates in the
Wedelsandstein formation. A gas-filled pore volume develops radially at a rate determined
by the gas release rate to the Wedelsandstein and by the gas release from the
Wedelsandstein due to gas dissolution followed by gas diffusion back into the Opalinus
Clay and into the low-permeability upper confining units, transporting gas to the Malm
aquifer. Note that capillary leakage does not contribute to the loss of gas because, with the
parameters used in the model calculations, the gas pressure in the Wedelsandstein formation
always remains below the threshold pressure for capillary leakage into the low-permeability
formations of the upper confining units. Gas transport from the Wedelsandstein through the
Neuhausen fault to the Malm aquifer is unlikely to occur because the gas accumulation
volume in the Wedelsandstein is not expected to intersect the Neuhausen fault (see
Section 5.2.4.3).

The formation of macroscopic gas fracs in the Opalinus Clay is not considered in this
investigation because capillary leakage/porewater displacement/gas diffusion occurs at such a
rate that the frac-pressure of the host rock will never be reached (Nagra 2002a).

77

NAGRA NTB 04-06

Tab. 5.2-1: Summary of transport processes considered in the conceptual models for the
different transport pathways and waste types
Transport
processes
considered

Tunnel seals
(incl. EDZ)

ILW

Wedelsandstein

Lowpermeability
upper
confining units

SF/HLW

ILW

-

9

9

9

9

-

9

-

9

-

Capillary leakage

-

9

9

9

9

Pathway dilation

-

9

9

-

-

-

-

-

-

-

Gas dissolution
and diffusion
Displacement
of porewater

Gas frac
1

Opalinus Clay
(incl. EDZ)

( 9) 1

-

SF/HLW SF/HLW/ILW SF/HLW/ILW

Process implicitly considered in a separate calculational case for ILW by increasing the total length of
the tunnels from 180 m to 360 m with the purpose to include the additional gas storage volume
available in the Operations Tunnel following gas escape through the ILW tunnel plugs (incl. EDZ).
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P

P

P < Ps

Ps < P < Ps + Pa

P

Ps + Pa < P < Pg

Dilatant gas pathway

P

Gas diffusion
Capillary leakage
Porewater displacement

P = Pg

Fig. 5.2-1a: Scheme of the conceptual model for pressure build-up in the ILW emplacement
tunnels, mitigated by gas diffusion, capillary leakage, porewater displacement and
by the formation of dilatant gas pathways.
Ps, Pa, Pg denote formation pore pressure (6.5 MPa), gas entry pressure (5 MPa) and
threshold pressure for the creation of dilatant gas pathways (13 MPa), respectively
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P

P

Bentonite

Bentonite

P < Ps + Pa

Ps + Pa < P < Pg

Dilatant gas pathway

P
Gas diffusion
Capillary leakage
Bentonite

P = Pg

Fig. 5.2-1b: Scheme of the conceptual model for pressure build-up in the SF/HLW
emplacement tunnels, mitigated by gas diffusion, capillary leakage and by the
formation of dilatant gas pathways.
Ps, Pa, Pg denote formation pore pressure (6.5 MPa), gas entry pressure (5 MPa) and
threshold pressure for the creation of dilatant gas pathways (13 MPa), respectively
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Gas dis

solutio

n

Gas transport through
upper confining units
Wedelsandstein

Malm aquifer
Upper confining units

Gas transport through
Opalinus Clay

Repository
Opalinus Clay

Gas phase
ILW containers
Aqueous phase

SF
canister
Bentonite

Fig. 5.2-2: Scheme of the conceptual model for gas release from the SF/HLW/ILW
emplacement tunnels through the Opalinus Clay, the Wedelsandstein and the lowpermeability upper confining units

5.2.2

Mathematical representation

The following mathematical model 11 is a simplified representation of the processes shown in
Figs. 5.2-1 and 5.2-2. All input parameters, with the exception of the gas generation rates, are
assumed to be constant in time. In particular, the lengths over which the gas-induced hydraulic
gradient and the concentration gradient for dissolved gas in the Opalinus Clay are non-zero and
are assumed to be time-independent. Furthermore, the gas permeability of the Opalinus Clay is
assumed to be constant in time and space, but is varied over a relatively large parameter range,
including a gas permeability of zero, in the framework of parameter variations.
Case with gas pressure below threshold for pathway formation in Opalinus Clay (P < Pg):
The gas pressure is governed by

P(t ) = n(t )

11

RT
V g (t )

Section 5.2.2 is identical to Section A1.9.3.2 in Nagra (2002d), but is repeated here for completeness sake.

(Eq. 5.2-1)
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with the gas volume in the emplacement tunnels being changed, in the case of ILW, by water
inflow from the Opalinus Clay into the tunnels (P < Ps) and by gas-induced porewater
displacement from the tunnels into the Opalinus Clay (P > Ps):
t

V g (t ) = min(V p ;V g (0) + ∫ Qw (t ' )dt ')
0

= min(V p ;V g (0) +
V g (t ) = V g (0)

π KrH t
( P (t ' ) − Ps )dt '))
2l l ρ g ∫0

( ILW )

(Eq. 5.2-2)

( SF / HLW )

with
V g (0) = V p S ILW = π r 2 Hε ILW S ILW
V g (0) = π r 2 pε ben S ben

(total ILW )

( per SF / HLW canister )

P(t)

gas pressure in tunnel at time t [Pa]

Ps

formation pore pressure in Opalinus Clay [Pa]

n(t)

amount of gas in tunnel [mol]

R

universal gas constant [J K-1 mol-1]

T

temperature [K]

Vp

total pore volume in tunnel [m3]

Vg(t)

storage volume available to gas [m3]

Qw(t)

water inflow/outflow rate to/from tunnel [m3 a-1]

K

hydraulic conductivity of Opalinus Clay [m s-1]

r

tunnel radius [m]

H

total tunnel length [m]

p

canister pitch (SF/HLW) [m]

εILW

bulk porosity of ILW emplacement tunnel [-]

SILW

initial gas saturation of pore space in emplacement tunnel [-]

εben

bentonite porosity [-]

Sben

mean gas saturation of pore space in bentonite [-]

ll

distance over which hydraulic gradient due to gas generation is non-zero [m]

ρ

density of water [kg m-3]

g

gravitational acceleration [m s-2]

NAGRA NTB 04-06

82

Vg(t) in (Eq. 5.2-2, ILW case) cannot be greater than the total pore volume in the tunnels, Vp.
For Vg(t) = Vp, full water expulsion from the ILW tunnel is achieved. To simplify the
numerical treatment, the surface over which porewater displacement takes place is assumed to
be constant and equal to a quarter of the total ILW tunnel circumference (average between
initially half saturated tunnels and fully dewatered tunnels).
The mass balance for gas contained in the free gas phase of the tunnel is expressed as:

⎧ n& p − n& sol − n& diff
n& = ⎨
⎩n& p − n& sol − n& diff − n& leak

( P < Ps + Pa )
( Ps + Pa < P < Pg )

(Eq. 5.2-3)

where

n&

rate of change of gas contained in free gas phase [mol a-1]

n& p

gas generation rate [mol a-1]

n& sol

gas dissolution rate in near field porewater [mol a-1]

n& diff

gas diffusion rate from tunnel walls into Opalinus Clay [mol a-1]

n& leak

capillary leakage rate from tunnel walls into Opalinus Clay [mol a-1]

Note that in this chapter, the time derivative of a quantity n is denoted by a dot ( n& ). In Eq. 5.23, loss terms due to gas migration along the tunnel system are not taken into account, i.e. the
plugs and sealing zones are assumed to be impermeable. In the case of ILW, the different terms
in Eq. 5.2-3 are calculated in a one-dimensional approximation as follows (similar expressions
are derived for SF/HLW, assuming that dissolution takes place in the tunnel backfill and
assuming diffusion and capillary leakage to take place from the tunnel wall into the Opalinus
Clay):
C ( P0 ) &
1
n& sol = π r 2 Hε ILW
P
P0
4

n& diff = 2π rHε OPA D p

n& leak

(Eq. 5.2-4)

C ( P0 ) P
P0 l d

k g P 2 − ( Ps + Pa ) 2
3
= π rH
µ g RT
2
2 ll

(Eq. 5.2-5)

( P > Ps + Pa )

(Eq. 5.2-6)

εOPA

porosity of Opalinus Clay [-]

Dp

pore diffusion constant of Opalinus Clay (non-anions) [m2 s-1]

C(P0)

hydrogen solubility at pressure P0 = 0.1 MPa [mol m-3]

ld

distance over which gradient of dissolved gas concentration is maintained [m]
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kg=ka kr gas permeability of Opalinus Clay (=intrinsic × relative permeability) [m2]
µg

dynamic viscosity of hydrogen gas [Pa s]

Pa

threshold pressure for capillary leakage into Opalinus Clay [Pa]

In Eq. (5.2-4), the volume of pore water in which gas dissolution takes place is assumed to be
time-independent and corresponds to a quarter of the total pore space in the ILW emplacement
tunnels (average between initially half saturated tunnels and fully dewatered tunnels). Similarly,
the surface over which capillary leakage takes place is assumed to be constant and equal to three
quarters of the total ILW tunnel circumference (Eq. 5.2-6). In contrast, gas diffusion (as
dissolved gas) is assumed to occur across the entire surface of the emplacement tunnels.
Eqs. (5.2-1) to (5.2-6) are integrated numerically using a backward time-stepping procedure.
The time-dependent gas generation rate for ILW has been fitted to the original data (Tab. 2.8-1)
in the time period 10 a < t < 104 a using an exponential law and extrapolated beyond 104 a,
under the condition that the total volume of gas generated is reproduced (see Fig. 5.2-3). For the
time period 1 a < t < 10 a, the original data is used in the calculations.

Gas generation rate [mol a-1]

10 5

10 4

10 3

10 2

Original data
Fit by exponential law

10 1
100

101

10 2

10 3

10 4

10 5

Time [a]

Fig. 5.2-3: Fit of time-dependent gas generation rate for ILW using an exponential law in the
time period 10 a < t < 105 a
Exponential law: exp(8.55-0.00217*(ln t)3.20). Original data from Tab. 2.8-1.
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Case with gas pressure equal to threshold pressure for dilatant gas pathway formation in
Opalinus Clay (P=Pg):

Once the threshold pressure for dilatant gas pathway formation has been reached (t = tg), the
pressure is assumed to be constant, i.e. P(t ≥ tg) = Pg. Any pressure decline along dilatant gas
pathways is neglected due to technical limitations of the simplified modeling approach used.
For this situation, the governing equation is
V g (t ) = n(t )

RT
; t ≥ tg
Pg

(Eq. 5.2-7)

with

π KrH
( Pg − Ps ) + 2 wHL& (t )
V&g (t ) =
2l l ρ g
V& (t ) = 2 w pL& (t )
g

( ILW )

(Eq. 5.2-8)

( SF / HLW )

n(t)

Mass of gas contained in free gas phase [mol]

L(t)

length (tunnel-to-tip) of effective dilatant gas pathway from top of tunnel into
Opalinus Clay [m]

w

effective aperture of representative dilatant gas pathway [m]

In Eq. 5.2-8 (ILW case), the first term is set to zero when full dewatering of the pore space in
the ILW emplacement tunnels is achieved. In the case of SF/HLW, the length of gas pathways
is limited, by geometrical consideration, to half of the separation between neighbouring
emplacement tunnels. The effective aperture of the representative gas pathway, representing the
gas storage volume provided by a network of microscopic dilatant gas pathways within the
Opalinus Clay, including a zone of the Opalinus Clay matrix in which gas saturation is assumed
to be in equilibrium with the nearby gas pathways, is calculated as follows:

w = W (∆ε + ε OPA S OPA )

(Eq. 5.2-9)

w

effective aperture of representative gas pathway [m]

W

extent of gas saturated zone assumed to be in equilibrium with microscopic gas
pathways [m]

∆ε

dilatancy of Opalinus Clay [-]

εOPA

porosity of Opalinus Clay [-]

SOPA

gas accessible porosity fraction in Opalinus Clay [-].

Note that in addition to capillary leakage by two-phase flow, diffusion of dissolved gas is an
additional process leading to the creation of an instantaneously saturated zone around gas
pathways, but this process has been pessimistically neglected. The mass balance for gas
contained in the free gas phase (tunnel + dilatant gas pathway) is:

n& = n& p − n& sol − n& diff − n& leak
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( P = Pg )

(Eq. 5.2-10)

The leakage/diffusion rates from the ILW tunnels are calculated over the total available surface
(tunnel walls + surface of dilatant gas pathway; for SF/HLW, similar expressions are derived):

n& sol = 0

( P = Pg )

n& diff = (2π rH + 4 LH )ε OPA D p

C ( P0 ) Pg
P0 l d

(Eq. 5.2-11)

2

n& leak

k g Pg − ( Ps + Pa ) 2
3
= ( π rH + 4 LH )
2
µ g RT
2 ll

(Eq. 5.2-12)

Eqs. (5.2-7) to (5.2-12) are integrated numerically using a forward time-stepping procedure.
Accumulation of gas in the Wedelsandstein:

Gas flow into the Wedelsandstein is assumed to start as soon as 10 % of the gas accessible pore
space in the Opalinus Clay is filled with gas (for the definition of gas accessible porosity, see
Section 3.3). Mathematically, this is expressed as follows:
Vcum (t w ) − V g (t w )

ε OPA S OPA VOPA

= 0 .1

(for SF/HLW and ILW, whichever is fulfilled first)
(Eq. 5.2-13)

tw

start of gas flow into the Wedelsandstein [a]

Vcum(t)

cumulated volume of gas generated until time t [m3 (Pg)]

Vg(t)

gas storage volume, [m3], created in near field (including gas pathways) until
time t, calculated by Eq. 5.2-8

εOPA

porosity of Opalinus Clay [-]

SOPA

gas accessible porosity fraction in Opalinus Clay [-]

VOPA

= H dsep dOPA is the bulk volume of Opalinus Clay, [m3], spanned by the total
emplacement tunnel length, H [m], tunnel separation, dsep [m], and thickness of
Opalinus Clay, dOPA [m].

Alternatively, when gas migration takes place through the ramp/shaft or by way of a direct gasfilled pathway through the Opalinus Clay (see definition of cases 2.2 and 4.6, respectively, in
Tab. 5.3-1), gas flow into the Wedelsandstein is hypothetically assumed to start immediately
after the threshold pressure for the creation of dilatant gas pathways has been reached (P=Pg).
This would occur by gas bypassing the seals and entering the ramp or by entry of gas into
steeply dipping features. In these cases, no network of dilatant gas pathways is created and no
storage of gas is assumed to take place in the Opalinus Clay.
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After gas breakthrough, gas accumulates in the Wedelsandstein above the repository and a free
gas phase is assumed to develop radially. This gas phase is assumed to be fed from both the gas
generated in the SF/HLW and ILW facility, at a rate equal to the total gas generation rate after
the start of gas flow ("overflow" criterion according to Eq. 5.2-13). For constant pressure in the
gas phase accumulated in the Wedelsandstein, Pw, the governing equation is
V w (t ) = n(t )

RT
Pw

(Eq. 5.2-14)

with
V w (t ) = π R w2 (t ) d w ε w S w
Pw = Ps , w + Pa , w

Pw

gas pressure in Wedelsandstein [Pa]

Ps,w

pore pressure in Wedelsandstein [Pa]

Pa,w

gas entry pressure for horizontal gas migration in Wedelsandstein [Pa]

Vw(t)

volume of gas accumulated in Wedelsandstein [m3]

Rw(t)

radius of gas accumulated in Wedelsandstein [m]

dw /εw/Sw thickness [m], gas accessible porosity [-] and gas saturation [-] of
Wedelsandstein, respectively
The mass balance for the free gas phase in the Wedelsandstein is:
n& = n& p − n& sol − n& diff − n& leak

( P = Pw )

(Eq. 5.2-15)

The capillary leakage rate from the gas volume accumulated in the Wedelsandstein is calculated
over the available surface upwards only, whereas diffusion of dissolved gas is assumed to take
place upwards and downwards (back into those areas of Opalinus Clay where gas solubility in
the porewater has not been reached previously):
n& sol = 0

( P = Pw )

n& diff = 2πR w2 ε cu D p ,cu

n& leak

(Eq. 5.2-16)
C ( P0 ) Pw
P0 l w,d

⎧
k g ,cu Pw 2 − ( Ps ,cu + Pa ,cu ) 2
2
⎪π R w
⎪
2 l cu ,l
µ g RT
=⎨
⎪
⎪
0
⎩

(Eq. 5.2-17)

( Pw > Ps ,cu + Pa ,cu )
( Pw ≤ Ps ,cu + Pa ,cu )
(Eq. 5.2-18)
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The quantities with the index cu are defined for the low-permeability upper confining units.
Because Pw is always smaller than Ps,cu + Pa,cu (see Section 5.2.3), no capillary leakage takes
place from the Wedelsandstein through the low-permeability upper confining units. Eqs.
(5.2-14) to (5.2-18) are integrated numerically using a forward time-stepping procedure.
5.2.3

Input parameters

The input parameters used in the model calculations are summarised in Tab. 5.2-3, which refers
to data sources described in Chapter 2, 3 and 4. The gas generation rates for a steel corrosion
rate of 1 µm a-1 (SF/HLW) and for base case assumptions (ILW) are listed in Tab. 2.8-1. In the
case of SF/HLW, the gas generation rate does not include contributions from additional steel in
the emplacement tunnels (mesh, rock bolts, rails). These materials may initially increase the gas
generation rate by up to a factor of 3, but are likely to be corroded away after a few thousand
years. As a consequence, these additional steels have no significant long-term effect on the
migration of gas. For ILW, the calculations of gas generation rates have been performed for a
time period of up to 104 a. The gas generation rates for times beyond 104 a have been
extrapolated (see Fig. 5.2-3). In the model calculations, all generated gas is assumed to be
hydrogen. The total generated gas is estimated to be 4 × 107 m3 (STP) for SF/HLW, for a
duration of roughly 170 000 years, and 5 × 105 m3 (STP) for ILW, the latter including the
contribution from Zircaloy. Resaturation of the ILW tunnels at the onset of gas generation is
assumed to be 50 %. In the case of SF/HLW, the mean gas saturation of the bentonite pore
space is set to an arbitrary small value 12.
Data for gas-related properties in near field and geosphere are discussed in Chapter 3 (Tab.
3.3-1 to 3.3-3). The reference values for the gas entry pressure (threshold pressure for capillary
leakage) in Opalinus Clay and in the EDZ are 5 MPa and 2 MPa, respectively. This is
particularly of relevance to the ILW part of the repository, because it allows gas to escape
around the plug into the backfill of the operations tunnel, which significantly reduces the
maximal gas pressure in the emplacement tunnels. At repository level, the threshold pressure for
microscopic pathway dilation in the Opalinus Clay is 13 MPa, slightly lower than the minimum
stress component of 15 MPa.
The reference value for intrinsic gas permeability in the Opalinus Clay is 10-20 m2 (horizontal)
and 2 × 10-21 m2 (vertical). For the release of gases upwards to the Wedelsandstein and further
to the Malm aquifer, the vertical gas permeability (defined as the product of intrinsic and
relative gas permeabilities) is the relevant quantity. The relative gas permeability depends on the
gas saturation in the formation, which is a varying function in time and space. A broad range is,
therefore, considered for the vertical gas permeability of the Opalinus Clay: 10-21 to 10-24 m2. At
the lower end of the chosen range, a hypothetical value of zero for the vertical gas permeability
is also investigated.
In the Gas Model, the large number of microscopic dilatant gas pathways, originating from the
emplacement tunnels and creeping horizontally into the Opalinus Clay, are described by means
of a single representative gas pathway. The effective aperture of the representative gas pathway
is determined by the dilatancy of Opalinus Clay as well as by the extent of a representative
instantaneously desaturated zone along the dilatant gas pathways. This desaturated zone
represents the gas-filled pore space along a number of microscopic dilatant gas pathways, and
its formation is assumed to occur in equilibrium with the propagation of the representative gas
12

The value used corresponds to the void volume inside the canisters (0.7 m3 per canister), which is available for gas storage only
after canister breaching. It may also be interpreted as gas-filled pore space in bentonite, or at the interface to the canister, before
saturation und swelling of the bentonite is fully achieved.
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pathway (Eq. 5.2-9). The dilatancy of Opalinus Clay, including contributions from elastic and
plastic deformations, is assumed to be 0.01. This value is twice as high as the value used for the
porosity increase in the bounding calculations of elastic deformations due to porewater
overpressure (0.005, see Section 4.2). The extent of the representative instantaneously
desaturated zone, where a fraction of 5 % of the pore space is assumed gas-filled, is assumed to
be 2 m, roughly corresponding to the diameter of the SF/HLW emplacement tunnel. The same
value is also used for ILW, representing a layer of Opalinus Clay at the top of the emplacement
tunnels, where preferential formation of dilatant gas pathways may occur (favourable stress
conditions due to low lithostatic load). From this, the effective aperture of the representative gas
pathway, w, is calculated to be 0.03 m, using Eq. 5.2-9.

