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Zusammenfassung 
 
Im Hinblick auf die provisorischen Sicherheitsanalysen für Etappe 2 des Sachplans wird in 
diesem Bericht untersucht, ob in den verfüllten BE/HAA-Lagerstollen des HAA-Lagers im 
Falle der Verwendung von Stahlbehältern durch deren Korrosion und der damit verbundenen 
Gasbildung Gasdrücke entstehen können, die allenfalls die Barrierenwirkung des HAA-Lagers 
negativ beeinflussen könnten. Für die Beurteilung dieser Frage wurden numerische Modell-
analysen zum Gasdruckaufbau und zur Gasfreisetzung nach Lagerverschluss durchgeführt.  

Hierzu wurden mit einem generischen 2-D-Modell eines BE/HAA-Lagerstollens Sensitivitäts-
studien zur Gasfreisetzung für verschiedene Situationen durchgeführt. Der Schwerpunkt der 
Modellierungen lag auf der Untersuchung des Gasdruckaufbaus in den BE/HAA-Lagerstollen 
unter Berücksichtigung der konzeptionellen und parametrischen Unterschiede bzw. Ungewiss-
heiten in den vorgeschlagenen Standortregionen. Es sind dies: 

• der Einfluss der Gastransportkapazität des Wirtgesteins; 

• der Einfluss der Lagertiefe; 

• der Einfluss der Gasproduktionsraten. 

Gasfreisetzungsmodellierungen wurden für die gesamte Bandbreite der Gastransportparameter 
des Opalinustons (Referenzwerte sowie obere/untere Eckwerte) und für typische Lagertiefen 
(450 m, 600 m, 750 m unter Terrain) durchgeführt. Die berechneten maximalen Überdrücke in 
den Lagerstollen treten nach ca. 600 – 2'000 Jahren auf und liegen typischerweise zwischen 2 
und 5 MPa. Mit den Referenzwerten erreichen die Gasdrücke in keinem der gerechneten 
Rechenfälle den lithostatischen Gebirgsdruck, der in der Literatur häufig als Indikator für die 
mechanische Schädigung des Gebirges herangezogen wird. Selbst unter der Annahme von 
konservativen Gasproduktionsraten und reduzierter Gastransportkapazität des Wirtgesteins 
treten nur in einem Rechenfall Gasdrücke über dem lithostatischen Druck auf. In den 2-D 
Modellanalysen werden die Gastransportpfade entlang der Auflockerungszone und den verfüll-
ten Untertagebauwerken nicht berücksichtigt. Diese bilden ein zusätzliches Speichervolumen 
mit einer beträchtlichen Gastransportkapazität, so dass bei deren Berücksichtigung die berech-
neten Gasüberdrücke im BE/HAA-Nahfeld deutlich reduziert würden. Aus den dargelegten 
quantitativen Abschätzungen und den konzeptuellen Betrachtungen kann geschlossen werden, 
dass im HAA-Lager nur moderate Gasüberdrücke auftreten, welche die Barrierenwirkung der 
technischen Barrieren und des Wirtgesteins nicht beeinträchtigen. Diese Schlussfolgerungen 
gelten für alle HAA-Lagerkonfiguration in den vorgeschlagenen Standortgebieten. 

Schliesslich ist zu erwähnen, dass die gasbildenden Materialien im Tunnel bei Bedarf erheblich 
reduziert werden könnten und dass für den BE/HAA-Behälter Materialien verwendet werden 
können, bei denen die Gasbildung nahezu null ist. Dies bedeutet, dass die Gasbildung in den 
BE/HAA-Lagerstollen weitestgehend reduziert werden kann und der Gasdruckaufbau entfällt, 
falls dies erforderlich wäre.  
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1 Introduction 

1.1 Background and scope 
The Swiss waste management programme foresees separate repositories for low- and 
intermediate-level waste (L/ILW) and for high-level waste (HLW). In response to Stage 1 of the 
Swiss site selection plan, the so-called Sectoral Plan for Deep Geological Repositories ("SGT"), 
Nagra proposed three siting regions for the HLW repository. In each siting region, the Opalinus 
Clay was proposed as the host rock formation. As a decision basis for SGT-Stage 3, provisional 
safety analyses are to be elaborated, addressing the proposed repository configurations in the 
three siting regions Jura Ost (JO), North of Lägern (NL) and Zürich Nordost (ZNO). Among 
other things, the provisional safety analyses have to assess whether gas pressures developing in 
the backfilled underground structures of the repository could adversely affect the radiological 
long-term safety of the repository. Gas formation has several safety-related aspects that are 
considered in the safety analyses: (i) the possible impact on the technical and natural barriers 
through excessive gas pressures, (ii) the displacement of pore water with radionuclides from the 
waste emplacement rooms, and (iii) the release of volatile radionuclides. 

A supported argumentation for the provisional safety analyses needs to be developed to 
demonstrate that gas formation will not compromise the safety function of the barriers 
(engineered barriers, host rock) in any of the investigated repository configurations. In 
particular, the numerical studies must show that gas induced fracturing of the host rock can be 
excluded. To prove that the long-term safety is not compromised, the level of knowledge 
relevant to gas transport in the repository near-field needs to be gathered (including the 
uncertainties) and supported by relevant simulation cases that cover the range of conceptual and 
parametric uncertainties. This report summarises and integrates the results of a sensitivity study, 
aimed at investigating the effects of gas accumulation in the SF/HLW emplacement tunnels in 
the Opalinus Clay1 and the release of the gas through the host rock. The simulations are 
conducted with a generic 2-D configuration of a SF/HLW emplacement tunnel, assuming 
isothermal conditions2. The configuration data are based on the HLW reference data sets, 
representative for SGT - Stage 2. The reference data were approved as part of Nagra’s data 
clearance procedure. The gas related properties are compiled and discussed in Senger et al. 
(2013).  

1.2 Objectives  
Anaerobic corrosion of the steel canisters in the emplacement tunnels of a HLW repository 
results in the generation of hydrogen. The accumulation of H2 leads to the development of a free 
gas phase and the build-up of gas pressures in the backfilled repository structures. The release of 
the accumulated gases at moderate pressure ensures that the function of technical and natural 
barriers is not impaired by excessive stresses. To investigate the main controls on the gas 
pressure build-up, a 2-D model of a generic SF/HLW emplacement tunnel was used for the 
simulation of gas release through the intact host rock. A comprehensive sensitivity study was 
performed to evaluate in detail the gas transport capacity of the host rock for a variety of 
repository configurations. Emphasis was on the assessment of the impact of the geological and 

1  In this report, for simplicity, these are referred to as "the SF/HLW repository".  
2  Complementary 3-D simulations of the THM near-field of a SF/HLW emplacement tunnel were conducted by 

Senger and Papafotiou (2014), revealing that the heat induced overpressures in the early phase after repository 
closure do not interfere with the gas induced overpressures. It can be concluded that the thermal effects and gas 
effects can be assessed without coupling.  
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hydrogeological conditions on gas pressure build-up in a SF/HLW emplacement tunnel, 
considering the associated conceptual and parametric uncertainties in the siting regions, namely:  

• the effect of the gas related rock properties (intrinsic permeability, capillary pressure, 
relative permeability) 

• the role of hydraulic state conditions (initial and boundary conditions at repository level)  

• the sensitivity on the gas production rates  

The modelling products are simulated pressure transients, gas saturations and water/gas fluxes 
at selected cross-sections as quantitative input for gas related safety assessment scenarios.  

1.3 Report outline 
This report provides a comprehensive assessment of the relevant gas issues in a geological 
repository for high-level radioactive waste and spent fuel (HLW/SF) in the Opalinus Clay of 
Northern Switzerland.  

Chapter 2 gives an overview of gas-related aspects of the HLW/SF repository design and the 
characteristics of the Opalinus Clay. The layout and design of the HLW/SF repository is 
described, including basic considerations on the waste inventory and the associated gas 
production rates. Two different gas related reference data sets are provided, representing the 
shallow and the deep Opalinus Clay, respectively. Furthermore, the spatial distribution of the 
hydraulic properties are derived through geostatistical analyses and stochastic approaches based 
on the comprehensive integration of the available geodata.  

Chapter 3 describes the implementation of the gas release numerical model that comprises a 
vertical cross-section of the host-rock with three SF/HLW emplacement tunnels. The 
simplifications and assumptions adopted for the 2D representation of the HLW/SF emplacement 
tunnel are explained. A discussion is provided on the hydraulic properties and parameter 
models, as well as the model aspects and implementations used for pathway dilation effects.  

Chapter 4 presents the simulation results describing the effects of post-closure gas release and 
accumulation in the SF/HLW emplacement tunnel and the surrounding host rock. First, the 
objectives of the simulations are presented in light of the safety aspects associated with gas 
transport at different repository depths, heterogeneity, effective host-rock hydraulic properties, 
and assuming different gas generation rates. Based on these objectives, a base case and 
10 simulation variants are developed and discussed. The simulation variants comprise three 
repository depths (450 m, 600 m, and 750 m), and evaluate gas release for a variety of host-rock 
realizations and scenarios. The model results form the basis for evaluating safety-relevant 
issues, namely gas pressure build-up and state of saturation in the SF/HLW emplacement 
tunnels and surrounding host-rock.  

Chapter 5 presents a synthesis of the simulation results and draws safety-relevant conclusions.  
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2 Setting and configurations of the HLW repository 
 
Basic geotechnical and geological information is required concerning the assessed repository 
configurations, the design of the SF/HLW near-field and by the gas-related properties of the 
surrounding host rock formation. This chapter gives an overview of the background studies 
conducted by Nagra. Chapter 2.1 provides the general setting of the candidate siting regions for 
the adopted host-rock. Chapter 2.2 gives an overview of the repository design that includes the 
geometry of the emplacement tunnels and inventory of the SF/HLW. Chapter 2.3 provides 
information on waste-generated gas and the reference gas rates to be used in numerical models 
for the simulation of gas release from a SF/HLW repository. Chapter 2.4 gives an overview of 
the integrated geodata sets and provides reference values of the gas-related host rock properties 
at different depths as well as the geostatistical and stochastic descriptions of host-rock property 
distributions.  

2.1 General setting 
In the candidate siting regions for a SF/HLW repository in Northern Switzerland (JO, NL, 
ZNO), the burial depth of the Opalinus Clay ranges between 450 m and 910 m below ground 
(m bgl). Table 2-1 gives an overview of the overburden depth and formation thickness in the 
three HLW siting regions as specified in Nagra (2010).  
 

Tab. 2-1: Overburden depth [m bgl] and thickness of the Opalinus Clay in the candidate 
siting regions for the HLW repository after Nagra (2010).  

 

Siting region min max median Thickness 
JO 450 550 490 105 
NL (OPA) 700 910 810 110 
ZNO 570 850 700 110 
According to Nagra (2010), Appendix A (Tables A3-3 to A3-12) - Reference values and 60% 
confidence limits 

 

2.2 Basic design of generic repository 
In the context of SGT – Stage 2, basic layout requirements were specified for the SF/HLW 
repository design from the viewpoints of safety assessment and engineering feasibility. 
Furthermore, a generic repository layout was developed, flexible enough to cope with the 
different geological conditions in the proposed siting regions. Fig. 2-1 presents a schematic 
view of the generic concept for the HLW repository, displaying the main elements of the 
underground structures, which include: access ramp and shafts, operations- and construction 
tunnels, pilot repository, emplacement tunnels for long-lived intermediate-level waste (ILW), 
underground rock laboratory (URL), seal sections, and the emplacement tunnels for SF/HLW. 
The generic repository layout is for a waste inventory estimated based on 50 years of operation 
of the existing nuclear power plants. 
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Fig. 2-1: Plan-view layout of the generic concept for a SF/HLW repository.  
 
 

 

Fig. 2-2: Generic design of the SF/HLW tunnels for a deep repository configuration as 
described in Nagra (2010). 

 
The waste inventory includes steel canisters with spent fuel elements (SF) and vitrified HLW 
from the operation of nuclear power plants. Reference dimensions of steel canisters are based on 
Data Clearance ID SGT-E2 164/01, assuming a canister length of 4.6 m and a radius of 
0.525 m. Several possible emplacement variants have been considered for the SF/HLW 
repository. In this report the design variant has been used which corresponds to the reference 
concept for a deep SF/HLW repository as described in Nagra (2010). Waste containers are 
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emplaced on a pedestal of compacted bentonite blocks whereas the rest of the tunnel is 
backfilled with compacted bentonite pellets (Fig. 2-2). The tunnel walls are reinforced with 
shotcrete lining, steel mesh and rock anchors. These ensure that the tunnels sustain the required 
geometry through the emplacement of waste canisters and filling with bentonite.  

2.3 Gas generation rates  
Gas generation due to the corrosion of the waste canisters can have a significant effect on the 
long-term evolution of the SF/HLW near-field. In the framework of preparatory work for SGT 
Stage 2, sensitivity analyses were performed to illustrate the range of time-dependent gas 
generation rates in the SF/HLW repository, with the following main assumptions:   

• Gas generation is assumed to begin instantaneously after closure of the SF/HLW tunnels. 
Waste emplacement and tunnel sealing is assumed to occur simultaneously and 
instantaneously in all tunnels. After sealing, chemical and hydraulic (saturated) conditions 
are assumed to remain constant in the emplacement tunnels.  

• Gas generation rates are calculated as specific (bulk) quantities. For the SF/HLW 
repository, the gas generation rate is given m3 SATP-gas/a per meter of emplacement 
tunnel, to allow flexibility when adjusting gas transport models to variable tunnel 
geometries or waste volumes.  

• No distinction is made between the contributions of the individual SF- and HLW- canister 
types. Due to similar corrosion rates calculated for SF and HLW canisters, the derived 
spectrum of gas generation rates can be used in general for all SF/HLW emplacement 
tunnels.  

• The consumption of water during corrosion can be attributed solely to corrosion of iron.  

• The contribution of gas generated from the corrosion of tunnel installations (i.e. tunnel 
lining, steel mesh, rock anchors, tracks) is not negligible compared to the amount of waste-
generated gas. Therefore a spectrum of gas generation rates is derived for the installations in 
addition to the gas rates for the SF and HLW canisters.   

The following gas generation rates, based on the results of the sensitivity analyses of gas 
generation rates outlined above, are used as input to the sensitivity analyses of gas release in the 
present report3:  

• A reference value: 0.01 m³gas/m/a; until 60,000 years 

• An upper bounding value: 0.1 m³gas/m/a; until 10,000 years 

• A lower bounding value: 3.E-5 m³gas/m/a; constant (corrosion of copper)4 

Similarly, a reference value was derived for the gas generation rate from the corrosion of tunnel 
installations: 

• Reference value (corrosion of tunnel installations): 0.06 m³gas/m/a; until 2,000 years 

  

3 These values are in broad agreement with the assumptions made in Nagra (2004). 
4 The lower bounding values have not been addressed in this sensitivity study, because the corresponding gas 

overpressures are negligible. 

                                                           



NAGRA NAB 14-10 6  

2.4 Host-rock hydraulic properties 
In the context of the characterization of the Opalinus Clay as a potential host rock for a 
SF/HLW repository, gas related properties have been estimated both from the viewpoint of an 
effective (averaged) medium as well as of detailed heterogeneous distributions (Senger et al. 
2013). Effective medium considerations of the Opalinus Clay require the definition of reference 
values that can appropriately describe gas transport on the considered scales and hydrogeologic 
conditions. On the other hand, heterogeneous representations require the geostatistical 
description of the spatial distribution of hydraulic properties on the scale of interest.  