Tab. 5.2-3: Summary of input parameters for the model calculations related to gas migration in
the SF/HLW/ILW repository system
Parameter

Symbol

ILW

-1

Value

Comment/source

n& p

mol a
(total)

Fig. 5.2-3

Tab. 2.8-1

Tunnel radius

r

m

4.5

Tab. 2.3-1

Tunnel length

H

m

180

Tunnel separation

dsep

m

100

Bulk porosity (near field)

εILW

-

0.3

Initial gas saturation (near field)

SILW

-

0.5

n& p

mol a-1
per
canister

Gas generation rate

Gas generation rate (per canister)
SF
HLW

Number of canisters:

SF/HLW

Unit

-

4 (0.4)
2 (0.2)

935

PWR UO2-48 + PWR MOX-48

450

PWR-UO2-48

680

COGEMA

460

BNFL

270

Canister breaching time

t0

a

10 000

Tunnel radius

r

m

1.15

dsep

m

40

p

m

Canister pitch
SF

Section 2.8, corr. to
1 µm a-1
(0.1 µm a-1); value
for HLW scaled
from SF by ratio of
canister lengths.
Tab. 2.4-1

BWR-UO2-48

Tunnel separation

see text

Tab. 2.3-1

7.6

HLW

5

Bentonite porosity

εben

-

0.36

Mean gas saturation (bentonite)

Sben

-

0.06

see text
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Tab. 5.2-3: (Cont.)
Parameter

Symbol

Unit

Value

dOPA

m

100

Pore pressure at repository depth

Ps

MPa

6.5
(absolute
pressure)

Gas entry pressure
(2-phase flow)

Pa

MPa

5 (relative
pressure)

Threshold pressure for creation of
dilatant gas pathways through
Opalinus Clay

Pg

MPa

13 (absolute
pressure)

Pa,EDZ

MPa

2 (relative
pressure)

Distance over which concentration
gradient of dissolved H2 is
maintained

ld

m

20

see text

Distance over which hydraulic
gradient is maintained

ll

m

40

see text

Dilatancy

∆ε

-

0.01

see text

Extent of gas saturated zone
assumed to be in equilibrium with
dilatant gas pathways

W

m

2

Gas permeability

kg

m2

Hydraulic conductivity

K

m s-1

6 × 10-14

Porosity

εOPA

-

0.12

Section 4.1

Gas accessible porosity fraction in
Opalinus Clay

SOPA

-

0.05*

Tab. 3.3-1 (* derived
from pessimistic
value for gas
accessible porosity
in Opalinus Clay)

Pore diffusion constant (vertical)

Dp

m2 s-1

8.3 × 10-11

Thickness

Opalinus Clay

Gas entry pressure for EDZ
(2-phase flow)

Comment/source
Section 2.2
Tabs. 3.3-1 and
3.3-2
(reference values)

assumed value,
roughly
corresponding to the
diameter of the
SF/HLW
emplacement tunnel
(see text)

10-24 – 10-21 Tab. 3.3-1 (in
addition, kg = 0 is
also investigated)
=1/2*(Kv+Kh),
derived from
intrinsic
permeability in Tab.
3.3-1

Nagra (2002a)
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Tab. 5.2-3: (Cont.)

General

Upper confining units

Wedelsandstein

Parameter

Symbol

Unit

Value

Hydraulically active thickness

dw

m

5

Gas entry pressure for horizontal
gas migration (2-phase flow)

Pa,w

MPa

Pore pressure

Ps,w

MPa

Gas accessible porosity

εw

-

Gas saturation of gas accessible
porosity

Sw

-

1

Distance over which concentration
gradient of dissolved H2 is
maintained

lcu,d

m

20

same as in Opalinus
Clay

Distance over which hydraulic
gradient is maintained

lcu,l

m

100

see text

Gas entry pressure

Pa,cu

MPa

5 (relative
pressure)

same as in Opalinus
Clay

Pore pressure

Ps,cu

MPa

5.4
(absolute
pressure)

same value assumed
as for
Wedelsandstein

εcu

-

0.12

same as in Opalinus
Clay

Pore diffusion constant

Dp,cu

m2 s-1

8.3 × 10-11

same as in Opalinus
Clay

Solubility of hydrogen
(at 0.1 MPa)

C(P0)

mol m-3

0.8

Section 3.4

µg

Pa·s

10-5

weak dependency on
temperature
neglected

Porosity

Dynamic viscosity of hydrogen gas

Comment/source
Section 4.1

0.2 (relative Tab. 3.3-3, pore
pressure) pressure derived
from value at
5.4
(absolute repository level
pressure) given in Tab. 3.3-1,
assuming an under0.001
pressure in the
Wedelsandstein of
0.6 MPa.

Only part of the Wedelsandstein formation, namely 5 m, is taken to be hydraulically active
(Tab. 3.4). This zone is modelled as a fractured medium with a flow porosity of 0.1 %, which is
fully accessible for gas at a low gas entry pressure (0.2 MPa). The input parameters for the
overlying low-permeability confining units are chosen by analogy to the input parameters for
the Opalinus Clay (porosity, pore diffusion constant, gas entry pressure, characteristic length for
concentration gradient).
The lengths over which the gas-induced hydraulic gradient and the concentration gradient for
dissolved gas in the Opalinus Clay are non-zero are assumed to be time-independent. The values
for the characteristic lengths listed in Tab. 5.2-3 are justified by the estimates presented in
Tab. 5.2-4. For the characteristic diffusion length, ld, a representative value of 20 m is chosen.
In the case of the characteristic hydraulic length, ll, a value of 40 m is chosen. This is a
bounding value which roughly corresponds to the distance from mid-Opalinus Clay to
Wedelsandstein. For the case of the low-permeability upper confining units, the corresponding
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values are 20 m (diffusion length) and 100 m (hydraulic length, bounding value corresponding
to thickness of upper confining units).

Tab. 5.2-4: Justification of chosen values for characteristic lengths of hydraulic gradient and
concentration gradient of dissolved hydrogen in Opalinus Clay

K is the hydraulic conductivity, averaged over horizontal/vertical directions
(6 × 10-14 m s-1) and Ss is the specific storativity (10-5 m-1)

Time t [a]

l d = π D p t [m]

ll = π

K
t [m]
Ss

(hydrogen concentration gradient)

(hydraulic gradient)

10

2

0.9

7.7

10

3

2.9

24

10

4

9.0

77

10

5

29

240

20

40

Choice

(bounding value, see text)

5.2.4

Results

5.2.4.1

ILW

The calculated pressure evolution in the ILW emplacement tunnels in the absence of capillary
leakage by 2-phase flow through the tunnel walls is shown in Fig. 5.2-4. Within roughly 6 000
and 8 000 years after the end of waste emplacement the pressure rises to the capillary leakage
threshold (11.5 MPa) and to the threshold pressure for the formation of dilatant pathways
(13 MPa), respectively.
In the absence of any transport of gas and water and assuming a resaturation of 50 % at the start
of gas generation, the gas pressure reaches a hypothetical maximum of about 30 MPa after
several hundred thousand years. The effects of gas dissolution in the near field porewater and
aqueous gas diffusion through the tunnel walls on the pressure evolution are small up to one
hundred thousand years, but get more important at a later stage when the gas generation is
reduced to nearly zero. Gas-induced porewater displacement from the emplacement tunnels into
the Opalinus Clay reduces the hypothetical pressure maximum from 30 MPa to a maximum of
about 14 MPa occurring at 15 000 years (Fig. 5.2-4).
When diffusion of dissolved gas, porewater displacement and capillary leakage by 2-phase flow
from the tunnel walls into the Opalinus Clay are taken into account (Fig. 5.2-5), the pressure
rises to a maximum occurring within about 15 000 years and declines thereafter due to porewater displacement from the tunnels. As soon as the porewater has been completely displaced
from the tunnels, the pressure rises again because the rate of capillary leakage and gas diffusion
is smaller than the gas generation rate. For gas permeabilities of 10-23 m2 or lower, the threshold
pressure for the formation of dilatant pathways (13 MPa) is exceeded. Also shown in Fig. 5.2-5
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is the rate of gas-induced porewater displacement from the ILW emplacement tunnels into the
Opalinus Clay, also used as input in the assessment case 1.8 and 4.5, related to the gas-induced
release of dissolved radionuclides from the ILW tunnels (see Tab. 5.1-2 and Section 5.4).
Significant displacement of water starts at roughly 10 000 years, at a maximal rate of approximately 0.05 m3 a-1. For pressures lower than the formation pore pressure at the beginning of the
pressure build-up, inflow to the emplacement tunnels occurs, but these (negative) flow rates are
not shown in Fig. 5.2-5.
When the threshold pressure (13 MPa) is exceeded, gas pathways are created by pathway
dilation. The most likely situation is that dilatant gas pathways propagate from the upper part of
the tunnel (lowest lithostatic load) laterally along the bedding planes (minimal tensile strength).
A network of dilatant gas pathways is created representing a perturbation of the host rock
limited to a horizontal layer at the level of the upper part of the waste emplacement tunnels, thus
creating additional volume for gas and surface area for capillary leakage by 2-phase flow and
diffusion of dissolved gas in vertical direction both upwards and downwards. In the model, this
network is represented by a single representative pathway with an effective aperture of 0.03 m
(see Section 5.2.3). In Fig. 5.2-5, a gas pressure curve and a porewater displacement curve are
shown for the case without capillary leakage (kg = 0), but limiting the maximum gas pressure to
the threshold pressure for dilatant gas pathways (13 MPa) to take the effect of pathway dilation
into account.
The time-dependent length (tunnel to tip) of the representative dilatant pathway is shown in
Fig. 5.2-6 for the case of ILW as a function of time and gas permeability. The maximal length
of the dilatant pathway depends on the assumed value for the gas permeability for capillary
leakage into the Opalinus Clay matrix. The highest value of less than 10 m (from tunnel to tip)
is obtained in the absence of any capillary leakage (kg = 0, i.e. gas diffusion only) at roughly
15 000 years. When the combined effect of capillary leakage by 2-phase flow, diffusion of
dissolved gas and porewater displacement exceeds the gas generation rate, the fracture length is
reduced and the dilatant pathway eventually closes. The maximal creep rate of the representative gas pathway is found to be 2.5 mm a-1. This mass-balance-based propagation velocity is
thus comparable to the propagation velocity of the 13 MPa pressure isoline, calculated in
Section 4.2 based on a transient hydrodynamic model for a panel of SF/HLW emplacement
tunnels.
In an attempt to illustrate the effect of additional porosity for gas storage in the access tunnel
system, the tunnel length has been doubled from 180 m to 360 m (Fig. 5.2-7). All other input
parameters are left identical to the ones used to produce the results in Fig. 5.2-5. The maximum
pressure in the absence of any gas and water escape is reduced to 16 MPa. Taking porewater
displacement from the 360 m long tunnel into account, the pressure rises to approximately
9 MPa. In this case, no capillary leakage by 2-phase flow and no pathway dilation takes place,
because the corresponding threshold pressures are not exceeded.
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100

Gas pressure [MPa]

Threshold pressure for dilatant gas pathway (OPA)
Threshold pressure for capillary leakage (OPA)

10

1

No gas transport
Gas diffusion only
Diffusion and water displacement

0.1
10 0

10 2

10 4

10 6

Time after end of waste emplacement [a]

Fig. 5.2-4: Evolution of gas pressure in the ILW emplacement tunnels assuming an initial
saturation of 50 %
Gas diffusion and porewater displacement is taken into account, but capillary leakage by 2phase flow and pathway dilation are not considered.

NAGRA NTB 04-06

94

Gas pressure [MPa]

10 2
Threshold pressure for dilatant gas pathway (OPA)
Threshold pressure for capillary leakage (OPA)

101
k g = 0 m2
k g = 0 m2
(with pathway dilation)

10 0

kg = 10-23 m2
kg = 10-22 m2

10-1
10 0

10 2

10 4

10 6

15

Gas pressure [MPa]

Threshold pressure for dilatant gas pathway (OPA)

13
11
k g = 0 m2
k g = 0 m2
(with pathway dilation)

Threshold pressure for
capillary leakage (OPA)

9

kg = 10-23 m2
kg = 10-22 m2

7
5
10 5

0

2 × 10 5

3 × 10 5

Displacement rate [m3 a-1]

10-1
8 × 10-2

k g = 0 m2
k g = 0 m2
(with pathway dilation)

6 × 10-2

kg = 10-23 m2
kg = 10-22 m2

4 × 10-2
2 × 10-2
0
0

2 × 10 4

4 × 10 4

6 × 10 4

8 × 10 4

10 5

Time after end of emplacement [a]

Fig. 5.2-5: Upper and middle figure: Evolution of gas pressure in the ILW emplacement
tunnels taking into account gas diffusion, porewater displacement and capillary
leakage by 2-phase flow, and – in one special case – pathway dilation. Lower
figure: Gas-induced porewater displacement rates from the ILW emplacement
tunnels into the Opalinus Clay (same parameter values as in upper figure)
For better visibility of the details of the curves, linear-linear plots are shown in the middle
and lower figure. The displacement rates in the lower figure are also used as input in the
assessment cases 1.8 and 4.5, related to the gas-induced release of dissolved radionuclides
from the ILW tunnels (see Tab. 5.1-2 and Section 5.4).
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Length of dilatant gas pathway
(tunnel to tip) [m]

25

kg = 0 m2

20

k g = 10 -23 m 2
k g = 10 -22 m 2

15
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5

0
10 2

10 3

10 4

10 5

10 6

Time after end of emplacement [a]

Fig. 5.2-6: Propagation of a representative dilatant gas pathway from the ILW emplacement
tunnel into the Opalinus Clay (P = 13 MPa), taking gas diffusion, porewater
displacement and capillary leakage by 2-phase flow from tunnels and horizontal
dilatant gas pathways into account
10 2

Gas pressure [MPa]

Threshold pressure for dilatant gas pathway (OPA)
Threshold pressure for capillary leakage (OPA)

10 1

10 0
k g = 0 m2
kg = 10-23 m2
kg = 10-22 m2

10 -1
10 0

10 2

10 4

10 6

Time after end of emplacement [a]

Fig. 5.2-7: Evaluation of the importance of additional gas storage volume for ILW
The total tunnel length is increased from 180 m to 360 m to include additional volume
provided by the operations tunnel. The evolution of gas pressure in the ILW facility is
taking into account gas diffusion and porewater displacement; all pressure curves are
identical.
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SF/HLW

The calculated pressure evolution in the SF emplacement tunnels is shown in Fig. 5.2-8 for a
steel corrosion rate of 1 µm a-1. In the absence of capillary leakage by 2-phase flow, the pressure
rises to the capillary leakage threshold (11.5 MPa) and to the threshold pressure for the
formation of dilatant gas pathways (13 MPa) within roughly 1 000 years after the end of waste
emplacement. For HLW, the pressures are expected to be lower than for SF, due to the lower
canister length-to-pitch ratio (lower gas generation rate per unit tunnel length).
In the absence of any transport processes and assuming a gas storage volume corresponding to
6 % gas saturation in the bentonite (arbitrary small volume), the gas pressure reaches extremely
high pressures. The effects of gas dissolution in the near field porewater and aqueous gas
diffusion through the tunnel walls on the pressure evolution are significant only at very high
pressures.
When capillary leakage by 2-phase flow and gas diffusion from the SF tunnel walls into the
Opalinus Clay are taken into account (Fig. 5.2-8), the pressure reaches a steady-state, which
corresponds to an equilibrium between gas generation and gas escape. In Tab. 5.2-5, the
maximum gas pressures in the SF tunnels are listed as a function of gas permeability and
corrosion rate. Note that under these circumstances and for a gas permeability in the order of
10-22 m2 or higher, the maximal gas pressure stays below the minimum principal stress of the
Opalinus Clay (about 15 MPa). In Fig. 5.2-8, a gas pressure curve is shown for the case without
capillary leakage (kg = 0), but limiting the maximum gas pressure to the threshold pressure for
dilatant gas pathways (13 MPa) to take the effect of pathway dilation into account.

10 3

Gas pressure [MPa]

10 2
Threshold pressure for
dilatant gas pathway (OPA)

10 1
Threshold pressure for
capillary leakage (OPA)
No gas transport
Gas diffusion only (k g = 0 m 2)
Gas diffusion and pathway
dilation (k g = 0 m 2)

10 0

k g = 10 -23 m 2
k g = 10 -22 m 2

10 -1
10 0

10 2

10 4

10 6

Time after end of emplacement [a]

Fig. 5.2-8: Evolution of gas pressure in the SF emplacement tunnel taking gas diffusion and
capillary leakage by 2-phase flow into account (steel corrosion rate 1 µm a-1)
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Tab. 5.2-5: Maximal gas pressures in the SF emplacement tunnels for various gas permeabilities and corrosion rates considering capillary leakage by 2-phase flow and gas
diffusion, but no pathway dilation (pressures above the threshold for pathway
dilation of 13 MPa in italics)
Gas permeability of
Opalinus Clay [m2]
0

Maximal gas pressure [MPa] vs. steel corrosion rate [µm a-1]
0.1

1

54.7

520

10

-23

12.9

23.7

10

-22

11.9

13.3

10

-21

11.9

12.0

For the case considering the formation of dilatant pathways into the Opalinus Clay
(P = 13 MPa), the time-dependent length (tunnel to tip) of the representative pathway is shown
in Fig. 5.2-9 as a function of time and gas permeability (corrosion rate 1 µm a-1). As discussed
in Section 5.2.1, capillary leakage by 2-phase flow is assumed to take place from the tunnel
walls in radial direction and from the representative dilatant pathway in vertical direction into
the Opalinus Clay matrix. In the absence of any capillary leakage by 2-phase flow (i.e. for
kg = 0), the networks of pathways of two adjacent emplacement tunnels overlap, i.e. a connected
horizontal network of dilatant gas pathways would develop covering the SF/HLW repository
plane. In this situation, the length of the discrete pathway in Fig. 5.2-9 is truncated to 20 m,
which corresponds to half of the tunnel separation of 40 m. Any gas generated once this occurs
is assumed to escape by way of the access tunnel system. Note that the effective aperture of the
representative pathway only influences the growth rate of the feature but not the maximum
length. For gas permeabilities equal or larger than 10-22 m2, the generated gas is able to escape
by gas diffusion and capillary leakage into the Opalinus Clay (insignificant pathway dilation).
In the absence of capillary leakage (i.e. for kg = 0), the minimal area required for a complete
dissipation of the generated gases by vertical diffusion into the Opalinus Clay is 2.7 × 106 m2.
This value is derived from Tab. 5.2-6, where the maximal radius of a free gas phase in the
Wedelsandstein is given as a function of the steel corrosion rate, and taking the different gas
pressures in the dilatant gas pathways (13 MPa) and in the Wedelsandstein (5.6 MPa) into
account. The so calculated minimal area is about a factor of three larger than the area spanned
by all SF/HLW emplacement tunnels
The maximal creep rate of the representative gas pathway is found to be 1.5 mm a-1. This creep
rate is in the same order of magnitude as the propagation velocity of a 13 MPa pressure isoline
in the Opalinus Clay, as shown by the transient hydrodynamic model calculations discussed in
Section 4.2. Roughly speaking, this hydraulic pressure front represents an envelope of a domain
around the SF/HLW emplacement tunnels, within which plastic deformation at the tips of
dilatant pathways may occur, thus allowing further growth of the dilatant pathways into the
Opalinus Clay matrix.
Fig. 5.2-10 shows the propagation of the representative gas pathway in the case of a decreased
steel corrosion rate of 0.1 µm a-1. For kg ≥ 10-23 m2 , the rate of capillary leakage by 2-phase
flow is sufficient for transporting away all the gas generated by the slow corrosion of steel. For
kg = 0, the minimal area required for a complete dissipation of the generated gases by vertical
diffusion into the Opalinus Clay is 2.8 × 105 m2 (about one third of the area spanned by all
SF/HLW emplacement tunnels), and the maximal creep rate of the representative gas pathway is
found to be approximately 0.1 mm a-1.
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Fig. 5.2-9: Propagation of a representative dilatant gas pathway from the SF emplacement
tunnel into the Opalinus Clay, taking gas diffusion and capillary leakage by 2phase flow from tunnels and horizontal dilatant gas pathways into account
(P = 13 MPa, corrosion rate 1 µm a-1)