2.4.1  Reference values 
Hydraulic properties of the host rock formations in the candidate siting regions are a key input 
for modeling the gas transport through the repository elements and surrounding host rock. In 
order to derive reference geodata sets comprising hydraulic properties of the host rocks, a 
comprehensive survey of available hydrogeological and hydromechanical laboratory and field 
data was integrated into a traceable interpretation methodology developed in Senger et al. 
(2013). The interpretation and synthesis performed for the Opalinus Clay indicated that:  

• The intact rock matrix of the Opalinus Clay is characterized by very low hydraulic 
conductivity typically in the range between 1.0E-14 and 1.0E-13 m/s. Variability of rock 
matrix conductivity is also low. Laboratory experiments carried out with core samples 
indicate anisotropy of matrix permeability related to bedding typically with anisotropy 
factors of approximately 5. Mineralogical evidence from core samples suggests that 
porosity increases with clay content and decreases with carbonates and quartz content. Core 
analyses from several boreholes further indicated that distributions of porosity vary with 
depth. Tests on core samples recovered from Schlattingen exhibit significant stress 
dependency on porosity and permeability. 

• Discrete water-conducting features or faults in the Opalinus Clay are not hydraulically 
active. The inventory of brittle structures recovered from boreholes was integrated into the 
analyses of packer tests, revealing that discontinuities in the Opalinus Clay do not exhibit 
hydraulic conductivity higher than the intact rock matrix. This effect is attributed to self-
sealing properties of the Opalinus Clay at overburden greater than 200 m. Hydraulic 
conductivities determined from laboratory experiments on intact rock samples further 
indicate that packer test interval conductivity corresponds to conductivity of the rock 
matrix.  

Furthermore, the gas related data bases were extended through the comprehensive integration of 
laboratory tests, field campaigns and gas-related shale characterization studies for the 
determination of two-phase flow properties of the host rocks (Senger et al. 2013). The 
compilation of reference properties for gas transport comprises two different sets of reference 
parameters, namely for the shallow and deep repository configurations (shallow: 300-500 m bgl; 
deep: 500-900 m bgl). An overview of reference values as well as alternative values for the 
shallow and deep repository configurations is given in Tables 2-2 and 2-3, respectively.  
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Tab. 2-2: Values for gas-related parameters of the undisturbed Opalinus Clay for a shallow 
repository in Northern Switzerland (RV - reference value, AV - alternative value) 
after Senger et al. (2013).  

 

Parameter RV AV Remarks 
Opalinus Clay – shallow (300 – 500 m bgl) 

Intrinsic permeability 
normal to bedding 
k┴ [m2] 

1×10-20 2×10-21 (1) 
5×10-20 (2) 

RV: corresponds to the reference value for hydraulic 
conductivity at Mont Terri. 
AV(1): corresponds to the reference value for 
hydraulic conductivity in the ZNO. 
AV(2): corresponds to the upper range for hydraulic 
conductivity at Mont Terri. 

Anisotropy coefficient 
k║/k┴ 

5 1 RV: according to Senger et al. (2013). 
AV: no significant anisotropy 

Capillary pressure - saturation relationship van Genuchten parametric model  
Capillary strength Po 
[MPa] 
Shallow (< 500 m) 

18  
 

121 

4.62 

RV: derived from capillary pressure measurements 
(drying path) 
AV1: derived from capillary pressure measurements 
(wetting path)  
AV2: Estimates from field tests  

Shape Parameter n  
1.67 

 
1.54 

RV: derived from capillary pressure measurements 
(drying path) 
AV: derived from capillary pressure measurements 
(wetting path) 

Relative permeability – saturation relationship van Genuchten/Mualem parametric model using the 
shape parameter n from the Pc-S curve 

Residual water 
saturation Swr  
[-] 

0.5 0.1 RV: according to the results of adsorption / desorption 
measurements, suggesting that 50% of the total pore 
space can be classified as micro- and mesopores. 
AV: assuming that most of the pore water is mobile 
(not supported by experimental data) 

Residual gas 
saturation Sgr  
[-] 

0.00 0.003 RV: effective gas entry pressure of the rock is 
infinitesimal  
AV: the residual gas saturation determines the 
effective gas entry value. Effective gas entry values 
were determined by gas permeability testing at Mont 
Terri and Benken. 

Total porosity  
[%] 

12% 16% AV: Porosity of the shaly facies at Mont Terri: 16%. 
RV: corresponds to the reference value for the 
porosity of the ZNO area. At Mont Terri, the sandy 
facies exhibits typical porosity values of about 12% 

Lower bound of 
fracture pressure 
[MPa]  

σv = 
ρrock·g·z 

- RV: lithostatic pressure σv at repository level  
(ρrock = 2.5 Mg/m3, overburden z in m bgl) 
AV: - 

Threshold pressure for 
pathway dilation  
[% of σv]  

80% - RV: the on-set of pathway dilation is assumed at 
about 80% of the lithostatic pressure. 
AV: - 
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Parameter RV AV Remarks 
Relationship between intrinsic permeability and hydraulic conductivity (20°C): 

 

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

 
  

[ ] [ ]sm  K   Kg  m k
w

w2 /101 7 ⋅×≈⋅
⋅

= −
ρ
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Tab. 2-3: Values for gas-related parameters of the undisturbed Opalinus Clay for a deep  
repository in Northern Switzerland (RV - reference value, AV - alternative value) 
after Senger et al. (2013).  

 

Parameter RV AV Remarks 

Opalinus Clay – deep (500 – 900 m bgl) 

Intrinsic permeability 
normal to bedding 
k┴  
[m2] 

2×10-21 1×10-21 RV: corresponds to the reference value for hydraulic 
conductivity at Benken. 
AV: corresponds to the lower range for hydraulic 
conductivity at Benken. 

Anisotropy coefficient 
k║/k┴ 

5 1 RV: according to Senger et al. (2013). 
AV: no significant anisotropy 

Capillary pressure - saturation relationship Parametric model according to van Genuchten 

Capillary strength Po 
[MPa] 
deep (> 500 m) 

 
34 

 
601 

182 

RV: derived from capillary pressure measurements 
(drying path) 
AV1: derived from capillary pressure measurements 
(drying path)  
AV2: from shallow OPA 

Shape Parameter n  
1.6 

 
1.8 

RV: derived from capillary pressure measurements 
(drying path)  
AV: derived from capillary pressure measurements 
(drying path – high Po) 

Relative permeability – saturation relationship Parametric model according to van Genuchten / 
Mualem using the shape parameter n from the Pc-S 
curve  

Residual water 
saturation Swr  
[-] 

0.5 0.1 RV: according to the results of adsorption / desorption 
measurements, suggesting that 50% of the total pore 
space can be classified as micro- and mesopores. 
AV: assuming that most of the pore water is mobile  

Residual gas 
saturation Sgr  
[-] 

0.00 0.003 RV: effective gas entry pressure of the rock is 
infinitesimal  
AV: the residual gas saturation determines the 
effective gas entry value. Effective gas entry values 
were determined by gas permeability testing at Mont 
Terri and Benken  

Total porosity  
[%] 

12% 10% RV: Porosity measurements from Schlattingen core 
(OPA-20) (avg. Value between different core 
samples) 16%. 
AV: corresponds to the lower value in OPA-of about 
10%  

Lower bound of 
fracture pressure 
[MPa]  

σv = 
ρrock·g·z 

- RV: lithostatic pressure σv at repository level  
(ρrock = 2.5 Mg/m3, overburden z in m bgl) 
AV: - 

Threshold pressure for 
pathway dilation  
[% of σv]  

80% - RV: the on-set of pathway dilation is assumed at 
about 80% of the lithostatic pressure. 
AV: - 
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Parameter RV AV Remarks 

Relationship between intrinsic permeability and hydraulic conductivity (20°C): 

 

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

 

2.4.2  Spatial distributions of hydraulic properties 
Previous site investigations on the regional scale revealed a marked homogeneity of the 
Opalinus Clay in terms of its petrophysical rock properties, such as mineralogy, porosity and 
hydraulic conductivity (Nagra 2008). Hence, the characterization of the spatial variability of the 
Opalinus Clay with geostatistical methods such as variogram analyses was not a primary 
objective of Stage 2 of the Sectoral Plan. Instead, a pilot study was initiated, aimed at deriving 
spatial distributions of hydraulic properties as part of a general geostatistical interpretation 
workflow (see also Papafotiou et al. 2013).  

In a first step, the mineralogical and geotechnical database from laboratory tests on core 
samples allowed for comprehensive testing of petrophysical property correlations as 
permeability indicators for the intact rock matrix. For this, cross-plots between mineral 
composition, porosity, specific surface and permeability were established.  

The correlation between porosity and clay content suggests a linear decomposition of the 
measured total porosity in terms of mean porosities associated with the individual mineralogical 
components:  

restcarbonateclaycarbonatecarbonateclayclay ffff φφφφ ⋅−−+⋅+⋅= )1(  

where clayf and carbonatef  represent the clay and carbonate content, clayφ  and carbonateφ  

correspond to the mean porosity of the clay and carbonate fraction and restφ  stands for the 

mean porosity associated with all other mineral components. The mean porosities clayφ , 

carbonateφ  and restφ  of the different mineral fractions can be estimated by solving the least 
squares problem of minimizing the error relative to measured porosity and mineral fractions of 
the considered data set. Alternatively, a simplified regression can be formulated for inferring 
only the mean clay porosity and lumping carbonates with the rest of the mineral components. 
Consequently, the established relationships between mineralogical components and porosity 
were combined with mineralogy profiles obtained from borehole geophysical logs to derive 
continuous porosity profiles for the corresponding boreholes respective siting regions.  

In a second step, hydraulic conductivity of the matrix was inferred using the Kozeny-Carman 
empirical relationship:  

wss
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where ρs, ρw and ηw are grain density, fluid density and fluid viscosity. φ is porosity, S is 
specific surface (also correlated to clay content), τ is a tortuosity factor and Cs is a shape factor. 
The calculated hydraulic conductivities were compared with water permeability measurements 
as well as packer tests performed in the boreholes.  

The inferred profiles of porosity and hydraulic conductivities formed the basis for the 
geostatistical description of property distributions by inferring variograms. Clay content 
variograms inferred for Opalinus Clay in the Benken borehole (ZNO) were typically 
exponential structures with representative sills of 1.4 and correlation lengths of 8 m when 
looking at few decimeters thickness of the formation. However, the depth trend observed in 
Opalinus Clay clay content as a whole (Murchisonae layers not included) dictated the derivation 
of an exponential variogram of clay content residuals around the depth-dependent trend. 
Similarly, exponential variogram structures were calculated for porosity and permeability 
(Papafotiou et al. 2011). Horizontal correlation lengths were assumed to be 200 times larger 
than vertical correlation lengths (assumption substantiated by general sedimentological 
considerations). Clay content, porosity and hydraulic conductivity were consequently simulated 
to produce 3D property fields conditioned to the data measured in Benken. Parameters 
associated with grid size and discretization of the generated fields depend on the purpose of the 
simulations. Fig. 2-3 shows 3D distributions of porosity and hydraulic conductivity in the 
Opalinus Clay generated for an 8 x 8.5 km area covering the ZNO siting region.  

Alternatively, random distributions of properties without spatial correlation can be generated 
using only the mean value and variance of the geostatistical distributions. In a stochastic 
consideration, property values are distributed randomly around the mean (for the prescribed 
variance and within bounding values) wherein spatial features such as layering and clustering 
are not taken into account.  

 

 

Fig. 2-3: 3D simulations of porosity (left) and log permeability (right) distributions in the 
Opalinus Clay based on the profiles inferred for the Benken borehole (from 
Papafotiou et al. 2011).  
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3 Development of SF/HLW tunnel model of gas release  
 
The sensitivity analysis of gas release from a SF/HLW tunnel into the surrounding host rock is 
performed with a two-phase flow and transport model. Early thermal effects due to heat 
generation associated with the radioactive decay of radionuclides in the SF/HLW are not taken 
into account; the justification for the isothermal modelling approach is discussed in Senger and 
Papafotiou (2014). For modeling the long-term gas release, a numerical model is developed 
with the equation-of-state module EOS5 for water and hydrogen of TOUGH2 (Pruess et al 
1999) and will be discussed in this chapter. First, the model set-up comprising the model grid, 
boundary conditions and the implemented representations of SF/HLW tunnels will be 
elaborated in Section 3.1. The implementation of the reference gas generation rates is described 
in Section 3.2. Finally, Section 3.3 discusses the hydraulic properties and parametric models 
assigned to the SF/HLW and the surrounding host-rock.  

3.1 Model set-up  
The numerical model is developed using a 2D rectangular Integrated Finite Differences (IFD) 
grid with regular meshing in all directions. The model domain is discretized with 0.5x0.25 m 
cells, spanning 80 m and 113.5 m in the horizontal and vertical direction, respectively (Fig.3-1). 
The total number of nodes is 72,640 with 144,666 connections between them.  

The model of gas release from SF/HLW tunnels is implemented in the IFD grid based on the 
following assumptions and considerations:  

• The 2D model plane is perpendicular to the main axes of the SF/HLW emplacement 
tunnels. The circular cross-sections of the tunnels are therein delineated in the rectangular 
grid to approximate the reference radius of 1.25 m according to the repository design shown 
in Fig. 3-1. One emplacement tunnel is implemented in the center of the model domain and 
two half tunnels are placed at the lateral boundaries (Fig. 3-1). The distance between the 
tunnels is 40 m.  

• The waste canisters, bentonite buffer, bentonite blocks, and tunnel installations comprised 
in the SF/HLW design are not represented explicitly in the 2D model. These are replaced by 
a single effective material assigned to the tunnels, referred to as 'buffer' for the sake of 
simplicity.  

• Additional repository elements (i.e. operations tunnels) are not included in the model. 
Accordingly, there is no hydraulic connection between the tunnels other than through the 
host rock. Similarly, volumes of underground structures available for gas storage are not 
taken into account. This provides a conservative approach with respect to gas accumulation 
in the emplacement tunnels and the associated pressure build-up.  

• With the focus being on effects associated with long-term effects of gas accumulation, 
initial transient conditions arising from excavation and emplacement phases of the SF/HLW 
tunnels is not considered in this study. The conservative assumption is made that gas release 
is initiated at the start of the post-closure phase, wherein the surrounding host-rock is 
initially fully water-saturated and not depressurized.  

• As gas transport along the tunnel axes is neglected, an EDZ is not taken into account.  
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An overview of the implemented SF/HLW emplacement tunnels model is shown in Fig. 3-1. 
The grid coordinates indicated in the figure are local; the reference coordinates X = 0 and 
Z = 0 m correspond to the bottom left corner whereas the model thickness is 1 m (Y-direction). 
The SF/HLW tunnels are located at Z = 60 m.  
 

 
Fig. 3-1: Implementation of SF/HLW emplacement tunnels in the 2D rectangular grid for 

modeling the release of waste-generated gas in Opalinus Clay.  
 
Initial conditions of the model domain are represented by hydrostatic pressures. Boundary 
conditions are assigned to the top and bottom layers of the 2D grid prescribing hydrostatic 
pressures and mass fraction of hydrogen equal zero, assuming that the upper and lower 
confining units are aquifer systems. The initial pressure distribution and the pressure values at 
the top and bottom boundaries are adjusted depending on the desired repository depth for the 
gas release sensitivity analyses (i.e. 450, 600, or 750 m). It is assumed that the Opalinus Clay 
thickness is the same for all model runs. The lateral model boundaries represent no-flow 
boundaries due to symmetry along the parallel emplacement tunnels. Initial conditions in the 
SF/HLW emplacement tunnels are represented by atmospheric pressures and an initial gas 
saturation of 20% to approximate saturation conditions after emplacement and early re-
saturation of the tunnels. 