Length of dilatant gas pathway
(tunnel to tip) [m]
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k g = 10 -23 m 2
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Fig. 5.2-10: Propagation of a representative dilatant gas pathway from the SF emplacement
tunnel into the Opalinus Clay, taking gas diffusion and capillary leakage by 2phase flow from tunnels and horizontal dilatant gas pathways into account (P =13
MPa, corrosion rate 0.1 µm a-1)
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Gas accumulation in Wedelsandstein

Gas transported through the host rock and/or through the ramp/shaft will accumulate in the
Wedelsandstein, due to its higher permeability compared to the Opalinus Clay and the lowpermeability upper confining units. The free gas phase will develop at a rate controlled by the
gas flow into the Wedelsandstein and by the gas loss from the Wedelsandstein through the lowpermeability upper confining units into the Malm aquifer, see Fig. 5.2-11. Gas channelling due
to heterogeneity will occur, causing gas to follow paths of larger porosity, but the larger scale
development of the gas phase is expected to occur predominantly in radial form. Because the
major part of the gas is generated in the SF/HLW emplacement tunnels, the gas accumulation
volume is expected to be centered above the SF/HLW facility. As a consequence, gas transport
from the Wedelsandstein through the Neuhausen fault to the Malm aquifer is unlikely to occur
because the gas accumulation volume is not expected to intersect the Neuhausen fault 13.
The size of the gas-filled volume is independent of the gas permeability of the low-permeability
upper confining units, because the gas entry pressure is never exceeded and, therefore, gas loss
through the low-permeability upper confining units is by diffusion only. The dependency on gas
permeability stems from capillary leakage by 2-phase flow within the Opalinus Clay. In
Fig. 5.2-12, the gas transport rate through the low-permeability upper confining units is
compared to the total gas generation rate in the repository (with contributions from SF, HLW
and ILW). In the calculations, it has been assumed that gas diffusion from the Wedelsandstein
takes place both upwards through the low-permeability upper confining units and downwards
back into the Opalinus Clay 14. For this reason, the maximal gas transport rate in Fig. 5.2-12
amounts to only half the gas generation rate.
The maximal radius of the gas-filled pore volume and the maximal gas flow rates are listed in
Tab. 5.2-6 as a function of the steel corrosion rate. The square of the maximal radius (area of
free gas phase) and the maximal gas flow rate both decrease linearly with the decreasing steel
corrosion rate. Both quantities are found to be independent of the gas permeability in the
Opalinus Clay (not shown in Tab. 5.2-6). Due to the gradual accumulation of gas in the various
parts of the repository system, the release of gas to the Malm aquifer is retarded by several 104
years (confinement) and lasts for about 2 × 105 years.

13

14

The Neuhausen fault is a regional fault which delimits the potential siting area to the north-east. A respect distance of
approximately 200 m between the siting area and the fault has been stipulated (see Fig. 4.2-5 in Nagra 2002c). The minimal
distance between the center of the SF/HLW facility and the Neuhausen fault is thus approximately 2 km.
This assumption is justified by the fact that only 10 % of the gas accessible pore space of the Opalinus Clay above the
repository has been assumed to be filled with gas before gas breakthrough to the Wedelsandstein occurs (overflow criterion, see
Eq. 5.2-13). The remainder of the pore space is filled with water and the gas solubility limit is not expected to be exceeded.
Moreover, the gas accumulation area in the Wedelsandstein at the time of its maximal extent is significantly larger than the
repository area.
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Fig. 5.2-11: Radial propagation of a free gas-phase in the Wedelsandstein caused by gas
generation in SF/HLW/ILW, taking gas diffusion through the low-permeability
upper confining units into account (corrosion rate 1 µm a-1); the curves for gas
permeabilities in the Opalinus Clay of kg = 0 and 10-23 m2 are identical

Gas flow rate [m3 (Pw ) a -1]
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Fig. 5.2-12: Gas flow rate by diffusion from free gas-phase in the Wedelsandstein through the
low-permeability upper confining units to the Malm aquifer (corrosion rate
1 µm a-1)
The curves for gas permeabilities in the Opalinus Clay of kg = 0 and 10-23 m2 are identical.
m3 (PW): gas volume at gas pressure in the Wedelsandstein. The maximal gas transport rate
amounts to only half the gas generation rate because gas diffusion from the Wedelsandstein
takes place both upwards through the low-permeability upper confining units and downwards back into the Opalinus Clay (see explanation in text).
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Tab. 5.2-6: Maximal radius of free gas phase in the Wedelsandstein and maximal gas flow rate
through the low-permeability upper confining units as a function of the steel
corrosion rate; both quantities are found to be independent of the gas permeability
in the Opalinus Clay
Steel corrosion rate
-1

[µm a ]

Maximal radius of free gas
phase
[m]

5.2.5

Maximal gas flow rate
[m3(Pw) a-1]

0.1

460

0.21

1

1 400

2.1

Verification

Independent model calculations have been performed to check the correctness of the results on
pressure evolution and gas migration in the SF/HLW/ILW repository presented in Section 5.2.4.
Based on the conceptual model (Section 5.2.1), mathematical representation (Section 5.2.2) and
input parameters (Section 5.2.3), a FORTRAN code was developed without reference to the
code used to perform the model calculations in Section 5.2.4. This FORTRAN Code is
documented in Smith (2004).
The results of the verification exercise are discussed in Smith (2003) and can be summarised as
follows:
•

The results presented in Section 5.2.4 were successfully verified.

•

It was, however, noted that the propagation of the dilatant gas pathway in Opalinus Clay in
the case of ILW is sensitive to the ILW gas generation rates and the way in which these are
interpolated and extrapolated and the way in which the equations for pressure evolution are
integrated numerically using the two modelling tools. The resulting effects on calculated
doses are, however, shown to be small.

5.3

Release of volatile 14C in the gas phase

5.3.1

Conceptual model

The conceptual assumptions for the model calculations related to the release of volatile 14C are
as follows (see also Fig. 5.3-1):
•

Dose calculations for the gaseous release are performed only for organic 14C in volatile
form upon release. Tritium (half-live 12.3 years) decays to insignificant levels before it is
released from the near field. Volatile chemical compounds containing I, Cl and Se (e.g. I2,
HI, CH3I, etc.) immediately hydrolyse under reducing conditions, i.e. they are not
transported in the gas phase (Section 2.7). Radioactive noble gases from chain decay (Rn)
may contribute to the total dose if their precursor decay in the biosphere, but they are not
long-lived enough to survive transport from the near-field to the biosphere.

•

In spent fuel, 14C exists as an activation product in the cladding and in the fuel matrix The
instant release fraction (IRF) is approximately 20 % for the cladding and 10 % for the fuel
matrix. The remainder of 14C is embedded in the Zircaloy and fuel matrix and will be
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congruently released at rates controlled by the corrosion rate of the cladding and the
dissolution rate of the fuel matrix. It is pessimistically assumed that 100 % of the 14C
inventory in the cladding is released in the form of low molecular volatile organic
compounds (methane, see Tab. 2.7-1). The IRF is released instantaneously, whereas the
remainder of the 14C inventory is released by congruent dissolution of the cladding. 14C
originating from the fuel matrix is inorganic and will not be transformed to volatile species.
The calculations are based on 935 BWR UO2 canisters, 450 mixed PWR canisters (3 UO2
and 1 MOX fuel elements) and 680 PWR UO2 canisters, all with a burnup of
48 MWd tIHM-1 (NPP operation of 60 years).
•

No significant amounts of radionuclides that can form volatile species exist in HLW.

•

In ILW, 14C exists in Zircaloy hulls and ends (WA-BNF-4, WA-COG-4, see Tab. 2.7-2).
The IRF of 14C is 20 %, which corresponds to the radionuclides contained in the oxide layer.
The remainder of 14C is embedded in the Zircaloy matrix and will be congruently released
by cladding corrosion. Some additional 14C exists in WA-BNF-2 (MEB crud, barium carbonate slurry) in inorganic form, but will not be converted to volatile organic form at
alkaline pH. It is pessimistically assumed that 100 % of the 14C inventory in WA-BNF-4
and WA-COG-4 is released in the form of low molecular volatile organic compounds
(methane).

•

Gas generation takes place predominantly by anaerobic metal corrosion (hydrogen) and
microbial degradation of organics (methane, carbon dioxide). For SF, the hydrogen gas
generation rate lies in the range of 0.4 – 4 mol a-1 per canister, corresponding to anaerobic
steel corrosion rates of 0.1 – 1 µm a-1. In the case of ILW, the gas generation rate is high in
an initial phase (t ≤ 10 years) and slowly decreases in the time domain t > 10 years, with
time-dependent contributions from hydrogen and methane.

•

The release of volatile 14C from SF is assumed to start at the time of occurrence of canister
breaching (10 000 a). All canisters are assumed to be breached at once. For ILW, the times
needed for waste package failure and near-field saturation are conservatively neglected. i.e.
release of 14C is assumed to start after the end of waste emplacement.

•

Released volatile 14C is assumed to be instantaneously mixed with non-radioactive gases in
gas-filled pore space present in the near field (backfill), in and around dilatant gas pathways
created in the Opalinus Clay (gas layer), in the access tunnel system and in the Wedelsandstein formation. The spatial distribution and evolution of gas-filled pore space in the
repository system is modelled in a simplified way by considering three characteristic
calculational cases (Tab. 5.3-1). For each case, the gas release rate to the Malm aquifer is
calculated separately, considering vertical gas diffusion through the low-permeability
formations of the upper confining units (see Section 5.2), but neglecting horizontal transport
of dissolved gas by advection and diffusion through the Wedelsandstein formation into the
biosphere.

•

Sorption of dissolved 14C on the solid phase is neglected in all parts of the system.

•

All gases (including all volatile radionuclides) released from the upper confining units are
assumed to remain completely dissolved in the Malm aquifer and to be transported
instantaneously to the reference biosphere area. There is further dilution in the Quaternary
aquifer of the reference biosphere. No degassing and atmospheric dilution of these
radionuclides is considered.

•

Human exposure occurs by ingestion of drinking water from the Quaternary aquifer; no
consideration of exposures by inhalation and external radiation). In all cases, the dose
contribution of non-volatiles radionuclides is not taken into account.
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Tab. 5.3-1: Summary of assessment cases related to the release of volatile 14C in the gas phase
and pore space available for gas considered in the different assessment cases
Numbering of cases according to Tab. 6.8-2 in Nagra 2002c; values for gas storage
volumes are given in Tab. 5.3-2
Assessment case

Backfill

EDZ

Dilatant
gas
pathways
in
Opalinus
Clay

Access
Tunnels

Wedelsandstein

9

9

9

-

9

9

9

-

9

9

9

9

-

-

9

Case 2.1
Release of volatile 14C from SF and
ILW in the gas phase not affected by
ramp/shaft ("tight seals").
Parameter variations related to gas
permeability kg in Opalinus Clay:
Case 2.1a

kg = 10-23 m2

Case 2.1b

kg = 10-22 m2

Case 2.1c

kg = 0 m2

Case 2.2
Release of volatile 14C from SF and
ILW in the gas phase affected by
ramp/shaft ("leaky seals").
Parameter variations related to gas
permeability kg in Opalinus Clay:
Case 2.2a

kg = 10-23 m2

Case 2.2b

kg = 10-22 m2

Case 2.2c

kg = 0 m2

Case 4.6
Unretarded transport of volatile 14C
from SF and ILW through host rock
("what if?").
Parameter variations related to gas
permeability kg in Opalinus Clay:
Case 4.6a

kg = 10-23 m2

Case 4.6b

kg = 10-22 m2

Case 4.6c

kg = 0 m2
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Degassing
(not considered)

QB

Quaternary aquifer
(Reference biosphere area)

Gas dis

solutio

n

Gas transport through
upper confining units
Wedelsandstein

Malm aquifer
Upper confining units

Gas pathway
through ramp/shaft

Gas transport through
Opalinus Clay
Repository
Opalinus Clay

Gas phase
ILW containers

SF
canister

Aqueous phase

Bentonite

Fig. 5.3-1: Illustration of the conceptual model for the release of volatile 14C from the SF and
ILW parts of the repository

QB

C i,B

Quaternary aquifer (mixing tank)

F i = Q g,out C i,g
Q g,in

C i,g

Gas volume due to gas-filled pore space,
Vg + Vw (mixing tank consisting of gas-filled
pores in near field, access tunnels, host
rock and Wedelsandstein)

qi

Fig. 5.3-2: Scheme of compartment model used for the calculation of the activity concentration in the gas phase and in the biosphere (Quaternary aquifer)
For the definition of the symbols, see Section 5.3.2.
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Mathematical model

The activity concentrations in the gas phase in the available storage volume (consisting of gasfilled pore space in near field, Opalinus Clay, access tunnel system and Wedelsandstein) and in
the aqueous phase in the Quaternary aquifer are calculated using a simple compartment model
(Fig. 5.3-2). In the gas storage volume, the mobilised volatile radionuclide i enters at a rate qi
and is instantaneously mixed with non-radioactive gas generated by metal corrosion and
microbial degradation at a rate Qg,in [m3 a-1].
The gaseous activity concentration of radionuclide i in the gas storage volume, Ci,g [Bq m-3], is
governed by the equation

[

]

d
Ci , g (Vg + Vw ) = qi − λi (Vg + Vw )Ci , g − Qg ,out Ci , g
dt

(t ≥ t 0 )

with

C i , g (t 0 ) =

I i (t 0 ) IRFi
V g (t 0 ) + Vw (t 0 )

2rc
⎧
⎪⎪ I i (t 0 ) ( Fi ,c d + Fi ,m f ) exp(−λ i (t − t 0 )) ( SF )
c
qi = qi (t 0 ) exp(−λ i (t − t 0 )) = ⎨
2rc
⎪ I i (t 0 ) Fi ,c
exp(−λ i (t − t 0 ))
( ILW )
⎪⎩
dc
t0

breaching time for SF canisters (for ILW t0 = 0) [a]

Vg

gas storage volume in near field (including dilatant gas pathways) [m3]

Vw

gas storage volume in Wedelsandstein [m3]

Qg,in

gas generation rate in near field [m3(Pw) a-1]

Qg,out

gas flow rate from Wedelsandstein formation to Malm aquifer [m3(Pw) a-1]

Pw

gas pressure in Wedelsandstein [MPa]

qi

activity release rate of volatile 14C from waste [Bq a-1]

Ii

inventory of volatile 14C [Bq]

Fi,c

inventory fraction in cladding [-]

IRFi

instant release fraction [-]

Fi,m

inventory fraction in SF matrix (= 0 in cases 2.1, 2.2, 4.6) [-]

f

fractional release rate from SF matrix (not used in cases 2.1, 2.2, 4.6) [a-1]

rc

corrosion rate of cladding [m a-1]

dc

thickness of cladding [m]

λi

decay constant of 14C [a-1]
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From this equation:

(Vg + Vw )

dCi , g
dt

+ Ci , g

d
(Vg + Vw ) = qi − λi (Vg + Vw )Ci , g − Qg ,out Ci , g
dt

(t ≥ t 0 )

The second term on the left-hand side of this equation is assumed to be small compared to the
first, and thus:

(Vg + Vw )

dCi , g
dt

= qi − λi (Vg + Vw )Ci , g − Qg ,out Ci , g

(t ≥ t 0 )

(Eq. 5.3-1)

The consequences of this approximation are that the resulting solution (Eq. 5.3-4) errs on the
side of conservatism, as demonstrated in Box 1.
For SF, no release of volatile radionuclides to the gas storage volume occurs before the canisters
are breached, i.e. for t < t0. In the case of ILW, t0 is set pessimistically to zero 15. Note that in
Eq. (5.3-1), the gaseous activity concentration within the entire volume of the free gas phase
(Vg + Vw) is assumed to be uniform, and the gas pressure is taken to be equal to the pressure in
the Wedelsandstein, Pw. This simplification leads to a slightly overestimated gas release rate to
the biosphere.
Furthermore, the gas storage volume provided by gas-filled pore space in the near field and by
the pore space of the dilatant gas pathways in Opalinus Clay, Vg (Eqs. 5.2-2 and 5.2-8), and the
gas storage volume within the Wedelsandstein, Vw (Eq. 5.2-14), are slowly varying with time,
but are assumed to be step-wise constant in the present conceptualisation. The gas flow rate
from the Wedelsandstein through the low-permeability formations of the upper confining units,
Qg,out [m3(Pw) a-1], is governed by gas diffusion (diffusive flow of dissolved gas). This quantity
depends on the gas generation rate and of transport properties in near field, Opalinus Clay and
upper confining units, and is a time-dependent function (see Fig. 5.2-12). The analytical
solution to Eq. 5.3-1, therefore, is

⎛
Q g ,out (t ' )(t '−t 0 ) ⎞
Q g ,out (t )(t − t 0 )
q (t ) t
Ci , g = ⎜ Ci , g (t 0 ) + i 0 ∫ dt ' exp(
) ⎟ exp(−λ i (t − t 0 ) −
)
⎜
⎟
V
+
V
V
+
V
V
+
V
g
w
g
w
g
w
t
0
⎝
⎠
(t ≥ t 0 )
with
Q g ,out (t ) =

1 t
∫ dt ' Q g ,out (t ' )
t − t0 t
0

15

In the Reference Conceptualisation, the containment time for ILW (start of radionuclide dissolution) is assumed to be 100 years.
In contrast to this treatment of dissolved radionuclides, here it is assumed that volatile radionuclides start to be mobilised right
after the end of emplacement, in parallel with the onset of gas generation.
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Q g ,out is a slowly varying function with time 16. In this model it is treated as a step-wise

constant quantity, to be applied both to SF and ILW. The simplified analytical solution may thus
be written:
⎛
⎞
Q g ,out
Q g ,out
q (t )
C i , g = ⎜ C i , g (t 0 ) exp(−
(t − t 0 )) + i 0 (1 − exp(−
(t − t 0 ))) ⎟ ×
⎟
⎜
V g + Vw
V g + Vw
Q g ,out
⎝
⎠
× exp(−λ i (t − t 0 ))
(t ≥ t 0 )
(Eq. 5.3-2)
The aqueous activity concentration in the Quaternary aquifer, Ci,B [Bq m-3], is governed by the
equation
VB

dCi , B
= Fi − λ iVB Ci , B − QB Ci , B
dt

(t ≥ t0 )

(Eq. 5.3-3)

Ci , B (t 0 ) = 0

VB

pore volume of Quaternary aquifer [m3]

Fi=Qg,out Ci,g

activity release rate into Quaternary aquifer [Bq a-1]

QB

dilution rate in Quaternary aquifer [m3 a-1].