Although the model sensitivity runs are run isothermally, fluid properties such as viscosity and 
density depend on temperature. All grid cells are therefore assigned constant ambient 
temperature that corresponds to the repository depth in each run assuming a temperature 
gradient of 0.043 °C with 12.2 °C offset at the surface (i.e. 31.6, 38, and 44.5 °C at 450, 600, 
and 750 m depth, repsectively).  
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3.2 Gas generation rates  
For the sensitivity analysis, the gas generated from anaerobic corrosion of the SF/HLW canister 
and SF waste is hydrogen. The spectrum of volumetric gas generation rates (see Chapter 2.3) 
are transformed into mass generation rates of hydrogen mass using the density of hydrogen at 
SATP (2.016 kg/m³). The model thickness is set to 1 m and no additional scaling of the gas 
generation rates with tunnel length (tm) is required. The resulting mass rates are 2.58E-11 
kg/s/tm and 2.58E-10 kg/s/tm for the reference and upper bounding value of the waste canister, 
respectively, and 1.55E-10 kg/s/tm and 1.03E-9 kg/s/tm for the reference and upper bounding 
value, respectively, of gas generated from the corrosion of tunnel installations. Gas generation 
rates were prescribed uniformly to the elements of the emplacement tunnel, with the gas 
generation rates from the corrosion of installations added to the outer cells of the tunnels in 
order to mimic the corrosion of wall reinforcements (i.e. tubing elements, liner, rock anchors).  

Water consumption rates associated with anaerobic corrosion of metal is based on the 
stoichiometry of the corrosion reaction, given as: 

3Fe + 4H2O → Fe3O4 + 4H2 

which indicated that for each mol of H2 generated, one mol of H2O is consumed. The 
corresponding water consumption rate (mass) is thus calculated as:  

Ratewater consumption = Rategas generation · MW(H2O) / MW(H2) 

where MW(H2O) and MW(H2) are the molecular weights (in kg/mol) of water and hydrogen, 
respectively.  

3.3 Hydraulic properties and parameter models  
In the framework of the current modeling study it is assumed that the rock mass always behaves 
like an elastic medium (Senger et al. 2013). The propagation of gas phase through the porous 
medium is controlled by the gas entry pressure P0, also known as the capillary threshold 
pressure, which represents the difference between gas pressure and water pressure needed to 
displace the porewater from the initially fully saturated medium. 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 (commonly known as relative permeability), 
and the relationship between the capillary pressure and the water saturation (also known as 
suction or water retention curve). The functional dependency between the pore space saturation 
and the relative permeability or the capillary pressure is commonly described with parametric 
models, such as that by van Genuchten (1980), describing the functional relationship between 
water saturation and capillary pressure Pc, given as: 

𝑃𝑐 = 𝑃0 ∙ �𝑆𝑒
𝑛/(1−𝑛) − 1�

1/𝑛
 

where P0 is the capillary strength parameter (or apparent gas-entry pressure), n is the shape 
factors, and Se is the effective saturation derived through normalization of the liquid saturation 
Sl with the liquid residual saturation Slr as: 

𝑆𝑒 =
𝑆𝑙 − 𝑆𝑙𝑟
1 − 𝑆𝑙𝑟
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The relative gas/water permeabilities kr,g and kr,w can be derived by integration of the capillary 
pressure curve following the the approach of Mualem (e.g. Helmig 1997), represented by the 
van Genuchten model using the same shape parameters obtained from the capillary pressure 
function, given by:  

𝑘𝑟,𝑙 = 𝑆𝑒
𝛾 ∙ �1 − �1− 𝑆𝑒

1
1−𝑛�

𝑛−1
𝑛
�

2

 

𝑘𝑟,𝑔 = (1 − 𝑆𝑒)𝜀 ∙ �1 − 𝑆𝑒
𝑛

1−𝑛�
2(1−1𝑛)

 

where ε and γ are empirical shape factors, describing the pore connectivity of the medium which 
are typically set to ε = 1/2 and γ = 1/3 (Luckner et al., 1989).  

The hydraulic properties assigned to the buffer material of the emplacement tunnel grid cells are 
given in Table 3-1. These were derived based on gas-related modeling considerations. 
Parameters for the van Genuchten relationships correspond to those of bentonite, whereas 
permeability was scaled between reference permeability values of bentonite pellets and 
bentonite blocks (reference).  

Dilatancy-controlled gas flow (or "pathway dilation"; terminology after Horseman et al. 1996) 
is a transport mechanism of special importance for argillaceous media with low tensile strength. 
Alonso&Olivella (2008) developed a hybrid formulation of pathway dilation, expressing the 
effective permeability of the rock as the superposition of an intrinsic matrix permeability and a 
stress dependent fracture transmissivity ("embedded fracture approach"). The approach was 
tested successfully for soft clays (bentonite) and for claystone. An even simpler approach has 
been introduced by Senger et al. (2008), using a pressure dependent permeability multiplier: 

𝑘 = 𝑘0 �1 + (𝑘𝑓𝑎𝑐𝑡𝑜𝑟 − 1) (𝑃−𝑃1
(𝑃2−𝑃1

�  

where k0 is the reference permeability, kfactor is a scaling factor, P1 is the characteristic pressure 
for the on-set of dilation, and P2 is maximum pressure corresponding to the maximum 
permeability. The relationship between capillary strength and permeability is typically 
represented by Leverett’s function as (assumption: permeability variations are much larger than 
the porosity variations): 

𝑃𝑜′ = 𝑃0�
𝑘0
𝑘

 

The onset of pathway dilation is expected at 80% of the lithostatic formation pressure at the 
repository level (Tables 2-2 and 2-3) assuming an average bulk density of 2.5 Mg/m³ of the rock 
formations above the repository (see Senger et al. 2013). Permeability of the Opalinus Clay is 
linearly enhanced by a factor of maximum of 10 between the onset (80%) and the lithostatic 
stress (100%). Furthermore, capillary strength P0 is also reduced accordingly through Leverett 
scaling of the P0 reference value. An important feature of the deformation behaviour of 
argillaceous materials is their self-sealing capacity (e.g. Nagra 2002). Permeability enhancement 
at elevated gas pressures tends not to be permanent; when the gas pressure is reduced the 
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material reconsolidates and the hydraulic and mechanical properties of the porous medium 
approach the values which are characteristic for the undisturbed stress state.  
 

Tab. 3-1: Hydraulic properties assigned to the SF/HLW emplacement tunnel.  
 

K  
[m²] 

Porosity  
[-] 

Compressibility 
Cp [1/Pa] 

van Genuchten model parameters3 

P0 n Slr Sgr 
3.E-201 0.402 3.E-9 1.8E+7 1.82 0.01 0.0 

1 Scaled value between k of bentonite pellets (3.5E-20) and bentonite blocks (2.5E-21) 
2 Scaled value between porosity of bentonite (0.475) and canister 
3 Values correspond to bentonite 
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4 Simulations of gas release from the SF/HLW tunnel 
 
After closure of the repository, the release of gas in the SF/HLW tunnel and surrounding host 
rock will be determined by numerous factors related to geology (hydrogeological and 
hydromechanical conditions, formation depth, hydraulic properties and heterogeneity) as well as 
aspects of the repository design (gas generation rates, pathways through the repository 
components, properties of backfill materials). The 2D approach adopted in this study constitutes 
a conservative approach with respect to gas transport and storage in the underground structures 
of the repository, because gas release along the backfilled underground structures (incl. EDZ) is 
neglected. Uncertainties associated with the repository design therefore reduce to the spectrum 
of gas generation rates per meter length of emplacement tunnel. On the other hand, predictions 
on gas release must comprise different representations of the host rock associated with the 
uncertainty of hydraulic properties. Based on the specific objectives elaborated in Chapter 4.1, 
the developed model for gas release from the SF/HLW tunnels will be employed for an 
assessment of the impact of these factors by means of a sensitivity analysis. The analysis 
comprises a reference case and 12 scenarios that are implemented in simulation variants 
outlined in Chapter 4.2. The results of the simulations are presented and discussed in detail in 
Chapter 4.3. 

4.1 Aims of the sensitivity analyses  
The assessment of potential effects of post-closure gas generation needs to address the 
following aspects:  

• Estimation of pressure build-up associated with the generation of gas in the emplacement 
tunnels. To avoid the risk of extended gas fractures, gas pressure in the backfilled 
underground structures should not exceed lithostatic stress.  

• Estimation of the role of hydrogeological and hydromechanical conditions at different 
repository depths taking into account the associated reference hydraulic properties of the 
host-rock at these depths. It needs to be therein investigated what is the impact on gas 
transport through the surrounding host-rock and how this affects the pressure build-up.  

• Estimation of the role of heterogeneity and the impact of uncertainties in hydraulic property 
distributions on gas release and pressure build-up.  

• Estimation of the impact of gas generation rates on the evolution of pressures in the 
emplacement tunnels and in the surrounding host-rock.  

• Estimation of pressure build-up sensitivity on different transport mechanisms including 
two-phase flow through and pathway dilation in the host rock.  

• Estimation of the imact of unfavorable or unforeseeable hydrogeological conditions (i.e. 
very tight host rock at shallow depths) on pressure build-up.  

These aspects are linked and interdependent through the coupled hydromechanical processes 
controlling the transport of gas and porewater through the host-rock during the post-closure 
phase. The sensitivity cases established to allow a step-wise assessment of gas release, which 
areelaborated in the following.  
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4.2 Modelling cases 
Based on the objectives, the following sensitivity cases are implemented in simulation variants 
of gas release: 

Reference case 
In the reference simulation the SF/HLW repository is located at a depth of 600 m bgl. 
Hydrostatic pressure distribution is assigned accordingly through the initial and boundary 
conditions. Ambient formation temperature is set to 38 °C. The host rock is assumed to be 
homogeneous. Hydraulic properties assigned to the host rock correspond to the Opalinus Clay 
reference parameters derived for a deep geological repository (RV / Opalinus Clay – deep). The 
effect of pathway dilation is not taken into account, thus the simulation focuses on the pressure 
build-up associated with the transport of gas phase and gas dissolved in porewater. Gas 
generation rates correspond to the reference values of waste-generated gas and gas generated 
from the corrosion of tunnel installations.  

HAA01 (heterogeneous host rock, repository depth 600 m) 
This simulation variant assumes the same repository depth, boundary and initial conditions as 
the reference case. However in this case the heterogeneity of host-rock hydraulic properties is 
taken into account. For this, the geostatistical distribution of porosity and permeability of the 
Opalinus Clay is implemented in the model through assignment of discrete values in each grid 
cell. Similarly to the reference case, pathway dilation is not taken into account in this simulation 
and the reference gas generation rates are used. 

HAA02 (reduced gas transport capacity of host rock, repository depth 600 m) 
In this simulation variant the repository depth, boundary and initial conditions correspond to 
600 m bgl similarly to the reference case. The host-rock is assumed to be homogeneous. The 
reference values for a deep geological repository are used for intrinsic permeability (RV / 
Opalinus Clay – deep). However the alternative, conservative values are used for the capillary 
pressure and relative permeability relationships to saturation (AV / Opalinus Clay – deep: van 
Genuchten parameter models). This approach thus focuses on the sensitivity to two-phase flow 
hydraulic properties at 600 m bgl by assuming a more tight host rock with respect to two-phase 
flow. Pathway dilation is not taken into account and the reference gas generation rates are used.  

HAA03 (conservative gas generation rates, repository depth 600 m) 
This simulation variant adopts the same repository depth, conditions, and hydraulic properties 
as the reference case (RV / Opalinus Clay – deep). The host rock is considered homogeneous. In 
this case, a conservative approach is used for gas generation by assuming the upper bounding 
values of gas rates from waste canisters and tunnel installations. Pathway dilation is not taken 
into account.  

HAA04 (heterogeneous rock / uncorrelated, repository depth 600 m) 
This simulation variant employs the same assumptions made in variant HAA01 (repository 
depth, boundary conditions, and reference gas rates as in the reference case), however with a 
random distribution of Opalinus Clay hydraulic properties without spatial correlation. The 
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comparison between these two simulations aims at demonstrating the sensitivity with respect to 
different features of heterogeneity.  

HAA05 (reference parameters, repository depth 750 m) 
In this simulation the repository depth is moved to 750 m bgl. Initial and boundary conditions of 
pressure are adjusted accordingly. Ambient formation temperature is set to 38 °C. The host rock 
is assumed to be homogeneous. Similarly to the reference simulation, the reference hydraulic 
properties for a deep geological repository in Opalinus Clay are used (RV / Opalinus Clay – 
deep). Pathway dilation is not included and gas generation rates correspond to the reference 
values.  

HAA06 (reduced gas transport capacity of host rock, repository depth 750 m) 
Similarly to the previous simulation, this variant adopts the conditions corresponding to a 
repository depth of 750 m bgl and assumes a homogeneous host rock with hydraulic properties 
for a deep geological repository. Aiming at demonstrating the sensitivity of two-phase flow 
properties at this depth, the conservative alternative values for the parametric models of 
capillary pressure and relative permeability are used (AV / Opalinus Clay – deep), whereas 
intrinsic permeability corresponds to the reference value (RV / Opalinus Clay – deep). Pathway 
dilation is not included and gas generation rates correspond to the reference values. 

HAA07 (conservative gas generation rates, repository depth 750 m) 
This simulation variant combines a repository depth of 750 m bgl with very low hydraulic host-
rock properties and conservative gas generation rates. For this, the Opalinus Clay is assumed 
homogeneous using the alternative, conservative values of hydraulic properties for a deep 
geological repository (AV / Opalinus Clay – deep: intrinsic permeability, capillary pressure, and 
relative permeability). Furthermore, the upper bounding values of gas generation are used for 
gas generated from waste as well as tunnel installations. Pathway dilation is not included in this 
simulation.  

HAA08 (conservative gas generation rates, pathway dilation, depth 750 m) 
This simulation aims at evaluating the impact of pathway dilation at a repository depth of 750 m 
bgl. For this, the same conditions and properties as in variant HAA07 are used. Pathway dilation 
in this case is included and activated when pressure reaches 80% of the lithostatic formation 
pressure. 

HAA09 (reference parameters "shallow", repository depth 450 m) 
The repository depth in this variant is moved to 450 m bgl using the corresponding boundary 
and initial conditions. Ambient formation temperature is accordingly adjusted to 31.6 °C. The 
host rock is assumed to be homogeneous with the reference values of hydraulic properties 
(k = 1 × 10-20 m2) for a shallow repository in Opalinus Clay (RV / Opalinus Clay – shallow). 
Gas generation rates correspond to the reference values and pathway dilation is not taken into 
account.  
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HAA10 (alternative parameters "shallow", repository depth 450 m) 
This simulation variant assumes a scenario of low hydraulic properties (k = 2 × 10-21 m2) for a 
shallow geologic repository (AV / Opalinus Clay – shallow). For this, the alternative, 
conservative values of shallow Opalinus Clay are combined with a repository depth of 450 m 
bgl. Reference gas generation rates are assumed. Pathway dilation is not taken into account.  

HAA11 (alternative parameters "shallow", conservative gas generation rates, 
repository depth 450 m) 
This simulation combines low hydraulic properties (k = 2 × 10-21 m2) for a shallow geologic 
repository (AV / Opalinus Clay – shallow) with conservative gas generation rates. For this, 
simulation HAA10 is modified wherein the upper bounding values are used for gas generation. 
Pathway dilation is not included in the model.  