The analytical solution to Eq. 5.3-2 and 5.3-3 is

Ci,B

⎛
Q g ,out
Q
⎜
exp(−
(t − t 0 )) −exp(− B (t − t 0 ))
⎜
V g + Vw
VB
⎜ (C i , g (t 0 ) Q g ,out − q i (t 0 ))
Q g ,out
⎜
Q
=⎜
( B −
)V B
V B V g + Vw
⎜
⎜ q (t )
Q
⎜ + i 0 (1 − exp(− B (t − t 0 )))
⎜
QB
VB
⎝
× exp(−λ i (t − t 0 ))

⎞
⎟
⎟
+⎟
⎟
⎟×
⎟
⎟
⎟
⎟
⎠

(t ≥ t 0 )
(Eq. 5.3-4)

Finally, the drinking water dose rate, Di [mSv a-1], is given by

16

In evaluating this function in the safety assessment calculations reported in Nagra (2002c), t0 was set to zero not only for ILW,
but also for SF. Subsequent calculations for SF taking t0 = 10 000 a showed that this simplification leads to an underestimate of
the calculated dose maxima, for Case 2.1, of 23 %, 16 % and 13 % for Opalinus Clay gas permeabilities of 10-22 m2, 10-23 m2
and 0, respectively. For Case 2.2, the corresponding figures are 39 %, 37 % and 37 % and, for Case 4.6, 36 %, 33 % and 34 %.
For more details see Section 5.3.5.
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Di = Ci , B δ i U DFiing

(Eq. 5.3-5)

U

drinking water consumption rate [m3 a-1]

DFiing

dose coefficient for ingestion [mSv Bq-1]

δi

degassing factor (fraction of radionuclide not degassed into the atmosphere) [-]

Box 1:

Conservatism of the solution.

Consider the evolution of the concentration due to the IRF as predicted by Eq. 5.3-4 (i.e. set
qi (t0) to zero):

Ci,B

⎛
⎞
Q g ,out
Q
⎜
exp(−
(t − t 0 )) −exp(− B (t − t 0 )) ⎟
⎜
⎟
V g + Vw
VB
⎟ × exp(−λ i (t − t 0 ))
≈ ⎜ C i , g (t 0 ) Q g ,out
⎜
⎟
Q g ,out
QB
−
(
)V B
⎜⎜
⎟⎟
VB V g + Vw
⎝
⎠

(t ≥ t 0 )

Now consider also the limiting case of low flowrates in the Quaternary aquifer (QB → 0), so
that there is negligible loss of radionuclides from the volume VB:

⎛
V g + Vw
C i , B ≈ ⎜ C i , g (t 0 )
⎜
VB
⎝

⎤
⎡
Q g ,out
(t − t 0 ))⎥
⎢1 −exp(−
V g + Vw
⎥⎦
⎢⎣

At sufficiently long times
Vg + Vw
⎛
Ci , B ≈ ⎜⎜ Ci , g (t0 )
VB
⎝

Q g ,out
V g + Vw

⎞
⎟ × exp(−λ (t − t ))
i
0
⎟
⎠

(t ≥ t 0 )

(t − t 0 ) > 1:

⎞
⎟ × exp(−λ i (t − t0 )) =
⎟
⎠
⎛ I (t ) IRFi
Vg + Vw
= ⎜ 0
⎜
VB
Vg (t0 ) + Vw (t0 )
⎝

⎞
⎟ × exp(−λ i (t − t0 )) (t ≥ t0 )
⎟
⎠

Thus, Eq. 5.3-4 gives rise to a concentration in the Quaternary aquifer (and thus a dose) that
differs from the expected value following dilution in the volume VB by a factor

V g + Vw
V g (t 0 ) + Vw (t 0 )

.

This difference is attributable to the neglect of the term Ci , g

equation (Eq. 5.3-1). The factor

V g + Vw
V g (t 0 ) + Vw (t 0 )

d
(Vg + Vw ) in the governing
dt

is, however, always greater than 1, and so

the solution given by Eq. 5.3-4 errs on the side of conservatism.
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Input parameters

In the present section, the input parameters used in the model calculations related to the release
of 14C from the repository into the biosphere are summarised. In Tabs. 2.7-1 and 2.7-2, the
inventory for 14C is given for SF and ILW, indicating the fraction of radionuclides that may be
transformed into volatile species and that may be released instantaneously (IRF). Note that all
14
C contained in the SF waste matrix is assumed to be present in inorganic form, whereas all 14C
in the cladding is assumed to be in organic form. For both SF and ILW, the IRF corresponds to
20 % of the total cladding inventory, the remaining 80 % being released by congruent cladding
dissolution. In Tab. 5.3-2, the magnitudes of the storage volumes in the various system
components are listed and Tab. 5.3-3 gives an overview of all input parameters used in the
model calculations.

Tab. 5.3-2: Calculated gas storage volumes
Bulk volume
[m3]

Porosity
[-]

Gas saturation
[-]

Gas storage
volume [m3]

Bentonite1

61 900

0.36

0.065

1 450

EDZ

98 600

0.22

0.05

1 080

System component
SF

Opalinus Clay
(discrete pathway only)
Access tunnel system

time-dependent modelling (see Figs. 5.3-3 to 5.3-5)
149 000

0.3

0.2

8 940

-

-

-

11 470

Waste + tunnel backfill

11 500

0.3

1

3 450

EDZ

5 590

0.22

0.05

60

2

Total SF
ILW

Opalinus Clay
(discrete pathway only)
Access tunnel system

time-dependent modelling (see Figs. 5.3-3 to 5.3-5)
149 000

0.3

0.2

2

Total ILW

Wedelsandstein (Vw)

8 940
12 450

time-dependent modelling (see Figs. 5.3-3 to 5.3-5)

1

representing void space in SF canisters (0.7 m3 per canister)

2

excluding contributions from dilated pathways in Opalinus Clay and gas-filled pore space in
Wedelsandstein
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Tab. 5.3-3: Summary of input parameters for the model calculations related to the release of
volatile 14C from the SF/HLW/ILW repository system
Parameter

Symbol

Unit

Value

Source

Volatile C inventory

Ii ,IRFi
Fi,m ,Fi,c

Bq, -

various
values

Tabs. 2.7-1 and
2.7-2

Number of SF canisters
BWR-UO2-48

-

-

14

Tab. 2.4-1
935

PWR UO2-48 + PWR MOX-48

450

PWR-UO2-48

680

SF canister breaching time
Corrosion rate of cladding
Thickness of cladding

rc
dc

104

a
-1

ma
m

3

Tab. 2.3-1

1 × 10

-8

Tab. 2.6-1

6 × 10

-4

Section 2.6

Vg ,Vw

m

timedependent

Tab. 5.3-2

Gas generation rate in near field

Qg,in

m3 (STP) a-1

timedependent

Tab. 2.8-1

Dilution rate in Quaternary aquifer

QB

m3 a-1

1.5 × 106

Tab. A3.7-1 in
Nagra (2002d)

Pore volume of Quaternary aquifer

VB

m3

9.1 × 106

calculated from
Tab. A3.7-1 in
Nagra (2002d)

Degassing factor

δi

-

1

No degassing
assumed

Drinking water consumption rate

U

m3 a-1

0.73

Tab. A3.7-3 in
Nagra (2002d)

Decay constant for 14C

λi

a-1

1.2 × 10-4

Tab. A3.4-1 in
Nagra (2002d)

DFiing

mSv Bq-1

5.8 × 10-7

Tab. A3.4-1 in
Nagra (2002d)

Gas storage volume

Dose coefficient for ingestion 14C

5.3.4

Results

For each assessment case listed in Tab. 5.3-1 (cases 2.1, 2.2, 4.6), the volumes of the free gas
phase in the different parts of the repository system, the gas flow rate from Wedelsandstein to
Malm aquifer and the corresponding dose rates are plotted as a function of time in Figs. 5.3-3 to
5.3-5. For each figure in turn, the volume of the free gas phase is shown for kg = 0, whereas the
gas flow rate and the dose rate are shown for different gas permeabilities of the Opalinus Clay.
A fixed steel corrosion rate of 1 µm a-1 is used in all figures.
In all investigated cases, the Wedelsandstein provides the largest contribution to the total gas
volume. Other significant contributions stem from the SF/ILW near field (which, in case 2.2,
include the gas-filled pore space in the access tunnel system) and/or from the dilatant gas
pathways in the Opalinus Clay (case 2.1, SF).
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The onset of gas release to the Malm aquifer takes place at roughly 40 000 years in case 2.1,
mainly due to the retarding effect by storage of hydrogen from SF/HLW in the dilatant gas
pathways within the Opalinus Clay. In cases 2.2 and 4.6, the release of gas starts at a few
thousand years after the end of emplacement, i.e. after the threshold pressure for the creation of
dilatant pathways has been reached (see definition of breakthrough citerion in Section 5.2.2 and
pressure curves for SF/HLW in Fig. 5.2-8).
The dose maxima for the analysed cases range from 6.2 × 10-7 to 5.8 × 10-5 mSv a-1, i.e. roughly
3 to 5 orders of magnitude below the regulatory guideline of 0.1 mSv a-1 (Tab. 5.3-4). Note that
the sharp increase of the drinking water dose in Figs. 5.3-4 and 5.3-5 stems from the
contribution of SF, which arises shortly after canister breaching.

Tab. 5.3-4: Summary of maximum drinking water doses for methane for the analysed assessment cases related to the release of volatile 14C from SF and ILW in the gas phase
(steel corrosion rate 1 µm a-1)
Assessment case

Gas permeability
of Opalinus Clay
[m2]

Drinking water dose
[mSv a-1]
SF

Case 2.1

Release of volatile 14C
from SF and ILW in the
gas phase not affected by
ramp/shaft
("tight seals")
Case 2.2

Release of volatile 14C
from SF and ILW in the
gas phase affected by
ramp/shaft
("leaky seals")
Case 4.6

Unretarded transport of
volatile 14C from SF and
ILW through host rock
("what if?")

ILW
-7

1.0 × 10

Time of
maximum
[a]

Total
-7

6.2 × 10

Total
-7

4.5 × 104

0

5.2 × 10

10-23

5.8 × 10-7

1.0 × 10-7

6.8 × 10-7

4.5 × 104

10-22

3.4 × 10-6

4.3 × 10-7

3.9 × 10-6

3.0 × 104

0

3.7 × 10-5

7.2 × 10-6

4.4 × 10-5

1.2 × 104

10-23

3.7 × 10-5

7.2 × 10-6

4.4 × 10-5

1.2 × 104

10-22

3.6 × 10-5

6.7 × 10-6

4.2 × 10-5

1.2 × 104

0

4.9 × 10-5

9.7 × 10-6

5.8 × 10-5

1.0 × 104

10-23

4.9 × 10-5

9.7 × 10-6

5.8 × 10-5

1.0 × 104

10-22

4.7 × 10-5

9.0 × 10-6

5.5 × 10-5

1.0 × 104
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10 5

Gas volume [m3 ]

10 4

10 3

10 2

Gas flow rate [m3 (Pw ) a -1]

10 1
10 0
10 2

10 2

10 4

10 6

10 4

10 6

10 4

10 6

10 1

10 0

10 -1

10 -2
10 0
10 -3

Drinking water dose [mSv a -1]

Total
Near field (SF)
Near field (ILW)
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Fig. 5.3-3: Results for case 2.1 (steel corrosion rate 1 µm a-1).
Upper figure: Volume of free gas phase in the different parts of the repository system for
kg = 0. Middle figure: Gas flow rate from Wedelsandstein to Malm aquifer as a function of
time and of the gas permeability in the Opalinus Clay (duplicate of Fig. 5.2-12). Lower
figure: Drinking water dose for the release of volatile 14C from the SF and ILW parts of the
repository
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Fig. 5.3-4: Results for case 2.2 (steel corrosion rate 1 µm a-1).
Upper figure: Volume of free gas phase in the different parts of the repository system for
kg = 0. Middle figure: Gas flow rate from Wedelsandstein to Malm aquifer as a function of
time and of the gas permeability in the Opalinus Clay. Lower figure: Drinking water dose
for the release of volatile 14C
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Fig. 5.3-5: Results for case 4.6 (steel corrosion rate 1 µm a-1).
Upper figure: Volume of free gas phase in the different parts of the repository system for
kg = 0. Middle figure: Gas flow rate from Wedelsandstein to Malm aquifer as a function of
time and of the gas permeability in the Opalinus Clay. Lower figure: Drinking water dose
for the release of volatile 14C
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Verification

Independent model calculations have been performed to check the correctness of the results on
the release of volatile 14C in the gas phase and corresponding doses presented in Section 5.3.4.
Based on the conceptual model (Section 5.3.1), mathematical representation (Section 5.3.2) and
input parameters (Section 5.3.3), a FORTRAN code was developed without reference to the
code used to perform the model calculations in Section 5.3.4. This FORTRAN Code is
documented in Smith (2004), together with the code used to verify the results on pressure
evolution and gas migration in the SF/HLW/ILW repository (see Section 5.2.5).
The results of the verification exercise are discussed in Smith (2003) and can be summarised as
follows:
•

The results presented in Section 5.3.4 were successfully verified.

•

The effects of a simplification in the way in which time-averaged gas flow to the
Quaternary aquifer was evaluated in the solution of Eq. 5.3-1 was shown to have a small
effect on the results. This simplification leads to an underestimate of the calculated dose
maxima, for Case 2.1, of 23 %, 16 % and 13 % for gas permeabilities of Opalinus Clay of
10-22 m2, 10-23 m2 and 0, respectively. For Case 2.2, the corresponding figures are 39 %,
37 % and 37 % and, for Case 4.6, 36 %, 33 % and 34 %.

5.4

Gas-induced release of dissolved radionuclides

5.4.1

Conceptual model

5.4.1.1

Calculation of gas-induced porewater displacement rates

SF/HLW

After breaching of the SF canisters, the possibility is considered that accelerated radionuclide
release could arise from hydrogen gas production due to corrosion of internal canister surfaces.
The gas generation rates at internal and external canister surfaces are similar (the available
surfaces are roughly equal), amounting to 0.4 – 4 mol a-1 per SF canister corresponding to steel
corrosion rates of 0.1 – 1 µm a-1 (Section 2.5). This could expel water from the canister if the
defect was in an unfavourable location (e.g. the underside of the canister, see Fig. 5.4-1). In
reality, a canister is likely to be breached at several locations, or it may already be pressurised
with hydrogen gas diffusing into the canister before full breaching. Both of these processes
significantly reduce the maximum amount of water displaced. This is taken into account by
assuming that only 10 % of all canisters are subject to water displacement from the canister
interior. In all other canisters, gas may escape without displacing significant amounts of water.
Furthermore, the inflow and outflow of water may be limited by the hydraulic resistivity of the
pinholes, but this effect is neglected. Instead, it is pessimistically assumed that the entire SF
canister void volume of 0.7 m3 is filled with water before the internal gas generation starts.
Assuming a uniform probability density function for the location of a single pinhole around the
canister circumference, the mean water volume displaced per canister is 0.35 m3.
This effect is potentially significant for SF, since the instant release fraction of the inventory
would be available for expulsion by gas, whereas HLW radionuclides would be immobilised
almost entirely within the glass matrix. The effects of gas-induced porewater displacement from
the HLW part of the repository is thus expected to be small and is not considered further.
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a)
Gas phase

Steel canister

Gas phase

Bentonite blocks
(compacted)

EDZ

Granular
bentonite

b)
Waste containers
Gas phase

Sealing zone

Tunnel

EDZ

Fig. 5.4-1: Scheme with the conceptual model for gas-induced release of dissolved radionuclides through the Opalinus Clay and through the access tunnel system
a) SF, b) ILW
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ILW

In the case of ILW, the total gas generation rate is estimated to be roughly 700 m3 (STP) a-1, for
the first few years after the onset of gas generation, declining rapidly to 100 m3 (STP) a-1 after
10 years and gradually to 10 m3 (STP) a-1 after 10 000 years (Fig. 5.2-3).
As discussed in Section 5.2, it takes 5 000 – 10 000 years for the pressure to reach values in the
order of 10 MPa where significant porewater displacement from the ILW emplacement tunnels
into the formation occurs. By then, the gas generation rate is reduced to roughly 10 m3 (STP) a-1,
corresponding to 0.1 m3 a-1 at a pressure of 10 MPa. Assuming a volume balance between
generated gas and displaced water, the rate of water displacement is thus estimated to be
0.1 m3 a-1.
As shown by more detailed calculations in Section 5.2 (Fig. 5.2-5), the rate of water
displacement is indeed in the order of 0.05 m3 a-1, starting at 10 000 years and maintained for a
time period of about 30 000 years. The cumulated amount of displaced water is assumed to be
1 500 m3, corresponding to 50 % of the available pore space in the ILW part of the repository.
In a pessimistic parameter variation, it is assumed that an amount of water corresponding to
100 % of the available pore space is displaced within 10 000 years, starting at 1 000 years, at a
rate of 0.3 m3 a-1.
In the framework of a model variant for ILW, the release of dissolved radionuclides is
postulated to occur through the operations tunnel to the ramp only. This possibility with an
impermeable host rock is not supported by scientific evidence and the case must thus be
qualified as a "what if?" case 17.
5.4.1.2

Calculation of water flow rates in the repository system

The gas-induced water fluxes in the SF/ILW parts of the repository are calculated analytically
by means of a steady-state resistor network model, assuming sealing zones to be located as
indicated in Fig. 5.4-2a and to be functioning as-designed. Note that in these simplified model
calculations, only the inner sealing zone in the ramp (located near the construction branch off) is
taken into account. Inflow/outflow of water into/from the emplacement tunnels and flow of
water along the tunnels is driven by gas pressure build-up following gas production and by the
hydraulic head difference between Sandsteinkeuper (local aquifer located some 60 m below the
Opalinus Clay) and Wedelsandstein formations. In the resistor network model, the SF/HLW
emplacement tunnels are represented as continuous resistors, i.e. the continuous head profile
along the axis of the emplacement tunnels is calculated explicitly. The hydraulic head in the
ILW emplacement tunnels, branch galleries and operations tunnel is assumed to be uniform
(Hn3). The sealing zones are treated as discrete resistors. Hydraulic heads between sealing zones
are assumed to be uniform (Hn1, Hs1, H1, H2). The hydraulic conductivities of Opalinus Clay
(vertical direction), EDZ, sealing zones (bentonite) and tunnel backfill (bentonite/sand mixture)
are assumed to be 2 × 10-14, 1 × 10-12, 1 × 10-13 and 5 × 10-11 m s-1, respectively. This means that
water flow through the sealing zones takes place predominantly through the EDZ18, whereas
water flow in tunnel sections backfilled with a bentonite/sand mixture is assumed to occur
17

18

In Nagra (2002c), a "what if?" case is defined to be an assessment case set up to test the robustness of the disposal system.
"What if?" cases are outside the range of possibilities supported by scientific evidence. To limit the number of cases, they are
restricted to those that test the effects of perturbations to key properties of the pillars of safety.
Note that prior to the emplacement of the sealing plugs, the EDZ is partially removed. As a consequence, the hydraulic
conductivity of the EDZ in sealing sections is expected to be lower than 1 × 10-12 m s-1, but this is not taken into account in the
present calculations.
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mainly in the tunnel backfill. Water flows between operations, construction and ventilation
tunnels on the one hand and the Opalinus Clay on the other hand are neglected. The hydraulic
resistance of backfilled sections in the operations, construction and ventilation tunnels are
assigned to the up-stream sealing sections.

a)

Hn1

Qn2

Qn3

Qn1

Hn3

H2
H1
H0

Qshaft

Qs2
Shaft

Hs1

b)

Qs1

Qramp
H0
Ramp

Operations tunnel
100 m

A
Ventilation
tunnel
800 m

B

C
Shaft

D

Construction tunnel

100 m
Ramp

Fig. 5.4-2: a) Resistor network model for hydraulic calculations of water flow through the
tunnel system; H denotes the hydraulic heads between sealing zones and Q the
water fluxes through sealing zones (squares with crosses) and control points
(empty squares); b) repository domains for modelling radionuclide transport
through the host rock and the ramp/shaft (A/B/C: SF/HLW part of the repository;
D: ILW part of the repository)

By mass balance considerations, the axial water flow rate in the SF emplacement tunnels
including EDZ, q [m3 s-1], can be calculated from19:

19

Eq. 5.4-1 is derived for steady-state conditions, in which case the water flow takes place predominantly in vertical direction.
Explanation for factor 4γr in Eq. 5.4-1: Diameter of tunnel and EDZ is 2γr. The spread of vertical flow lines away from the
tunnel is accounted for by a factor of 2. Note that in a transient regime after the onset of gas generation, outflow from the
tunnels is expected to occur predominantly in radial direction.
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⎛ H − h( x ) H u − h ( x ) ⎞
dq
⎟⎟ + q *
= 4γ rK HR ⎜⎜ l
+
dx
Ll
Lu
⎝
⎠

(5.4-1)

where
KHR

hydraulic conductivity of host rock [m s-1]

r

radius of the SF emplacement tunnel [m]

γ

ratio of radii EDZ/emplacement tunnel [-]

x

coordinate along axis of emplacement tunnel [m]

h(x)

hydraulic head within emplacement tunnel [m]

Hl

hydraulic head in Sandsteinkeuper (lower confining unit) [m]

Hu

hydraulic head in Wedelsandstein (upper confining unit) [m]

Ll

distance from mid Opalinus Clay to Sandsteinkeuper [m]

Lu

distance from mid Opalinus Clay to Wedelsandstein [m]

q*

gas-induced porewater displacement rate from SF canisters [m3 s-1 m-1].

In the framework of the steady-state hydraulic calculations presented in this section, the
transient nature of the gas-induced porewater displacement rate, q*, squeezed from the canisters
by corrosion of internal surfaces, is neglected (conservative simplification). The source term and
the calculation of radionuclide transport in the different parts of the repository, however, will be
time-dependent (see Sections 5.4.1.3 and 5.4.1.4).
The flow of water along the SF emplacement tunnel (predominantly within EDZ, but also
within bentonite) is:

q = −π r 2 ( K B + (γ 2 − 1) K EDZ )

dh
dx

(5.4-2)

with
KB

hydraulic conductivity of bentonite [m s-1]

KEDZ

axial hydraulic conductivity of EDZ [m s-1]

Combining Eq. 5.4-1 and 5.4-2 yields:
d 2h
= κ 2 ( h( x ) − H A )
2
dx
Hl Hu
q*
+
+
⎛
⎞
L
Lu 4γ rK HR
4γ K HR
1
1
⎜⎜ +
⎟⎟; H A = l
with κ 2 =
2
1
1
L
L
π r ( K B + (γ − 1) K EDZ ) ⎝ l
u ⎠
+
Ll Lu

(5.4-3)
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Boundary conditions at ends of each emplacement tunnel:

l
h( ) = H n1
2

and

l
h(− ) = H s1
2

(5.4-4)

The solution to Eq. 5.4-3 and 5.4-4 is:

h( x ) =

H n1 − H s1
H + H s1 − 2 H A
sinh(κ x) + n1
cosh(κ x) + H A
κl
κl
2 sinh( )
2 cosh( )
2
2

(5.4-5)

The total water flow rates from N SF/HLW emplacement tunnels to the operations tunnel
(northern branch), Qn [m3 a-1], and construction tunnel (southern branch) , Qs [m3 a-1], are:

Qn = −α + H n1 + α − H s1 + α H A tanh(
−

+

Q s = α H n1 − α H s1

κl

2
κl
+ α H A tanh( )
2

)
(5.4-6)

with

α = π r 2 Nκ ( K B + (γ 2 − 1) K EDZ )
κl
1
1
± tanh( ))
α ± = α(
κl
2
2
2 tanh(

2

(5.4-7)

)

The total water flow rate from the ILW emplacement tunnels to the operations tunnel, Qn3
[m3 s-1], is estimated as:
Qn3 = α 1 ( H A − H n3 )
H l H u q * Λ ILW
+
+
⎛ 1
Ll
Lu
AD K HR
1 ⎞
⎟⎟; H A =
with α 1 = AD K HR ⎜⎜ +
;
1
1
⎝ Ll Lu ⎠
+
Ll Lu

AD = 4γ ILW rILW Λ ILW
(5.4-8)

with
AD

effective drainage area of the ILW emplacement tunnels [m2]

rILW

radius of the ILW emplacement tunnel [m]

γILW

ratio of radii EDZ/emplacement tunnel [-]

ΛILW

total length of ILW emplacement tunnels [m]
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gas-induced porewater displacement rate from ILW tunnels [m3 s-1 m-1].

The mass balance of all water fluxes in Fig. 5.4-2a yields an algebraic system of equations for
the five unknown hydraulic heads H1, H2, Hn1, Hn3 and Hs1, from which the individual water
fluxes can be calculated:

Qramp = β r ( H 1 − H 0 )
Q shaft = β s ( H 2 − H 0 )
Qn1 = β n1 ( H n1 − H 1 )
Qn 2 = β n 2 ( H n1 − H 2 )
Qn 3 = α 1 ( H A − H n 3 )
Q s1 = β s1 ( H s1 − H 1 )
Q s 2 = β s 2 ( H s1 − H 2 )

Q HR = 4γ rNK HR (( H A − H u )l + ( H n1 + H s1 − 2 H A ) tanh(κ l / 2) / κ ) / Lu

Q HR = AD K HR ( H n 3 − H u ) / Lu

( SF / HLW )

( ILW )
(5.4-9)

with

βi =

π Ri2
li
K i + (γ i2 − 1) K i , EDZ

+

l i , BF

(5.4-10)

K i , BF

H0 (=Hu) hydraulic head at intersection of ramp/shaft and Wedelsandstein formation [m]
Ri, li

radius and length of sealing zone i [m]

γi

ratio of radii EDZ/tunnel [-]

Ki

hydraulic conductivity of sealing zone i [m s-1]

Ki,EDZ

hydraulic conductivity of EDZ around sealing zone i [m s-1]

Ki,BF

hydraulic conductivity of backfilled tunnel downstream of sealing zone i [m s-1]

li,BF

length of backfilled tunnel downstream from sealing zone i [m]

QHR

total water flow from emplacement tunnels upwards through host rock [m3 a-1]

The water flow rates calculated by the resistor network model are shown in Fig. 5.4-3 for
different values of the water displacement rate from the ILW part of the repository (0.05 and
0.3 m3 a-1). The water displacement rate from the SF part of the repository is fixed at 0.07 m3
a-1, corresponding to a corrosion rate of 1 µm a-1. Note that the water fluxes at nodes n1 and s1
are directed towards the SF/HLW emplacement tunnels, driven by the hydraulic head gradient
between the ILW and SF/HLW part of the repository. All other water fluxes are directed from
the inside to the outside of the repository, i.e. towards the ramp and shaft. As a consequence,
radionuclide transport from the SF/HLW emplacement tunnels through the access tunnel system
takes place through the shaft only. On the other hand, in the model calculations for ILW,
radionuclide transport is assumed to occur along the operations tunnel to the ramp only, i.e.
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transport from the ILW to the SF/HLW part of the repository and further to the shaft, is not
taken into account in the calculations.
In the model variant related to radionuclide release from the ILW emplacement tunnels through
the ramp only, the hydraulic conductivity of the Opalinus Clay is set to zero (KHR = 0). Within
the framework of this variant, two parameter variations are investigated, with the same water
displacement rates from the ILW part of the repository as above (0.05 and 0.3 m3 a-1).

10 0
Source term SF / ILW [m 3 a-1]:

Water flow rate [m 3 a -1]

10 -1

0.07 / 0.05

0.07 / 0.3

10 -2

10 -3

10 -4

10 -5
Qramp

Qn1

Qn2

Qn3

Qs1

Qs2

Qshaft

Fig. 5.4-3: Gas-induced water flow rates
Obtained from the resistor network model calculations for two different water displacement
rates for ILW (0.05 and 0.3 m3 a-1) and for a constant water displacement rate for SF
(0.07 m3 a1); the various locations in the repository are labelled according to Fig. 5.4-2a

5.4.1.3

Calculation of radionuclide release from near field

In the Base Case for SF, it is assumed that the instant release fraction is expelled by gas into the
Opalinus Clay and the access tunnel system over a 1 000 years period following canister
breaching, based on a corrosion rate 1 µm a-1. The total water flow rate from 10 % of all
canisters is 0.07 m3 a-1. The dose contribution of the remainder radionuclides (cladding, fuel
matrix) is not taken into account.
In the Base Case for ILW, a pulse release, starting at 10 000 years and lasting for 30 000 years,
with a mean water flow rate of 0.05 m3 a-1 is assumed, conveying 50 % of the total mobile
radionuclide inventory from ILW. The dose contribution of the remainder radionuclides (rest of
mobile inventory and sorbed inventory) is not taken into account. In a parameter variation, a
mean water flow rate of 0.3 m3 a-1 is assumed, starting at 1 000 years and lasting 10 000 years,
conveying 100 % of the total mobile radionuclide inventory from ILW. Again, the dose
contribution of the remainder radionuclides (sorbed inventory) is neglected.
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In the model variant related to radionuclide release from the ILW emplacement tunnels through
the ramp only, the near field pulse releases are identical as those used in the calculations with
parallel transport through the Opalinus Clay and the ramp (see above).
5.4.1.4

Calculation of radionuclide transport through host rock and access tunnel
system

Gas-induced displacement of contaminated water from the SF and ILW parts of the repository
takes place through the Opalinus Clay and the access tunnel system in parallel. The SF near
field is split up into three domains, labelled A, B and C in Fig. 5.4-2b. The inventory of
domain B (corresponding to 75 % of the SF/HLW part of the repository) is released through the
Opalinus Clay only, the geosphere model calculations are performed in an identical way as in
the Reference Case in Nagra (2002c). For domains A/C (both SF/HLW) and D (ILW),
radionuclide transport occurs in parallel through the host rock and through the ramp/shaft. For
each of the waste domains A/C/D, the flux of radionuclides is split up between the host rock and
the access tunnel system, using fixed branching ratios defined by 20:

f A, HR =
f C , HR =
f D , HR =

A
Q HR
,eff
A
Q HR
,eff

+ Qn1 + Qn 2
C
Q HR
,eff

C
Q HR
,eff

+ Qs1 + Qs 2

D
Q HR
, eff
D
Q HR
,eff + Q n 3

f A, n1 =
f C , s1 =

Qn1
A
Q HR
, eff

+ Qn1 + Qn 2
Qs1

C
Q HR
,eff

+ Qs1 + Qs 2

f A, n 2 = 1 − f A, HR − f A, n1
f C , s 2 = 1 − f C , HR − f C , s1

f D ,n 3 = 1 − f D , HR

(5.4-11)
where
fα,HR/ni/si

branching ratios for waste domains α = A, C, D, used to split the flux of
radionuclides at branching nodes into different transport legs [-]

QαHR,eff

effective water flow rate through the host rock for waste domains α = A,
C, D, including the diffusive contribution to transport [m3 a-1]

Qni,si

water flow rate through the access tunnel system calculated analytically
at different locations using the resistor network model [m3 a-1]

The rate at which transport processes in the host rock carry radionuclides away from the
emplacement tunnels is described in terms of an effective flow rate at the interface to the host
rock, QαHR,eff [m3 a-1], even though the transport process in question is strongly affected by
diffusion. This flow rate is given by:
20

Transport in Opalinus Clay is strongly affected by diffusion. In PICNIC, however, radionuclide transport at branching points is
divided according to the water fluxes involved. This is dealt with by using the effective water flux through the host rock which
includes an effective contribution of diffusion, instead of the real water flux (see Eq. 5.4-12).
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ADe
,
L

(5.4-12)

where QαHR [m3 a-1] is the water flow rate per waste package (with α = A, C, D), De [m2 a-1] is
the effective diffusion coefficient in the host rock, A [m2] is the area per waste package and
L [m] is an equivalent length for diffusion (see below).
The value chosen for the effective diffusion constant corresponds to non-anionic species, which
is larger than the value for anionic species. The area per waste package is calculated as follows:

A = 2π rEDZ p

(5.4-13)

where rEDZ [m] is the EDZ radius and p [m] is the length of a waste package (the canister pitch
in the case of SF/HLW and the tunnel length in the cases of ILW-1 and ILW-2).
L, the length over which the radionuclide concentration gradient is established, is assumed to be
constant and equal for all radionuclides. In reality, L is time-dependent and depends on the
properties of radionuclides (effective diffusion constant, decay rate). In the course of time and
for non-decaying species, L increases from nearly zero to 40 m (i.e. the transport path length
within Opalinus Clay). A value of 5 m has been chosen, in order not to underestimate the
concentration gradient at early times. As shown by simplified analytical calculations, the
combined near field and geosphere release rates of those radionuclides that are known to
dominate dose are well reproduced by this simplified approach (Gribi 2003).

The cross sectional areas of the various PICNIC legs (see Fig. 5.4-5), used in the calculation of
radionuclide transport, are given by:
⎧
π Ri2
⎪
2
2
⎪ π Ri (γ i − 1)
Ai = ⎨
4γ r Λ i
⎪
⎪4γ
⎩ ILW rILW Λ ILW

i = n1, n 2, n3, s1, s 2, ramp
i = shaft
i = A, B, C ( SF / HLW )

(5.4-14)

i = D ( ILW )

where
Ri

radius of tunnel segment i (taken to be equal to radius of sealing zone i located
upstream of tunnel segment i) [m]

γi

ratio of radii EDZ/tunnel of tunnel segment i [-]

r

radius of the SF/HLW emplacement tunnel [m]

γ

ratio of radii EDZ/emplacement tunnel for SF/HLW [-]

ΛA,B,C total length of SF/HLW emplacement tunnels of domains A, B, C [m]
rILW

radius of the ILW emplacement tunnel [m]

γILW

ratio of radii EDZ/emplacement tunnel for ILW [-]

ΛILW total length of ILW emplacement tunnels [m]
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Retardation in the various segments in the operations/construction/ventilation tunnels is
explicitly considered, assuming advection, dispersion, diffusion, decay and sorption in the bulk
of the tunnel backfill (mixture of 30 % bentonite and 70 % quartz sand). Note that sorption on
bentonite is taken into account only, whereas sorption on quartz sand is conservatively
neglected. No transport and no matrix diffusion is considered neither within the liner nor within
the EDZ of the backfilled tunnels. In contrast, radionuclide transport in the shaft is assumed to
occur in the EDZ only, but no matrix diffusion is considered. The porosity of the EDZ is
conservatively assumed to be equal to that of the Opalinus Clay (0.12), deviating from the value
of 0.22 given in Nagra (2002a).
As discussed in Section 5.4.1.2, radionuclide transport from the SF emplacement tunnels to the
ramp is negligible, due to the reversed water fluxes in this part of the repository, and
radionuclide transport from the ILW emplacement tunnels to the shaft is inhibited in the
calculations.
In the model variant related to radionuclide release from the ILW emplacement tunnels through
the ramp only, the Opalinus Clay is postulated to be impermeable for water flow and radionuclide transport.
5.4.2

Codes used

The reference model chain of STMAN-PICNIC-TAME is used to model the radionuclide
release, migration and distribution in the biosphere. For a full description of the these codes, see
Appendix 1 in Nagra (2002d). STMAN is used to model the pulse release of dissolved
radionuclides from the near field, based on transient water flow rates induced by gas pressure
build-up (see Fig. 5.4-4). The transport of radionuclides through the host rock and the
ramp/shaft is calculated with PICNIC. Rather than employing a single PICNIC "leg" to model a
single transport path, the network capabilities of PICNIC are employed to model the
simultaneous transport of radionuclides through the Opalinus Clay, the ramp and the shaft. The
network structure used for this case is depicted in Fig. 5.4-5. The legs L1 – L5 represent the
transport paths through the access tunnel system. Here, the legs L1 (from node J1 to J3) and L2
(from node J2 to J3) are omitted, because of reversed water fluxes (see Section 5.4.1.2). The legs
L6,A , L6,B , L6,C and L7 represent upward vertical transport through the Opalinus Clay from
SF/HLW (domains A, B, C) and ILW (domain D), respectively. The water flow rates, Qi, and
cross sectional areas, Ai, (i = n1, n2, n3, s1, s2, ramp, shaft, A, B, C, D), are calculated using
Eqs. 5.4-9 and 5.4-14, respectively. In the model variant related to radionuclide release from the
ILW emplacement tunnels through the ramp only, the transport through leg L1 is considered
only, and all other legs (including leg L7) are omitted.
The water flow rates calculated by means of the resistor network and used in PICNIC are based
on the same gas-induced water displacement rates from the near field as those used in the
STMAN calculations, but are pessimistically interpreted as steady-state water fluxes (see
Fig. 5.4-4).
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Water flow rate [m 3 a-1]

0.4

0.3

0.2

Near field source term:
ILW (Base Case)
ILW (variant)
SF (Base Case)

0.1

Steady-state hydraulics:
ILW (Base Case)
ILW (variant)
SF (Base Case)

0
10 3

10 4

10 5

Time after emplacement [a]

Fig. 5.4-4: Transient water flow rates used to calculate the near field radionuclide source term
with STMAN (thick lines) and steady-state sources of water assumed in the resistor
network calculations, used to derive steady-state water flow rates for PICNIC legs
(thin lines)

J1

Qramp
L1 (1000 m tunnel/ramp)

Qramp
L1 (1000 m tunnel/ramp)

A

D

Qeff
L7 (40 m Opalinus
Clay)

Qeff
L6, A (40 m Opalinus Clay)
L3 (800 m tunnel)
Qn2

B

C
J4

Qeff
L6, B

J2

OPA
Qeff
L6, C (40 m Opalinus Clay)

J3

R

OPA

Ramp

L2 (1000 m tunnel/ramp)
Qs1

S
L5 (40 m EDZ shaft) L4 (100 m tunnel)
Qshaft
Qs2
Shaft

Fig. 5.4-5: The PICNIC network structure used to model the gas-induced release of dissolved
radionuclides through the Opalinus Clay and through the ramp/shaft
Note that the legs L1 (from node J1 to J3) and L2 (from node J2 to J3) are omitted in the
model calculations using PICNIC, because of reversed water fluxes (see text)
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Input parameters

Summary of cases

As discussed in the previous section, several assessment cases related to the release of dissolved
radionuclides by gas-induced displacement of pore water have been identified for quantitative
investigation (Tab. 5.4-1). The same numbering scheme of assessment cases as in Tab. 6.8-2 of
Nagra (2002c) is used here. The values for the gas-induced pore water displacement rates are
justified in Section 5.4.1.1.