HAA12 (alternative parameters "shallow", conservative gas generation rates, 
pathway dilation depth 450 m) 
This simulation combines low hydraulic properties (k = 2 × 10-21 m2) for a shallow geologic 
repository (AV / Opalinus Clay – shallow) with conservative gas generation rates. For this, 
simulation HAA10 is modified wherein the upper bounding values are used for gas generation. 
Pathway dilation is included in the model.  
 

Tab. 4-1: Summary of the simulation variants used for the sensitivity analysis of gas release 
from the SF/HLW tunnels.  

 

Simulation Depth  
[m bgl] 

OPA properties Gas generation Pathway dilation 

Reference case 600 RV deep reference no 
HAA01 600 Geostatistical with finite 

correlation length 
reference no 

HAA02 600 K: RV deep 
P0, n, Swr, Slr: AV deep 

reference no 

HAA03 600 RV deep conservative no 
HAA04 600 Geostatistical, 

uncorrelated 
reference no 

HAA05 750 RV deep reference no 
HAA06 750 K: RV deep 

P0, n, Swr, Slr: AV deep 
reference no 

HAA07 750 K: RV deep 
P0, n, Swr, Slr: AV deep 

conservative no 

HAA08 750 AV deep conservative yes 
HAA09 450 RV shallow reference no 
HAA10 450 AV shallow reference no 
HAA11 450 AV shallow conservative no 
HAA12 450 AV shallow conservative yes 
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4.3 Simulation results 
The simulation results are discussed in terms of distributions of gas saturation and pressure in 
the model domain at selected times, as well as time-history plots of saturation and pressure in 
the SF/HLW tunnels. First, every simulation variant (reference case through variant HAA12) 
are analysed separately. Finally, all simulations will be integrated in the interpretation of the 
results that will be discussed in a separate chapter.  

4.3.1 Reference case 
The distributions of gas saturation and pressure distributions obtained with the reference 
simulation are shown in Figs. 4-1 and 4-2 for the times 500, 2,000, 10,000, 20,000, 60,000 and 
100,000 years. The same figures provide time-history plots of saturation and pressure evolution 
in the central SF/HLW tunnel. In general, the release of gas in the buffer material introduces a 
front of gas phase propagating through the surrounding host rock that perturbs the ambient 
hydrostatic pressure conditions. The migration of the gas front is therein determined by the 
interplay between capillary, buoyant, and viscous forces acting in the three-phase system (gas, 
water, rock).  

As indicated in Fig. 4-1, the gas front initially expands from the SF/HLW into the host rock in 
ellipsoidal form due to the anisotropy of the Opalinus Clay intrinsic permeability that 
corresponds to horizontal permeability 5 times higher than the vertical. Owing to homogeneity 
and symmetry, the three gas fronts associated with the three tunnels expand identically, and 
merge after approximately 1,500 years. After 10,000 years a single gas front has formed, 
reaching approximately 16 m vertical distance above and below the tunnels. The impact of 
buoyancy only becomes visible in later times (> 20,000 years) through the slightly enhanced 
propagation of the gas front upwards. It is however shown that, in general, the gas front expands 
almost uniformly towards the top and bottom, indicating that gas migration is dominated by 
capillary rather than buoyant forces. After 60,000 years, gas generation ceases and values of gas 
saturation in the host rock begin to decrease as the gas phase dissolves in the formation pore 
water. The time-history of gas saturation in the emplacement tunnel (Fig. 4-2) shows an early 
decrease of values from 0.2 to 0.015 owing to re-saturation of the emplacement tunnel with 
porewater. Subsequently, waste-generated gas begins to accumulate in the tunnel, and gas 
saturation reaches a maximum value of 0.023 after 2,000 years that corresponds to the end of 
gas generation from the corrosion of tunnel installations. With this decrease of generation rates, 
gas saturation drops and begins to accumulate again through waste-generated gas until 60,000 
when the steel walls of the canisters have been entirely corroded. The period between 60,000 
and 100,000 years corresponds to a continuous decrease of gas saturations in the SF/HLW 
tunnels.  

The early re-saturation of the emplacement tunnels introduces some de-pressurization of the 
host rock surrounding the tunnels. As shown in Fig. 4-2, host-rock pressure at the repository 
depth after 500 years has dropped to 5.0 MPa from 5.98 MPa that would correspond to 
hydrostatic pressure. Nevertheless, it is indicated that the pressure front expands in a similar 
fashion to the gas saturation front. An early pressure peak is observed after 2,000 years, 
associated with the total amount of gas generated by corrosion of tunnel installations. Pressure 
consequently drops and begins to build-up again until 60,000 years, when gas generation in the 
SF/HLW tunnels ceases. This is also depicted in the time-history plot. Pressure in the central 
emplacement tunnel is initially atmospheric and begins to increase due to tunnel re-saturation as 
well as the accumulation of gas generated by corrosion. Hydrostatic pressure is reached after 
approximately 130 years. The peak pressure after 2,000 years (end of gas generation from the 
corrosion of installations) corresponds to approximately 9.1 MPa. The second peak is reached 
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after 60,000 years and corresponds to 8.45 MPa. After 60,000 years, pressure will decrease 
continuously until eventually hydrostatic pressure is restored.  

 
Fig. 4-1: Reference case: distribution of gas saturation after 500, 2,000, 10,000, 20,000, 

60,000 and 100,000 years (top) and time-history of gas saturation in the central 
emplacement tunnel (bottom). Distinct drops of the gas saturation are seen after 
2000 years (end of corrosion of installations) and after 60’000 years (end of 
corrosion of waste canisters). 
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Fig. 4-2: Reference case: distribution of pressure after 500, 2,000, 10,000, 20,000, 60,000 

and 100,000 years (top) and time-history of gas pressure in the central emplace-
ment tunnel (bottom). Distinct drops of the gas saturation are seen after 2000 years 
(end of corrosion of installations) and after 60’000 years (end of corrosion of waste 
canisters). 
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4.3.2  Variant HAA01 
The simulation results from the first simulation variant are given in Figs. 4-3 and 4-4. Similarly 
to the reference case, the migration of gas in the host rock is determined by capillary, viscous, 
and buoyant forces acting in the system. In this case however, the distribution of these forces is 
influenced by the spatial heterogeneity introduced with the geostatistical distribution of 
hydraulic properties.  

The distributions of gas saturation (Fig. 4-3) indicate that the gas front maintains an ellipsoidal 
form as in the reference case (Fig. 4-1). The gas fronts stemming from the three emplacement 
tunnels merge after 1,500 years and subsequently propagate vertically towards the top and 
bottom of the model domain. In this case, heterogeneity patterns can be identified in the small-
scale variations of gas saturation. The gas front therein appears slightly more irregular compared 
to the reference case, reaching after 10,000 years a vertical distance of 17 to 18 m from the 
tunnels. The upward migration in later times (> 20,000 years) is also slightly enhanced 
associated with the depth-trend assigned to the distribution of properties that allows a faster 
propagation of gas in shallow depths compared to an averaged host-rock representation. 
Following the consumption of all corroding materials after 60,000 years, gas saturations in the 
host rock begin to decrease. The time-history of gas saturation in the central tunnel shows a 
similar pattern to the reference case (Figs. 4-3 and 4-1). Gas saturation reduces to a minimum of 
0.011 after approximately 90 years associated with the re-saturation of the tunnel. The 
subsequent generation of gas from the corrosion of tunnel installations and waste introduces two 
peaks in gas saturation with values of 0.015 and 0.013 after 2,000 and 60,000 years, 
respectively.  