Tab. 5.4-1: Summary of assessment cases related to the release of dissolved radionuclides by
gas-induced displacement of pore water (numbering of cases according to
Tab. 6.8-2 in Nagra 2002c)
Assessment case

Case 1.8a/b

Gas-induced release of dissolved
radionuclides affected by ramp/shaft
Case 4.5a/b

ILW: Gas-induced release of dissolved
radionuclides through the ramp only

Gas-induced pore water displacement rates [m3 a-1]

0.07 (total SF)

0.07 (total SF)

0.05 (total ILW)

0.3 (total ILW)

Case 1.8a

Case 1.8b

(Base Case)

(Parameter variation)

Case 4.5a

Case 4.5b

(Base Case)

(Parameter variation)

Case 1.8a

Case 1.8a deals with the gas-induced release of dissolved radionuclides through the Opalinus
Clay and the ramp/shaft in parallel, using Base Case parameter values for the pore water
displacement rates (Tab. 5.4-1).
The parameter values used for the calculation of gas-induced water flow rates (resistor network)
in the Case 1.8a are listed in Tab. 5.4-2. Network flow data and source term information are
given in Tab. 5.4-3. Note that most of the radionuclide inventory is released through the
Opalinus Clay and only a very small inventory fraction is deviated along the access tunnel
system. Radionuclide transport in the Opalinus Clay is assumed to occur upwards only. This is a
conservative assumption, because the Darcy velocity is higher and the transport path length
shorter than for the downwards transport path. Legs with reversed (negative) water flows are not
taken into account in the transport calculations, because they do not significantly contribute to
radionuclide release along the access tunnel system. Release fractions to such legs are thus set to
zero. Transport parameters for legs L1 to L7 are given in Tabs. 5.4-3 to 5.4-5, respectively.
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Tab. 5.4-2: Parameter values used for the calculation of gas-induced water flow rates in the
resistor network
Case 1.8a
Parameter

Symbol

Unit

Value

Source

Hydraulic head in Sandsteinkeuper

Hl

m

465

Hydraulic head in Wedelsandstein

Hu

m

342

Nagra
(2002a)

Hydraulic head at ramp/shaft exit

H0 (=Hu)

m

Host rock and EDZ

Hydraulic conductivity of host rock
Hydraulic conductivity of EDZ

KHR

342
-1

ms

-1

2 × 10-14
10

-12

Tab. 3.3-1

KEDZ

ms

Tab. 2.3-2

Distance from mid Opalinus Clay to
Sandsteinkeuper

Ll

m

100

Distance from mid Opalinus Clay to
Wedelsandstein

Lu

m

40

KB

m s-1

10-13

Radius

r

m

1.15

Ratio of radii EDZ/tunnel

γ

-

1.61

derived
from Nagra
(2002a)

Length

l

m

800

Tab. 2.3-1

Number

N

-

27

Radius

rILW

m

4.5

Tab. 2.3-1

Ratio of radii EDZ/tunnel

γILW

-

1.22

derived
from Nagra
(2002a)

Total length

ΛILW

m

180

Tab. 2.3-1

Nagra
(2002a)

SF/HLW emplacement tunnels

Hydraulic conductivity of bentonite

Tab. 2.3-1

ILW-1 emplacement tunnels
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Tab. 5.4-2: (Cont.)
Case 1.8a
Parameter

Symbol

Unit

Value

Source

m s-1

10-13

Tab. 2.3-2

-1

-12

Sealing zones (incl. backfilled tunnel segments downstream)

Hydraulic conductivity of sealing
Hydraulic conductivity of EDZ
Hydraulic conductivity of backfilled
tunnel downstream of sealing
Radius (not including liner):

Ki
Ki,EDZ

ms

-1

10

Ki,BF

ms

5 × 10-11

Ri

m

3.1
1.8
2.7

Ratio of radii EDZ/tunnel:

γi

-

1.42
1.50
1.44

Length of sealing:

li

m

40

derived from
Nagra
(2002a)
Tab. 2.3-2

40
10
Length of backfilled tunnel segments
downstream of sealing:

li,BF

m

n1, n3, s1

1 000

n2

800

s2

100

shaft, ramp

from Figures
2.3-7 and
5.4-2

0

Near field

Gas-induced porewater displacement
rates
SF
ILW

q*

m3 a-1
(total
repository)

Tab. 5.4-1
0.07
0.05

NAGRA NTB 04-06

130

Tab. 5.4-3: Network flow data and source term information (calculated based on parameter
values listed in Tab. 5.4-2)
Case 1.8a
Input

Units

Values

Network Structure

List of junction names.
Inlet and outlet junctions
for each leg.

-

Fig. 5.4-5

Network Flow Data

m3 a-1

Flows
Qramp

4.2 × 10-3

Qn1

-2.3 × 10-3

Qn2

1.6 × 10-4

Qn3

8.8 × 10-3

Qs1

-2.3 × 10-3

Qs2

5.4 × 10-4

Qshaft

7.0 × 10-4

SF

QHR

0.14 (upwards, summed over domains A, B and C)

ILW

QHR

0.032 (upwards, domain D)

Source Term Information

mol a-1

Source flux

Radionuclide releases to host rock obtained from the
output of code STMAN (plug flow):

SF

Start: 10 000 a/End: 11 000 a; 100 % IRF

ILW

Start: 10 000 a/End: 40 000 a; 50 % of mobile inventory

Fraction to each leg:

dimensionless

Fraction to each leg (including diffusion, Eq. 5.4-11):

fA,HR

0.99996

fA,n1

0

fA,n2

4 × 10-5

fC,HR

0.99986

fC,s1

0

fC,s2

1.4 × 10-4

fD,HR

0.989

fD,n3

1.1 × 10-2
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Tab. 5.4-4: PICNIC input data for legs L1, L2, L3 and L4 which represent axial transport
through the backfill of the operations tunnel, construction tunnel and ventilation
tunnel; for PICNIC network structure, see Fig. 5.4-5
Case 1.8a
Input

Units

Values

Source

Leg Data – Basic Data

Length

m

L1, L2

1 000

L3

800

L4

100
2

Cross sectional area

Calculated using
Eq. 5.4-14

m

L1, L2, L3, L4

23
-1

ma

Darcy velocity

-4

L1 (ILW)

1.8 × 10

L1 (SF)

-1.0 × 10-4

L2

-1.0 × 10-4

L3

7.0 × 10-6

L4

2.3 × 10-5

Pore diffusion constant
for backfill

m2 a-1

Calculated from water
flow rates in Tab. 5.4-3
and cross sectional areas

1.6 × 10-2

Leg Data – Properties of Flowing Region

dimensionless

Calculated from the
parameters below.

kg m-3

558

Flow porosity

dimensionless

This is set equal the infill
porosity.

Infill Porosity

dimensionless

0.3

Porosity Factors

dimensionless

none

Retardation
Bulk dry density (mass
of bentonite per m3 of
backfill material,
sorption on quartz sand
neglected)

Sorption Kd

3

m kg

-1

values for bentonite

Leg Data – Properties of Matrix

There is no "matrix" for this leg – the tunnel backfill is a homogeneous porous medium. The matrix
penetration depth and surface sorption coefficients are thus set equal to zero, and all other parameters
are irrelevant.
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Tab. 5.4-5: PICNIC input data for leg L5, which represents upward vertical transport through
the EDZ of the shaft
Case 1.8a
Input

Units

Values

Source

m

40

2

m

13

Calculated using
Eq. 5.4-14

Darcy velocity

m a-1

5.4 × 10-5

Calculated from water flow
rate in Tab. 5.4-3 and cross
sectional area

Pore diffusion constant
for shaft EDZ

m2 a-1

1.6 × 10-3

Leg Data – Basic Data

Length
Cross sectional area

Leg Data – Properties of Flowing Region

Retardation
Dry density

dimensionless
-3

kg m

Calculated from the parameters below.
2 120

Flow porosity

dimensionless

This is set equal the infill porosity.

Infill Porosity

dimensionless

0.12

Porosity Factors

dimensionless

Sorption Kd

3

m kg

-1

(deviating from value of
0.22 given in Tab. A3.3-4
in Nagra 2002d)
none

element-dependent values
for Opalinus Clay

Tab. A3.5-5 in Nagra
(2002d)

Leg Data – Properties of Matrix

There is no "matrix" for this leg – the shaft EDZ is a homogeneous porous medium. The matrix
penetration depth and surface sorption coefficients are thus set equal to zero, and all other parameters
are irrelevant.

133

NAGRA NTB 04-06

Tab. 5.4-6: PICNIC input data for legs L6,A , L6,B , L6,C and L7, which represent upward vertical
transport through the Opalinus Clay for SF/HLW (domains A, B, C) and ILW
(domain D), respectively
Case 1.8a
Input

Units

Values

m

40

Source

Leg Data – Basic Data

Length
L6,A , L6,B , L6,C , L7

m2

Cross sectional area

4

L6,A , L6,C

2.0 × 10

L6,B

1.2 × 105

L7

4.0 × 103
m a-1

Darcy velocity

-7

L6,A ,L6,B ,L6,C (SF/HLW)

8.8 × 10

L7 (ILW)

8.0 × 10-6
m2 a-1

Effective diffusion
coefficient

1 × 10-12 (anions)
1 × 10

-11

(non-anions)

Calculated using
Eq. 5.4-14

Calculated from water
flow rates in Tab. 5.4-3
and cross sectional area
Tab. A3.5-5 in Nagra
(2002d)

Leg Data – Properties of Flowing Region

dimensionless

Calculated from the other
parameters.

Grain density

kg m-3

2 720

Flow porosity

dimensionless

This is set equal the infill
porosity.

Infill Porosity

dimensionless

0.12

Porosity Factors

dimensionless

0.5 (anions)

Retardation

Tab. A3.3-4a in Nagra
(2002d)

Tab. A3.5-5 in Nagra
(2002d)

1 (non-anions)
Sorption Kd

3

m kg

-1

element-dependent values
for Opalinus Clay

Tab. A3.5-5 in Nagra
(2002d)

Leg Data – Properties of Matrix

There is no "matrix" for this leg – the Opalinus Clay is a homogeneous porous medium. The matrix
penetration depth and surface sorption coefficients are thus set equal to zero, and all other parameters
are irrelevant.
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Case 1.8b

Case 1.8b deals with the gas-induced release of dissolved radionuclides through the Opalinus
Clay and the ramp/shaft in parallel, using an increased value of 0.3 m3 a-1 for the pore water
displacement rate from the ILW emplacement tunnels (Tab. 5.4-1).
The parameter values used for the calculation of gas-induced water flow rates (resistor network)
in the Case 1.8b are identical to those listed in Tab. 5.4-2, with the exception of the gas-induced
porewater displacement rate from the ILW near field (Tab. 5.4-7). Network flow data and
source term information are given in Tab. 5.4-8. As in the Case 1.8a, most of the radionuclides
are released through the Opalinus Clay. Radionuclide release in the Opalinus Clay is assumed to
occur upwards only. Legs with reversed (negative) water flows are not taken into account in the
transport calculations (release fractions to such legs are set to zero). Transport parameters for
legs L1 to L7 are identical to those listed in Tabs. 5.4-3 to 5.4-5, respectively, with the exception
of the Darcy velocities (Tab. 5.4-9).

Tab. 5.4-7: Additional parameter values used for the calculation of gas-induced water flow
rates in the resistor network
Case 1.8b
Parameter

Symbol

Unit

q*

m3 a-1

Value

Near field

Gas-induced porewater displacement rates
SF
ILW
All other parameters

(total
repository)

0.07

Identical to parameter values in Tab. 5.4-2

0.3
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Tab. 5.4-8: Network flow data and source term information (calculated based on parameter
values listed in Tab. 5.4-2 and 5.4-7)
Case 1.8b
Input

Units

Values

-

Fig. 5.4-5

Network Structure

List of junction names. Inlet
and outlet junctions for
each leg.
Network Flow Data

m3 a-1

Flows
Qramp

2.1 × 10-2

Qn1

-1.6 × 10-2

Qn2

3.6 × 10-4

Qn3

5.3 × 10-2

Qs1

-1.6 × 10-2

Qs2

1.2 × 10-3

Qshaft

1.5 × 10-3

SF

QHR

0.16 (upwards, summed over domains A, B and C)

ILW

QHR

0.18 (upwards, domain D)

Source Term Information

mol a-1

Source flux

Radionuclide releases to host rock obtained from the output of
code STMAN (plug flow):

SF

Start: 10 000 a/End: 11 000 a; 100 % IRF

ILW

Start: 1 000 a/End: 11 000 a; 100 % mobile inventory

Fraction to each leg:

dimensionless

Fraction to each leg (including diffusion, see Eq. 5.4-11):

fA,HR

0.99991

fA,n1

0

fA,n2

9 × 10-5

fC,HR

0.99970

fC,s1

0

fC,s2

3 × 10-4

fD,HR

0.948

fD,n3

5.2 × 10-2
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Tab. 5.4-9: PICNIC input data differing from Base Case, for legs L1, L2, L3 and L4 which
represent axial transport through the backfill of the operations tunnel, construction
tunnel and ventilation tunnel, and legs L5 , L6,A , L6,B , L6,C and L7, which represent
upward vertical transport through the EDZ of the shaft (L5) and through the
Opalinus Clay (L6 and L7); for PICNIC network structure, see Fig. 5.4-5
Case 1.8b
Input

Units

Values

Source

Leg Data – Basic Data

Darcy velocity

m a-1
-4

L1 (ILW)

9.1 × 10

L1 (SF)

-7.0 × 10-4

L2

-7.0 × 10-4

L3

1.6 × 10-5

L4

5.2 × 10-5

L5 (shaft EDZ)

1.2 × 10-4

L6,A ,L6,C (SF-OPA)

1.0 × 10-6

L6,B (SF-OPA)

1.0 × 10-6

L7 (ILW-OPA)

4.5 × 10-5

All other leg
parameters

Calculated from water flow
rates in Tab. 5.4-8 and
cross sectional areas

Identical to parameter values in Tabs. 5.4-3 to 5.4-5

Case 4.5a

Case 4.5a deals with the gas-induced release of dissolved radionuclides from the ILW tunnels
through the the ramp only, using Base Case parameter values for the pore water displacement
rates (Tab. 5.4-1).
In this model variant, the parameter values used for the calculation of water flow rates are
identical to those listed in Tab. 5.4-2, with the exception of the parameters listed in Tab. 5.4-10.
Network flow data and source term information are given in Tab. 5.4-11. Transport parameters
for leg L1 are listed in Tab. 5.4-12.
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Tab. 5.4-10: Additional parameter values used for the calculation of water flow rates
Case 4.5a
Parameter

Symbol

Unit

Value

KHR

m s-1

0

q*

m3 a-1

0.05

Host rock

Hydraulic conductivity of host rock
Near field

Gas-induced porewater displacement rate
(ILW)

(total
repository)

Sealing zones

Hydraulic conductivity of sealings n1 and s1
Hydraulic conductivity of EDZ (n1 and s1)

Ki
Ki,EDZ

m s-1

0

-1

0

ms

Identical to parameter values in Tab. 5.4-2

All other parameters

Tab. 5.4-11: Network flow data and source term information
Case 4.5a
Input

Units

Values

Network Structure

List of junction names.
Inlet and outlet junctions
for each leg.

-

Fig. 5.4-5 (Operations tunnel ILW and ramp only,
leg L1)

Network Flow Data

m3 a-1

Flows (ILW)
Qramp

5.0 × 10-2

Qn3

5.0 × 10-2

QHR

0

Source Term Information

Source flux (ILW)

mol a-1

Radionuclide releases obtained from the output of code
STALLION (plug flow):
Start: 10 000 a/End: 40 000 a; 50 % of mobile inventory

Fraction to leg

dimensionless

1 (L1)
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Tab. 5.4-12: PICNIC input data for leg L1 which represents axial transport through the backfill
of the operations tunnel to the ramp
Case 4.5a
Input

Units

Values

m a-1

2.2 × 10-3

Source

Leg Data – Basic Data

Darcy velocity

All other parameters

Calculated from water
flow rates in Tab. 5.4-11
and cross sectional areas

Identical to parameter values for leg L1 in Tab. 5.4-4

Case 4.5b

Case 4.5b deals with the gas-induced release of dissolved radionuclides from the ILW tunnels
through the ramp only, using an increased value of 0.3 m3 a-1 for the pore water displacement
rate from the ILW emplacement tunnels (Tab. 5.4-1).
In this model variant, the parameter values used for the calculation of water flow rates are
identical to those listed in Tab. 5.4-2, with the exception of the parameters listed in Tab.
5.4-13. Network flow data and source term information are given in Tab. 5.4-14. Transport
parameters for leg L1 are listed in Tab. 5.4-15.

Tab. 5.4-13: Additional parameter values used for the calculation of water flow rates
Case 4.5b
Parameter

Symbol

Unit

Value

KHR

m s-1

0

q*

m3 a-1

0.3

Host rock

Hydraulic conductivity of host rock
Near field

Gas-induced porewater displacement rate
(ILW)

(total
repository)

Sealing zones

Hydraulic conductivity of sealings n1 and s1
Hydraulic conductivity of EDZ (n1 and s1)
All other parameters

Ki
Ki,EDZ

m s-1

0

-1

0

ms

Identical to parameter values in Tab. 5.4-2
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Tab. 5.4-14: Network flow data and source term information
Case 4.5b
Input

Units

Values

Network Structure

List of junction names.
Inlet and outlet junctions
for each leg.

-

Fig. 5.4-5 (Operations tunnel ILW and ramp only,
leg L1)

Network Flow Data

m3 a-1

Flows (ILW)
Qramp

0.3

Qn3

0.3

QHR

0

Source Term Information

Source flux (ILW)

mol a-1

Radionuclide releases obtained from the output of code
STALLION (plug flow):
Start: 1 000 a/End: 11 000 a; 100 % mobile inventory

Fraction to leg

dimensionless

1 (L1)

Tab. 5.4-15: PICNIC input data for leg L1 which represents axial transport through the backfill
of the operations tunnel to the ramp
Case 4.5b
Input

Units

Values

Source

m a-1

1.3 × 10-2

Calculated from water flow rates in Tab.
5.4-14 and cross sectional areas

Leg Data – Basic Data

Darcy velocity
All other
parameters

Identical to parameter values for leg L1 in Tab. 5.4-4
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Results

In this section, dose curves are presented for the various assessment cases related to the release
of dissolved radionuclides by gas-induced displacement of pore water (see Figs. 5.4-6 to 5.4-9).
For the cases with parallel transport through the Opalinus Clay and the ramp/shaft (cases
1.8a/b), two types of doses are shown:
•

doses for safety-relevant radionuclides (including contributions from Opalinus Clay and
shaft), and

•

dose contributions from Opalinus Clay and shaft (summed over all safety-relevant radionuclides)

For the cases with release of radionuclides from the ILW tunnels exclusively through the ramp
(cases 4.5a/b), doses for safety-relevant radionuclides released through the ramp are shown
only, because the contribution from the release path through the Opalinus Clay is by definition
zero.
The results for Case 1.8a are shown in Fig. 5.4-6 (SF) and in Fig. 5.4-7 (ILW). The dose
dominating radionuclides are the same as in the Reference Case (see Fig. 7.4-1 in Nagra 2002c).
Due to the fact that the IRF fraction of SF is released only, the summed dose maxima are lower
than the corresponding dose of the Reference Case. The dose contributions from the shaft (SF)
and the ramp (ILW) are several orders of magnitude smaller than the corresponding contributions from the release path through the Opalinus Clay. This is due to the fact that the branching
ratios for transport through the ramp/shaft are very small and, in addition, that the transport
properties of the access tunnel system are quite favourable (small advection velocities, length of
transport pathway).
In the Case 1.8b with an increased water displacement rate from the ILW emplacement tunnels
of 0.3 m3 a-1 (instead of 0.05 m3 a-1 as in Case 1.8a), the results for ILW are shown in Fig. 5.4-8.
The summed dose maximum – which is dominated by 129I – is about an order of magnitude
higher and arises 200 000 years earlier than in the Case 1.8a (Fig. 5.4-7). Likewise, the dose
curve of organic 14C arises about 20 000 years earlier than in Case 1.8a, leading to substantially
less decay and thus to a higher dose maximum (increase by about two orders of magnitude).
The results for Case 4.5a/b, related to a release of radionuclides from the ILW emplacement
tunnels through the ramp only, are shown in Fig. 5.4-9. As in the previous figures, the calculations are based on water displacement rates of 0.05 m3 a-1 (Case 4.5a) and 0.3 m3 a-1 (Case
4.5b). The resulting summed dose maxima for the Cases 4.5a/b are about a factor of 2.5 and 7
higher than the corresponding doses for the Cases 1.8a/b, respectively. Additional radionuclides
are released (inorganic 14C, 93Mo, 135Cs) due to a less efficient retardation in the tunnel backfill
compared to Opalinus Clay (increased Darcy velocity, lower Kd values).
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Fig. 5.4-6: Doses as a function of time for gas-induced release of dissolved radionuclides from
SF affected by shaft
Case 1.8a (SF)
Upper figure: doses for safety-relevant radionuclides (including contributions from
Opalinus Clay and shaft), lower figure: dose contributions from Opalinus Clay and shaft
(summed over all safety-relevant radionuclides).
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Fig. 5.4-7: Doses as a function of time for gas-induced release of dissolved radionuclides from
ILW affected by ramp
Case 1.8a (ILW)
Upper figure: doses for safety-relevant radionuclides (including contributions from
Opalinus Clay and ramp), lower figure: dose contributions from Opalinus Clay and ramp
(summed over all safety-relevant radionuclides).
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Fig. 5.4-8: Doses as a function of time for gas-induced release of dissolved radionuclides from
ILW affected by ramp
Case 1.8b (ILW)
Upper figure: doses for safety-relevant radionuclides (including contributions from
Opalinus Clay and ramp), lower figure: dose contributions from Opalinus Clay and ramp
(summed over all safety-relevant radionuclides).
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Fig. 5.4-9: Doses as a function of time for gas-induced release of dissolved radionuclides from
ILW tunnels through ramp only
Upper figure: Case 4.5a (ILW), lower figure: Case 4.5b (ILW).
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Conclusions

The results of the experiments and studies performed illustrate that there is sufficient scientific
understanding of gas production in and release from a repository sited in Opalinus Clay to make
reliable bounding assessments of the impacts on the disposal system and on radiological
consequences. The disposal system is seen to be robust with regard to gas buildup and release,
i.e. gas pressures increase slowly and various mechanisms of transport are capable of
transporting the gas gradually through the host rock and eventually into overlying formations
without significantly disturbing the isolation characteristics of the repository and host rock.
Calculations of radiological consequences for assessment cases incorporating various effects of
gas accumulation and release indicate that doses will be at least two orders of magnitude below
the regulatory limit.
The approach used to estimate gas production rates has been to adopt slightly pessimistic data
(the values selected for assessment calculations are ~ 2 or 3 times higher than the measured
rates) in cases where there is a substantial body of evidence available from measurements under
relevant conditions (e.g. H2 gas production due to anaerobic corrosion of carbon steel, various
stainless steels and Zircaloy). In cases where data are limited or where significant uncertainties
exist (e.g. corrosion of aluminum or microbial degradation of organic matter to produce CH4),
the selected rates provide more of a pessimistic bounding value, because the uncertainties make
it difficult to estimate how much lower the actual rates might be under disposal conditions. The
only radionuclides with a significant potential to be in volatile form and thus be transported
along with methane and hydrogen are 3H and 14C. The former has a short half-life (12.3 years)
and will have decayed to insignificance shortly after repository closure. For this reason 3H has
not been further considered. It is conservatively assumed that all 14C released from Zircaloy is in
a volatile organic form such as CH4. Other 14C that might be released from ILW will be
inorganic (carbonate) and will be present in the aqueous phase and form carbonate precipitates,
thus no transport in the gas phase is expected.
The theoretical understanding of and experimental evidence for gas transport mechanisms in the
EBS and host rock demonstrate that diffusion and advection of dissolved gases will make no
significant contribution to release of gas from the waste emplacement tunnels. The compacted
bentonite in SF/HLW emplacement tunnels is expected to transport gas from the canisters to the
rock via discrete pathways, with no impacts expected on the performance of the bentonite as a
diffusive barrier for solutes, because very little of the porosity is available for gas storage.
Furthermore, the plasticity of bentonite will result in pathway sealing once gas flow stops. In the
case of the cementitious ILW near field, a significant gas storage volume is available in the pore
spaces of the mortars, thus displacement of water from these pores will delay the buildup of gas
pressure for thousands of years. The increased permeability and reduced strength of the EDZ is
expected to lead to reduced gas entry pressure and an increase in pore space for gas storage.
Gases are thus expected to migrate axially along the EDZ of the SF/HLW and through the
mortar of ILW tunnels and then within the EDZ around the plugs. Access tunnels and the ramp
are backfilled with 30:70 bentonite:sand mixture, which will have a low gas entry pressure and
a significant gas storage capacity.
Irrespective of the capacity of the tunnel pathway and EDZ to store and dissipate gas, the
overlying host rock is judged to be capable of effectively dissipating the gas at the expected
production rate. Results of field and laboratory studies of gas migration in Opalinus Clay in
particular and in claystones in general suggest that both two-phase flow and horizontal pathway
dilation along bedding planes will contribute to gas transport. Together these mechanisms can
transport gas through the Opalinus Clay at gas pressures of 10 to 15 MPa, at rates significantly
higher than the expected gas production rates. The slow rate of gas pressure buildup and the
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capacity of the rock to deform and conduct gas via horizontal dilatant pathways means that
tensile fracturing of the rock by gas pressure buildup will not occur. Dilatant pathways are
expected to be limited to a horizontal region with a thickness of 5 – 10 m immediately around
around the repository tunnels, thus the majority of the Opalinus Clay host rock will be
unaffected. Furthermore, the plasticity of Opalinus Clay will result in pathway sealing once gas
flow stops.
Based on the understanding developed on gas production in the emplacement tunnels and gas
transport mechanisms and capacities in the EBS and host rock, a simplified model of gas
pressure evolution and gas migration in the disposal system has been developed. This model
suggests that gas transported through the host rock and tunnel system will slowly accumulate in
the overlying Wedelsandstein formation, from which it will be released gradually to the
overlying Malm aquifer by diffusion. This model is applied to calculations of the transport and
release of potentially volatile 14C, assumed to be carried with the principal non-radioactive
gases, hydrogen and methane. These calculations indicate that doses in such a case would be at
least three orders of magnitude below the regulatory dose limit.
The possible displacement of some porewater from the near field into the surrounding rock
and/or through the ramp/shaft system due to gas pressure build-up is evaluated in an additional
assessment model. In this case, calculations are performed for all safety-relevant radionuclides.
This scenario is most relevant for ILW, where there is a significant quantity of porewater that
may be displaced from the cementitious near field, and for SF, where there is the possibility of
displacement of some porewater that would contain the instant release fraction. In these cases,
the calculated doses are more than three orders of magnitude below the dose limit.
Several "what if?" calculations related to the impacts of gas production on releases from the
repository have also been considered. These include calculations of porewater displacement
through the ramp/shaft only (i.e. the model assumes no concurrent porewater displacement into
the rock) and calculations for the assumption of unretarded transport of volatile 14C through the
host rock to the Wedelsandstein formation followed by diffusional release to the overlying
Malm aquifer. Even in these cases, doses are calculated to be at least two orders of magnitude
below the dose limit.
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Appendix 1 – Gas production rates for ILW
Calculations of the rate of production of gases as a result of anaerobic corrosion of various
metals and decomposition of organic matter are summarised in Tables A1 to A9 and Figures 1
and 2. The tables include the following:
Table A1 – Rates and stoichiometries of the relevant corrosion reactions and organic
degradation processes. The rates used are referenced in Chapter 2.
Table A2 – Numbers of primary waste packages for the cemented waste (CW) and high force
compacted waste (HFCW) options, as well as the numbers of waste packages per emplacement
container and the number of emplacement containers.
Table A3 – Calculated gas volumes according to the quantities of materials associated with the
various waste packages from McGinnes (2002), which provides detailed data on types,
quantities and estimated surface areas of various materials in the waste packages, including the
metal waste packages themselves. Metal used in the emplacement containers nad emplacement
tunnels is also considered, with this data derived from Nagra (2002b).
Table A4 – Calculated CH4 volumes produced by degradation of organics in the waste
packages.
Table A5 – Initial gas production rates and total gas volumes for the various waste package
types for the two waste options.
Table A6 – Initial gas production rates and total gas volumes for the two waste options
Table A7 – Summations of the initial gas production rates and total gas production of the
different waste packages for the two options and according to their waste emplacement tunnel
allocations (ILW-1 and ILW-2).
Table A8 – Time-dependent gas production rates for the CW option for the different waste
packages and emplacement containers for periods up to 10 000 years.
Table A9 – Time-dependent gas production rates for the HFCW option for the different waste
packages and emplacement containers for periods up to 10 000 years.
Figure A1 – Time-dependent rates of gas production for the CW option for periods up to 10 000
years.
Figure A2 – Time-dependent rates of gas production for the HFCW option for periods up to
10 000 years.

Stoichiometry

Cellulose
Other organics

Organics

6
6

1.57E-02
1.12E-03

0.7
0.05

Zinc
Zn + H2O = ZnO + H2
1 mole zinc = 1 mole hydrogen

Zircaloy = 98 % Zr
Zr + 2 H2O = ZrO2 + 2 H2
1 mole zircon = 2 moles hydrogen

Steel
3 Fe + 4 H2O = Fe3O4 + 4 H2
1 mole iron = 4/3 moles hydrogen

Aluminium
2 Al + 3 H 2O = Al 2O3 + 3 H2
1 mole Aluminium = 3/2 moles hydrogen

3.67E+01
5.13E+02

8.30E-01
8.30E-01

Organics
C6H10O5 + H2O = 3 CH4 + 3 CO2
1 mole cellulose = 3 moles methane
+ 3 moles carbon dioxide

1.89E-02
1.35E-03

[m3/kg]
[a]

0.162
0.162

Gas yield

Halflife

Stoichiometry

Gas evolution
rates
[m3/(kg·a)] (STP)

Decomposition
rates
[moles gas / kg·a]

Molecular
mass
[kg/moles]

7850
7850
2700
7130
6550

Decomposition
rates
[moles gas / moles org.]
[kg/kg·a]

4.20E-05
4.20E-04
3.36E+00
2.44E+00
3.22E-05

1.87E-03
1.87E-02
1.50E+02
1.09E+02
1.44E-03

1.33
1.33
1.5
1
2

1.0E-08
1.0E-07
1.0E-03
1.0E-03
1.0E-08

0.05585
0.05585
0.02698
0.06537
0.09122

[kg/m 3]
[m3 H2 / m2·a]

Gas evolution rates
[moles H2 / m2·a]

Stoichiometry
[moles H2 / moles metals]

Density

Corrosion
rates
[m/a]

Molecular
mass
[kg/moles]

Table A1:

Stainless steel (SS)
Iron, carbon steel (CS)
Aluminium
Zinc
Zircaloy

Metals

Gas evolution ILW
Realistic corrosion rates
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Rates and stoichiometries of the relevant corrosion reactions and organic degradation processes. The rates used are referenced in Chapter 2.

454

0

575

33

266

167

0

514

0

33

266

167

WA-COG-4A

WA-COG-6

WA-COG-6A

WA-BNF-2

WA-BNF-4

WA-BNF-7
178.5

41.8

8.3

87.8

66.5

0.0

26.9
50.0

41.8

8.3

0.0

EC2-MA-20

Reserve
WA-COG-4/6

EC2-MA-20
128.5

202.1

66.5

63.9

50.4

0.0

0.0

Rebar

0.0

Rebar
26.9

9

4

4

4

9

4

9

12

18

X

X

X

EC2-MA-20

0

0

323

WA-COG-4

EC2-MA-25
21.3

EC2-MA-25

21.3

Canister type

X

X

X

X

X

EC2-MA-25

0

383

383

WA-COG-2

Number
of waste
forms per
repository
canister

X

Rebar

Sum

(MIRA)

CW Option HFCW Option

(MIRA)

Waste
type

Number of canisters
HFCW option
CW option

as WA-COG-4/6

as WA-COG-4/6

Table A2:

Number of waste forms
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Numbers of primary waste packages for the cemented waste (CW) and high force
compacted waste (HFCW) options, as well as the numbers of waste packages per
emplacement container and the number of emplacement containers.

-

Zircaloy

8.25E+03
7.85E+03
7.85E+03
7.85E+03
7.85E+03
7.92E+03

2.14E-01 7.85E+03
5.10E-02 7.85E+03

CS
CS

Stack elements:
3-fold stack
1 layer on 2 EC2-MA-20
1.68E+03
4.00E+02

1.21E-01 7.85E+03

9.50E+02

CS

EC2-MA-25

1.36E-03 2.70E+03
1.73E-05 7.13E+03
3.85E-02 6.55E+03

1.45E-03
2.17E-02
6.24E-03
5.24E-03
1.17E-02
1.01E-02

1.54E-07 6.50E+03

3.82E-03 7.85E+03
8.96E-04 7.85E+03
1.25E-02 7.85E+03

9.55E-02 7.85E+03

3.68E+00
1.23E-01
2.52E+02

8.25E+03
7.85E+03
7.85E+03
7.85E+03

5.54E-02 6.55E+03

2.55E-03
7.26E-03
4.08E-03
1.25E-02

3.82E-03 7.85E+03
8.96E-04 7.85E+03
1.25E-02 7.85E+03

7.50E+02

-

1.20E+01
1.70E+02
4.90E+01
4.11E+01
9.20E+01
8.00E+01

9.99E-04

3.00E+01
7.03E+00
9.80E+01

3.63E+02

2.10E+01
5.70E+01
3.20E+01
9.80E+01

3.00E+01
7.03E+00
9.80E+01

CS

12 x WA-COG-4
4 x WA-COG-4

Sum

Aluminium
Zinc
Zircaloy

Inconel (X-750)
ST steel
Steel
Steel (H&E)
ST steel
Steel Z15 CN 24.13

SS
SS
CS
SS
SS
SS

-

Zircaloy Fines

Sum

CS
SS
SS

C-Stahl, soft
Stahl 316 L
Stahl 316 L

Sum

SS
SS
SS
SS

Inconel (X-750)
Steel 304
Steel 304L
Steel 316 L

CS
SS
SS

[kg/m ]

4.64E-02
4.50E-02

4.00E-02

4.00E-02

5.00E-02
1.00E-01
4.40E-01

1.40E-01
2.80E-02
1.20E-02
4.30E-03
2.80E-02
6.10E-02

4.00E-01

1.70E-02
7.90E-02
7.90E-02

4.40E-01

1.40E-01
4.40E-03
8.20E-02
7.60E-02

1.70E-02
7.90E-02
7.90E-02

[m /kg]

2

Surface/Mass

1.29E-08

4.00E-04

6.19E-01
3.01E-02
3.57E-03

1.84E-01
1.23E-02
1.11E+02

3.27E-02
7.56E-03

5.49E-03
5.66E-03

2.74E+04
2.83E+04

3.18E+04

6.37E-03

1.60E-02
3.80E+01

7.80E+01
1.80E+01

3.18E+04

6.37E-03

7.41E+00
1.40E+00
3.47E+04

1.48E-02
2.81E-03
6.94E-04

1.26E-02

8.66E+03
4.55E+04
1.06E+05
2.96E+05
4.55E+04
2.07E+04

3.85E+04

7.69E-04

1.73E-03
9.10E-03
2.12E-02
5.93E-02
9.10E-03
4.14E-03

7.49E+04
1.61E+04
1.61E+04

3.00E+01

6.58E-01

7.05E-04
2.00E-03
2.47E-04
7.42E-05
1.08E-03
2.05E-03

1.68E+00
4.76E+00
5.88E-01
1.77E-01
2.58E+00
4.88E+00

3.70E-03

2.14E-04
2.33E-04
3.25E-03

5.10E-01
5.55E-01
7.74E+00

3.47E+04

8.66E+03
2.90E+05
1.55E+04
1.68E+04

7.49E+04
1.61E+04
1.61E+04

Duration of
corrosion
[a]

1.50E-02
3.23E-03
3.23E-03

6.94E-04

5.14E-03

1.60E+02
1.07E-02

1.73E-03
5.79E-02
3.11E-03
3.35E-03

1.50E-02
3.23E-03
3.23E-03

1.23E-03
1.05E-04
1.10E-03
3.13E-03

3.70E-03

2.14E-04
2.33E-04
3.25E-03

Diameter of
metal plate
[m]

2.94E+00
2.51E-01
2.62E+00
7.45E+00

5.10E-01
5.55E-01
7.74E+00

Annual
gas production
[m3 H2 /a]

Total
surface
[m2]

3

Density

Volume
Mass
per waste form
[m3]
[kg]

EC2-MA-20

Canister reinforcement

WA-COG-4/6

WA-BNF-7

WA-BNF-4

C-steel, soft
Steel 316 L
Steel 316 L

WA-BNF-2

Steel
type

Calculated data

Data from MIRA

8.98E+02
2.14E+02

5.08E+02

4.01E+02

3.65E+02

4.58E+00
4.21E-02
1.24E+02

6.11E+00
9.09E+01
2.62E+01
2.20E+01
4.92E+01
4.24E+01

7.22E+01

4.94E-04

1.60E+01
3.76E+00
5.24E+01

2.89E+02

1.78E+02

1.07E+01
3.05E+01
1.71E+01
5.24E+01

7.22E+01

1.60E+01
3.76E+00
5.24E+01

Total
gas volume
[m3]

Table A3:

Sum

Material

Waste type

Metals
Realistic corrosion rates
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Calculated gas volumes according to the quantities of materials associated with the
various waste packages from McGinnes (2002), which provides detailed data on
types, quantities and estimated surface areas of various materials in the waste packages, including the metal waste packages themselves. Metal used in the emplacement containers nad emplacement tunnels is also considered, with this data derived
from Nagra (2002b).

WA-COG-6A

WA-COG-4A

WA-COG-6

WA-COG-4

Steel Z2 CND 17.12

WA-COG-2

Sum

Aluminium

ST steel
Steel
ST steel
Steel Z15 CN 24.13

Sum

Zircaloy

Inconel 718
Steel
ST steel
Steel Z15 CN 24.13

Sum

Aluminium
Zinc

ST steel
Steel
Steel
Iron
Steel
Iron

Sum

Zircaloy

Inconel (X-750)
Steel
Steel Z2 CN 18.10
Steel basket E24

-

SS
CS
SS
SS

-

SS
CS
SS
SS

-

SS
CS
CS
CS
CS
CS

-

SS
CS
SS
CS

SS

Steel
type

6.26E+00

2.90E+02
8.30E+01
9.20E+01
8.00E+01

4.54E+02

2.26E+01
7.31E+01
9.20E+01
8.00E+01

6.40E+00
2.00E-01

2.97E+02
8.50E+01
6.53E+01
1.03E+01
1.00E+02
1.42E+01

6.38E+02

3.18E+01
1.03E+02
3.48E+02
1.22E+02

2.00E+01

8.25E+03
7.85E+03
7.83E+03
7.86E+03

7.85E+03
7.85E+03
7.85E+03
7.86E+03
7.85E+03
7.86E+03

8.22E+03
7.85E+03
7.85E+03
7.92E+03

7.85E+03
7.85E+03
7.85E+03
7.92E+03

2.32E-03 2.70E+03

3.69E-02
1.06E-02
1.17E-02
1.01E-02

6.93E-02 6.55E+03

2.75E-03
9.31E-03
1.17E-02
1.01E-02

2.37E-03 2.70E+03
2.81E-05 7.13E+03

3.78E-02
1.08E-02
8.32E-03
1.31E-03
1.27E-02
1.81E-03

9.74E-02 6.55E+03

3.85E-03
1.31E-02
4.44E-02
1.55E-02

2.55E-03 7.83E+03

5.00E-02

2.30E-02
1.50E-02
2.30E-02
6.10E-02

4.40E-01

1.40E-01
4.30E-03
5.80E-02
6.10E-02

5.00E-02
1.00E-01

1.20E-02
1.50E-01
1.50E-01
1.00E+00
1.50E-01
1.00E+00

4.40E-01

1.40E-01
4.30E-03
4.00E-02
4.50E-02

2.00E-01

[m2/kg]

9.03E-03

2.81E+02

1.08E+00
4.89E-02

3.20E-01
2.00E-02

1.05E+00

3.13E-01

1.06E+00

2.80E-03
5.23E-04
8.88E-04
2.05E-03
6.67E+00
1.25E+00
2.12E+00
4.88E+00

1.48E-02

1.11E-02
1.70E-02
1.11E-02
4.14E-03

6.94E-04

6.43E-03

2.00E+02

1.22E-02

1.74E-03
5.93E-02
4.39E-03
4.14E-03

1.33E-03
1.32E-04
2.24E-03
2.05E-03

1.48E-02
2.81E-03

2.12E-02
1.70E-03
1.70E-03
2.54E-04
1.70E-03
2.54E-04

6.94E-04

1.73E-03
5.93E-02
6.39E-03
5.65E-03

1.28E-03

Diameter of
metal plate
[m]

3.16E+00
3.14E-01
5.34E+00
4.88E+00

1.15E+00

1.50E-03
5.35E-03
4.11E-03
4.32E-03
6.30E-03
5.96E-03

3.56E+00
1.28E+01
9.80E+00
1.03E+01
1.50E+01
1.42E+01

1.92E-02

1.87E-03
1.86E-04
5.84E-03
2.30E-03

1.68E-03

1.68E-03

4.45E+00
4.43E-01
1.39E+01
5.49E+00

4.00E+00

Annual
gas production
[m3 H2 /a]

Total
surface
[m2]

[kg/m 3]

Surface/Mass

Volume
Mass
per waste form
[m3]
[kg]
Density

Calculated data

Data from MIRA

7.41E+00

5.54E+04
8.49E+04
5.54E+04
2.07E+04

3.47E+04

8.69E+03
2.96E+05
2.20E+04
2.07E+04

7.41E+00
1.40E+00

1.06E+05
8.49E+03
8.49E+03
1.27E+03
8.49E+03
1.27E+03

3.47E+04

8.66E+03
2.96E+05
3.19E+04
2.83E+04

6.39E+03

Duration of
corrosion
[a]

2.99E+02

7.80E+00

1.55E+02
4.44E+01
4.92E+01
4.24E+01

3.65E+02

2.23E+02

1.15E+01
3.91E+01
4.92E+01
4.24E+01

3.14E+02

1.59E+02
4.55E+01
3.49E+01
5.50E+00
5.35E+01
7.58E+00
0.00E+00
7.97E+00
6.85E-02

6.36E+02

3.13E+02

1.62E+01
5.51E+01
1.87E+02
6.52E+01

1.07E+01

1.07E+01

Total
gas volume
[m3]

Table A3:

Sum

Material

Waste type

Metals
Realistic corrosion rates
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(Cont.)
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Table A4:
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Calculated CH4 volumes produced by degradation of organics in the waste packages.

Organics

Data from MIRA

Calculated data

Mass
per waste form
[kg]

Initial annual
gas production
[m3 CH4 /a]

Total
gas volume
[m3]

Waste type

Material

WA-COG-2

Other organics

1.24E+02

1.39E-01

1.03E+02

WA-COG-4

Other organics

8.99E+00

1.01E-02

7.46E+00

WA-COG-6

Cellulose
Other organics

9.99E-01
4.63E+01

1.57E-02
5.19E-02

8.29E-01
3.84E+01

6.75E-02

3.9E+01

Sum

WA-COG-4A none

0.00E+00

0.00E+00

0.00E+00

WA-COG-6A Cellulose
Other organics

9.76E-01
2.93E+01

1.53E-02
3.28E-02

8.10E-01
2.43E+01

4.81E-02

2.5E+01

Sum

WA-BNF-2

none

0.00E+00

0.00E+00

0.00E+00

WA-BNF-4

none

0.00E+00

0.00E+00

0.00E+00

WA-BNF-7

none

0.00E+00

0.00E+00

0.00E+00

5.67E-01
1.72E+01

8.89E-03
1.93E-02

4.70E-01
1.43E+01

2.82E-02

1.5E+01

WA-COG-4/6 Cellulose
Other organics
Sum
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Initial gas production rates and total gas volumes for the various waste package
types for the two waste options.

Initial gas production rate per waste form
Realistic corrosion rates
Waste type

Corrosion
of waste
[m3 H2 /a]

Decomposition
Sum
of organics
[m3 gas /a]
[m3 CH4 /a]

WA-COG-2
WA-COG-4
WA-COG-4A
WA-COG-6
WA-COG-6A
WA-BNF-2
WA-BNF-4
WA-BNF-7

1.68E-03
1.92E-02
1.22E-02
1.15E+00
1.06E+00
3.70E-03
1.07E-02
3.70E-03

1.39E-01
1.01E-02
0.00E+00
6.75E-02
4.81E-02
0.00E+00
0.00E+00
0.00E+00

1.41E-01
2.93E-02
1.22E-02
1.22E+00
1.11E+00
3.70E-03
1.07E-02
3.70E-03

WA-COG-4/6

6.58E-01

2.82E-02

6.87E-01

No. of waste forms
CW Option HFCW Option
(MIRA)
(MIRA)
383
323
0
514
0
33
266
167

383
0
454
0
575
33
266
167

Sum

Sum over all waste forms
CW Option HFCW Option
[m3 gas /a]
[m3 gas /a]
5.38E+01
9.46E+00
0.00E+00
6.27E+02
0.00E+00
1.22E-01
2.85E+00
6.17E-01

5.38E+01
0.00E+00
5.53E+00
0.00E+00
6.36E+02
1.22E-01
2.85E+00
6.17E-01

6.94E+02

6.99E+02

Total gas volume per waste form
Waste type

Corrosion
of waste
[m3]

Decompositon
of organics
[m3]

Sum

WA-COG-2
WA-COG-4
WA-COG-4A
WA-COG-6
WA-COG-6A
WA-BNF-2
WA-BNF-4
WA-BNF-7

1.07E+01
6.36E+02
3.65E+02
3.14E+02
2.99E+02
7.22E+01
2.89E+02
7.22E+01

1.03E+02
7.46E+00
0.00E+00
3.92E+01
2.51E+01
0.00E+00
0.00E+00
0.00E+00

1.14E+02
6.44E+02
3.65E+02
3.53E+02
3.24E+02
7.22E+01
2.89E+02
7.22E+01

WA-COG-4/6

3.65E+02

1.47E+01

3.80E+02

Sum

[m3]

No. of waste forms
CW Option HFCW Option
(MIRA)
(MIRA)
383
323
0
514
0
33
266
167

383
0
454
0
575
33
266
167

Sum over all waste forms
CW Option HFCW Option
[m3]
[m3]
4.35E+04
2.08E+05
0.00E+00
1.81E+05
0.00E+00
2.38E+03
7.69E+04
1.21E+04

4.35E+04
0.00E+00
1.66E+05
0.00E+00
1.86E+05
2.38E+03
7.69E+04
1.21E+04

5.24E+05

4.87E+05

18
12
4
9
4
9
4
4
4

9

WA-COG-2
WA-COG-4
WA-COG-4
WA-COG-4A
WA-COG-6
WA-COG-6A
WA-BNF-2
WA-BNF-4
WA-BNF-7

WA-COG-4/6

6.20E+00

2.53E-01

1.60E-02

5.93E+00

EC2-MA-25

No. of
waste forms
per canister

18
12
4
9
4
9
4
4
4

9

Waste type

WA-COG-2
WA-COG-4
WA-COG-4
WA-COG-4A
WA-COG-6
WA-COG-6A
WA-BNF-2
WA-BNF-4
WA-BNF-7

WA-COG-4/6

2.55E+03
8.62E+03
2.79E+03
3.79E+03
1.81E+03
3.42E+03
6.90E+02
1.66E+03
6.90E+02
3.93E+03

1.85E+03
8.95E+01
2.98E+01
0.00E+00
1.57E+02
2.26E+02
0.00E+00
0.00E+00
0.00E+00
1.33E+02

5.08E+02
8.98E+02
2.14E+02
5.08E+02
4.01E+02
5.08E+02
4.01E+02
5.08E+02
4.01E+02
5.08E+02

1.93E+02
7.64E+03
2.55E+03
3.29E+03
1.26E+03
2.69E+03
2.89E+02
1.16E+03
2.89E+02
3.29E+03

EC2-MA-25

[m3]

EC2-MA-25
Stack elements
Stack elements
EC2-MA-25
EC2-MA-20
EC2-MA-25
EC2-MA-20
EC2-MA-25
EC2-MA-20

Sum

Corrosion
of waste
[m3]

Canister
type

Corrosion of
Decomposition
can. reinforcement
of organics
[m3]
[m3]

2.55E+00
3.84E-01
1.25E-01
1.26E-01
4.89E+00
9.98E+00
2.74E-02
5.88E-02
2.74E-02

2.50E+00
1.21E-01
4.03E-02
0.00E+00
2.70E-01
4.33E-01
0.00E+00
0.00E+00
0.00E+00

1.60E-02
3.27E-02
7.56E-03
1.60E-02
1.26E-02
1.60E-02
1.26E-02
1.60E-02
1.26E-02

[m3 gas /a]

3.02E-02
2.31E-01
7.69E-02
1.10E-01
4.61E+00
9.53E+00
1.48E-02
4.28E-02
1.48E-02

Sum

EC2-MA-25
Stack elements
Stack elements
EC2-MA-25
EC2-MA-20
EC2-MA-25
EC2-MA-20
EC2-MA-25
EC2-MA-20

Corrosion of
Decomposition
can. reinforcement
of organics
[m3 H2 /a]
[m3 CH4 /a]

Corrosion
of waste
[m3 H2 /a]

Canister
type

14.27

14.27
34.5
11.5
14.27
11.89
14.27
11.89
14.27
11.89

4.34E-01

1.78E-01
1.11E-02
1.08E-02
8.80E-03
4.11E-01
6.99E-01
2.30E-03
4.12E-03
2.30E-03

Canister
Specific
volume gas production
[m3]
[m3/m3.a]

Table A6:

Total gas volume per canister

No. of
waste forms
per canister

Waste type

Initial gas production rate per canister
Realistic corrosion rates

NAGRA NTB 04-06
A-8

Initial gas production rates and total gas volumes for the two waste options

6.94E+02

Sum

4.81E+05
4.35E+04

5.24E+05

ILW-1
ILW-2

Sum

Waste groups

5.24E+05

1.42E+05

1.30E+05
1.12E+04

1.42E+05

1.12E+04
2.43E+04
0.00E+00
5.17E+04
0.00E+00
3.61E+03
3.40E+04
1.68E+04

4.35E+04
2.08E+05
0.00E+00
1.81E+05
0.00E+00
2.38E+03
7.69E+04
1.21E+04

22
27
0
129
0
9
67
42

WA-COG-2
WA-COG-4
WA-COG-4A
WA-COG-6
WA-COG-6A
WA-BNF-2
WA-BNF-4
WA-BNF-7

Sum

Canister
[m3]

Gas volume
Waste form
[m3]

No. of
canisters

4.57E+00

4.22E+00
3.51E-01

4.57E+00

3.51E-01
8.84E-01
0.00E+00
1.62E+00
0.00E+00
1.13E-01
1.07E+00
5.29E-01

Waste Type

Total gas volume

6.40E+02
5.38E+01

6.94E+02

5.38E+01
9.46E+00
0.00E+00
6.27E+02
0.00E+00
1.22E-01
2.85E+00
6.17E-01

ILW-1
ILW-2

Waste groups

CW Option

22
27
0
129
0
9
67
42

WA-COG-2
WA-COG-4
WA-COG-4A
WA-COG-6
WA-COG-6A
WA-BNF-2
WA-BNF-4
WA-BNF-7

Initial gas production
Waste form Containers
3
[m gas /a]
[m3 gas /a]

6.66E+05

6.11E+05
5.47E+04

6.66E+05

5.47E+04
2.32E+05
0.00E+00
2.33E+05
0.00E+00
5.99E+03
1.11E+05
2.89E+04

Sum
[m3]

6.98E+02

6.44E+02
5.42E+01

6.98E+02

5.42E+01
1.03E+01
0.00E+00
6.29E+02
0.00E+00
2.35E-01
3.92E+00
1.15E+00

Sum
[m gas /a]
3

Realistic corrosion rates

4.87E+05

4.43E+05
4.35E+04

1.24E+05

1.13E+05
1.12E+04

1.24E+05

1.12E+04
0.00E+00
2.59E+04
0.00E+00
3.25E+04
3.61E+03
3.40E+04
1.68E+04

4.35E+04
0.00E+00
1.66E+05
0.00E+00
1.86E+05
2.38E+03
7.69E+04
1.21E+04

22
0
51
0
64
9
67
42
4.87E+05

Canister
[m3]

Gas volume
Waste form
[m3]

3.90E+00

3.55E+00
3.51E-01

3.90E+00

3.51E-01
0.00E+00
8.14E-01
0.00E+00
1.02E+00
1.13E-01
1.07E+00
5.29E-01

No. of
canisters

6.99E+02

6.46E+02
5.38E+01

6.99E+02

5.38E+01
0.00E+00
5.53E+00
0.00E+00
6.36E+02
1.22E-01
2.85E+00
6.17E-01

6.11E+05

5.56E+05
5.47E+04

6.11E+05

5.47E+04
0.00E+00
1.92E+05
0.00E+00
2.19E+05
5.99E+03
1.11E+05
2.89E+04

Sum
[m3]

7.03E+02

6.49E+02
5.42E+01

7.03E+02

5.42E+01
0.00E+00
6.34E+00
0.00E+00
6.37E+02
2.35E-01
3.92E+00
1.15E+00

Initial gas production
Sum
Canister
Waste form
3
[m gas /a] [m3 gas /a] [m3 gas /a]

HFCW Option

22
0
51
0
64
9
67
42

No. of
canisters

HFCW Option

4.34E+03

4.03E+03
3.14E+02

4.34E+03

3.14E+02
9.32E+02
0.00E+00
1.53E+03
0.00E+00
1.07E+02
9.56E+02
4.99E+02

3.52E+03

3.20E+03
3.14E+02

3.52E+03

3.14E+02
0.00E+00
7.28E+02
0.00E+00
9.13E+02
1.07E+02
9.56E+02
4.99E+02

Total volume of all canisters
CW Option
HFCW Option
[m3]
[m3]

1.61E-01

1.60E-01
1.73E-01

1.61E-01

2.00E-01

2.03E-01
1.73E-01

2.00E-01

Initial specific gas production
CW Option HFCW Option
[m3/m3.a]
[m3/m3.a]

Table A7:

Sum

No. of
canisters

CW Option

Waste type

Gas production rates

A-9
NAGRA NTB 04-06

Summations of the initial gas production rates and total gas production of the
different waste packages for the two options and according to their waste emplacement tunnel allocations (ILW-1 and ILW-2).
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Table A8:

A-10

Time-dependent gas production rates for the CW option for the different waste
packages and emplacement containers for periods up to 10 000 years.
Realistic corrosion rates

Waste type
Metals

No. of waste
forms /
canisters

Time [a]
1

3

10

30

100

300

1000

3000

10000

WA-COG-2

383

6.4E-01

6.4E-01

6.4E-01

6.4E-01

6.4E-01

6.4E-01

6.4E-01

6.4E-01

0.0E+00

WA-COG-4

323

6.2E+00

6.2E+00

6.2E+00

6.2E+00

6.2E+00

6.2E+00

6.2E+00

6.2E+00

5.6E+00

WA-COG-6

514

5.9E+02

5.7E+02

1.4E+01

1.4E+01

1.4E+01

1.4E+01

1.4E+01

8.9E+00

7.7E-01

WA-COG-4A

0

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

WA-COG-6A

0

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

WA-BNF-2

33

1.2E-01

1.2E-01

1.2E-01

1.2E-01

1.2E-01

1.2E-01

1.2E-01

1.2E-01

1.2E-01

WA-BNF-4

266

2.8E+00

2.8E+00

2.8E+00

2.8E+00

2.8E+00

2.8E+00

2.8E+00

2.8E+00

2.5E+00

WA-BNF-7

167

6.2E-01

6.2E-01

6.2E-01

6.2E-01

6.2E-01

6.2E-01

6.2E-01

6.2E-01

6.2E-01

EC2-MA-20

179

2.3E+00

2.3E+00

2.3E+00

2.3E+00

2.3E+00

2.3E+00

2.3E+00

2.3E+00

2.3E+00

EC2-MA-25

88

1.4E+00

1.4E+00

1.4E+00

1.4E+00

1.4E+00

1.4E+00

1.4E+00

1.4E+00

1.4E+00

Elements (3-fold stack)

27

8.8E-01

8.8E-01

8.8E-01

8.8E-01

8.8E-01

8.8E-01

8.8E-01

8.8E-01

8.8E-01

6.1E+02

5.8E+02

2.9E+01

2.9E+01

2.9E+01

2.9E+01

2.9E+01

2.4E+01

1.4E+01

Canister reinforcement

Sum of hydrogen

Organics
WA-COG-2

383

5.3E+01

5.3E+01

5.2E+01

5.1E+01

4.6E+01

3.5E+01

1.4E+01

9.3E-01

7.3E-05

WA-COG-4

323

3.2E+00

3.2E+00

3.2E+00

3.1E+00

2.8E+00

2.2E+00

8.4E-01

5.7E-02

4.5E-06

WA-COG-6

514

3.5E+01

3.4E+01

3.3E+01

3.0E+01

2.5E+01

1.8E+01

6.9E+00

4.6E-01

3.7E-05

WA-COG-4A

0

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

WA-COG-6A

0

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

WA-BNF-2

33

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

WA-BNF-4

266

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

WA-BNF-7

167

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

9.1E+01

9.0E+01

8.9E+01

8.4E+01

7.4E+01

5.5E+01

2.2E+01

1.4E+00

1.1E-04

1
6.1E+02
9.1E+01
6.98E+02

3
5.8E+02
9.0E+01
6.7E+02

10
2.9E+01
8.9E+01
1.2E+02

30
2.9E+01
8.4E+01
1.1E+02

100
2.9E+01
7.4E+01
1.03E+02

300
2.9E+01
5.5E+01
8.5E+01

1000
2.9E+01
2.2E+01
5.07E+01

3000
2.4E+01
1.4E+00
2.5E+01

10000
1.4E+01
1.1E-04
1.4E+01

Sum of methane

Graphics parameters
Realistic corrosion
Time
Hydrogen (realistic)
Methane
Sum (realistic)

A-11

Table A9:

NAGRA NTB 04-06

Time-dependent gas production rates for the HFCW option for the different waste
packages and emplacement containers for periods up to 10 000 years.

Realistic corrosion rates
Waste type
Metals

No. of waste
forms /
canisters

Time [a]
1

3

10

30

100

300

1000

3000

10000

WA-COG-2

383

6.4E-01

6.4E-01

6.4E-01

6.4E-01

6.4E-01

6.4E-01

6.4E-01

6.4E-01

0.0E+00

WA-COG-4

0

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

WA-COG-6

0

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

WA-COG-4A

454

5.5E+00

5.5E+00

5.5E+00

5.5E+00

5.5E+00

5.5E+00

5.5E+00

5.5E+00

4.9E+00

WA-COG-6A

575

6.1E+02

6.1E+02

3.6E+00

3.6E+00

3.6E+00

3.6E+00

3.6E+00

3.6E+00

3.6E+00

WA-BNF-2

33

1.2E-01

1.2E-01

1.2E-01

1.2E-01

1.2E-01

1.2E-01

1.2E-01

1.2E-01

1.2E-01

WA-BNF-4

266

2.8E+00

2.8E+00

2.8E+00

2.8E+00

2.8E+00

2.8E+00

2.8E+00

2.8E+00

2.5E+00

WA-BNF-7

167

6.2E-01

6.2E-01

6.2E-01

6.2E-01

6.2E-01

6.2E-01

6.2E-01

6.2E-01

6.2E-01

EC2-MA-20

50

6.3E-01

6.3E-01

6.3E-01

6.3E-01

6.3E-01

6.3E-01

6.3E-01

6.3E-01

6.3E-01

EC2-MA-25

203

3.2E+00

3.2E+00

3.2E+00

3.2E+00

3.2E+00

3.2E+00

3.2E+00

3.2E+00

3.2E+00

0

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

6.2E+02

6.2E+02

1.7E+01

1.7E+01

1.7E+01

1.7E+01

1.7E+01

1.7E+01

1.6E+01

Canister reinforcement

Elements (3-fold stack)

Sum of hydrogen

Organics
WA-COG-2

383

5.3E+01

5.3E+01

5.2E+01

5.1E+01

4.6E+01

3.5E+01

1.4E+01

9.3E-01

7.3E-05

WA-COG-4

0

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

WA-COG-6

0

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

WA-COG-4A

454

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

WA-COG-6A

575

2.7E+01

2.7E+01

2.6E+01

2.3E+01

1.8E+01

1.3E+01

4.9E+00

3.3E-01

2.6E-05

WA-BNF-2

33

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

WA-BNF-4

266

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

WA-BNF-7

167

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

0.0E+00

8.1E+01

8.0E+01

7.8E+01

7.4E+01

6.4E+01

4.8E+01

1.9E+01

1.3E+00

9.9E-05

1
6.2E+02
8.1E+01
7.03E+02

3
6.2E+02
8.0E+01
7.0E+02

10
1.7E+01
7.8E+01
9.6E+01

30
1.7E+01
7.4E+01
9.1E+01

100
1.7E+01
6.4E+01
8.15E+01

300
1.7E+01
4.8E+01
6.5E+01

1000
1.7E+01
1.9E+01
3.59E+01

3000
1.7E+01
1.3E+00
1.8E+01

10000
1.6E+01
9.9E-05
1.6E+01

Sum of methane

Graphics parameters
Realistic corrosion
Time
Hydrogen (realistic)
Methane
Sum (realistic)
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Fig. A1:

Time-dependent rates of gas production for the CW option for periods up to
10 000 years.
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Fig. A2:

Time-dependent rates of gas production for the HFCW option for periods up to
10 000 years.