The distributions of pressure (Fig. 4-4) show once more the depressurization of the host rock at 
early times, however with a faster recovery compared to the reference case. Pressure in the host 
rock between the tunnels and at the repository level is therein increased after 500 years to 
5.7 MPa, close to the hydrostatic value. This effect is related to connected paths of high-
permeable patches formed in the heterogeneous host rock that allow faster pressure propagation 
as fluid phases migrate through the host rock. As gas accumulates in the tunnels and 
surrounding host rock, the associated pressure front develops similarly to the reference case. 
Heterogeneity patterns are not discernible in the distributions of pressure, however the impact of 
heterogeneity appears through some pressure differences between the three tunnels (i.e. peak 
pressures of 8.5, 8.4 and 8.8 MPa after 2,000 years in the left, central, and right tunnel, 
respectively). In later times (i.e. 60,000 years), the pressure regime appears to be somewhat 
lower compared to the reference case. This is also indicated in the time-history plot of pressure 
in the central tunnel. Pressure recovers from atmospheric to hydrostatic after approximately 
100 years, which is faster than the reference case. Pressure continues to increase until the peak 
value of 8.4 MPa is reached after 2,000 years, followed by a steep decrease leading to pressures 
below 8.0 MPa throughout the rest of the simulation. The second peak after 60,000 corresponds 
to a value of 7.7 MPa.  
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Fig. 4-3: Variant HAA01: distribution of gas saturation after 500, 2,000, 10,000, 20,000, 

60,000 and 100,000 years (top) and time-history of gas saturation in the central 
emplacement tunnel (bottom).  
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Fig. 4-4: Variant HAA01: distribution of pressure after 500, 2,000, 10,000, 20,000, 60,000 

and 100,000 years (top) and time-history of gas pressure in the central emplace-
ment tunnel (bottom).  
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4.3.3 Variant HAA02  
Variant HAA02 assumes the alternative parameters for the capillary pressure and relative 
permeability relationships that constitute a conservative approach with respect to gas migration. 
The distributions of gas saturation obtained with simulation variant HAA02, shown in Fig. 4-5, 
indicate the impact of these parameters on gas migration. The comparison to the reference case 
indicates a somewhat slower propagation rate of the gas front combined with higher saturation 
values behind the front. The ellipsoidal gas fronts from the three emplacement tunnels merge 
after approximately 2500 years compared to 1500 years in the reference case. After 
10,000 years the gas front extends vertically less than 12.5 m above the tunnels. The gas front 
continues to migrate with increasing gas saturations in the host rock surrounding the tunnels 
until 60,000 years. The time history plot indicates higher gas saturations in the emplacement 
tunnel associated with reduced host-rock gas transport capacity introduced with the modified 
two-phase flow parameters. Gas saturation during re-saturation of the tunnels reduces to 0.019 
followed by an increase to 0.049 after 2,000 years. The second saturation peak after 
60,000 years reaches a value of approximately 0.03.  

Fig. 4-6 shows the simulated distributions of pressure at the selected times. It is indicated that in 
early times (i.e. 500 years) the host rock at the repository level remains to a large extent 
depressurized as gas migrates slower from the emplacement tunnels into the surrounding rock, 
compared to the reference case. As pressure continues to build-up, the effect of a gas tighter 
host rock (higher capillary resistance) depicts in a more sharp pressure front around the 
emplacement tunnels with higher pressures compared to the reference case. The temporal 
evolution of pressure inside the central tunnel shows a recovery of pressure to hydrostatic 
conditions after 100 years. Similarly to the previous, two pressure peaks are observed after 
2,000 and 60,000 years, respectively. The use of conservative values for two-phase flow 
properties results in increase of these peak pressures to 11.2 and 10.2 MPa, respectively, which 
corresponds to roughly 20% of pressure increase compared to the reference case.  
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Fig. 4-5: Variant HAA02: distribution of gas saturation after 500, 2,000, 10,000, 20,000, 

60,000 and 100,000 years (top) and time-history of gas saturation in the central 
emplacement tunnel (bottom).  



 31 NAGRA NAB 14-10  

 
Fig. 4-6: Variant HAA02: distribution of pressure after 500, 2,000, 10,000, 20,000, 60,000 

and 100,000 years (top) and time-history of gas pressure in the central emplace-
ment tunnel (bottom).  
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4.3.4  Variant HAA03  
This simulation variant assumes gas generation corresponding to the upper bounding rates. The 
resulting saturation distributions after 600, 2,000, 10,000, 20,000, 60,000 and 100,000 years are 
given in Fig. 4-7 together with the gas saturation time-history inside the central emplacement 
cavern. In general, the increased gas generation rates introduce faster propagation of the gas 
front as well as higher gas saturations. The elipsoidal gas front stemming from the three tunnels 
merge after approximately 400 years which is almost four times faster compared to the 
reference case (1500 years). In this case, the gas is generated at high rates until 10,000 years, 
resulting in a gas front that extends almost through the top of the model. After 10,000 years the 
generation of gas ceases, and gas saturations begin to decrease as gas phase dissolves in the pore 
water. The same pattern is indicated in the time-history plot of gas saturation. In this simulation 
variant the early resaturation of the tunnel decreases gas saturation to a value of 0.085 before it 
is compensated by the high generation rates from the combined corrosion of waste and tunnel 
installations. After 600 years gas generation from the corrosion of tunnel installations ceases 
and gas saturation reaches a small peak followed by a steep decrease. With gas accumulating 
from the corrosion of waste (which occurs at 4 times lower rate compared to the corosion of 
tunnel installations) gas saturation in the tunnel begins to increase again reaching a value of 
0.085 after 10,000 years when all the steel from the waste canisters has corroded. In the period 
between 10,000 and 100,000 years no gas is released and gas saturations decrease continuously.  

The corresponding distributions of gas pressure are given in Fig. 4-8. Similarly to the reference 
case, the early depressurization of the host rock is followed by the build-up of gas pressure in 
the emplacement tunnels and surrounding rock. An early peak of pressure in the tunnels is 
observed after 600 years corresponding to the end of gas generation from the tunnel 
installations. The pressure front continues to expand in the host rock as waste-generated gas is 
released in the tunnels until 10,000 years. Consequently, gas pressure begins to dissipate and 
decreases to the hydrostatic values. The time-history plot of pressure shows that the increase to 
hydrostatic values occurs already after approximately 50 years due to the increased gas 
generation rates. The pressure peaks associated with the upper bounding rates correspond to 14 
and 13.1 MPa after 600 and 10,000 years, respectively.  
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Fig. 4-7: Variant HAA03: distribution of gas saturation after 600, 2,000, 10,000, 20,000, 

60,000 and 100,000 years (top) and time-history of gas saturation in the central 
emplacement tunnel (bottom).  
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Fig. 4-8: Variant HAA03: distribution of pressure after 600, 2,000, 10,000, 20,000, 60,000 

and 100,000 years (top) and time-history of gas pressure in the central emplace-
ment tunnel (bottom).  
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4.3.5  Variant HAA04  
Gas saturations in the model domain assuming a geostatistical distribution of the Opalinus Clay 
hydraulic properties without spatial correlation are given in Fig. 4-9. In this simulation the 
reference gas generation rates are used. The overal temporal and spatial evolution of the gas 
front is very similar to that observed in the reference case as well as in variant HAA01 
(geostatistical distribution of properties). The introduced host-rock heterogeneity results in 
stochastic variations of saturation on the small-scale. Similarly to the reference case, the gas 
fronts from the three tunnels merge after 1,500 years and extend vertically 16 m above the 
repository level after 10,000 years. The maximum saturations in the host rock surrounding the 
tunnels are observed after 60,000 years with the end of gas generation. The time-history plot of 
gas saturation indicates similar gas saturations to the reference case and variant HAA01. Gas 
saturation reduces to a minimum value of 0.011 during re-saturation of the cavern, followed by 
two peaks at values 0.019 and 0.015 after 2,000 and 60,000 years, respectively.  

The corresponding pressure build-up in variant HAA04 also depicts an evolution similar to 
variant HAA01 as shown in Fig. 4-10. Following the initial depressurization of the host rock, 
hydrostatic pressure in the rock is already restored after 500 years. This effect relates to 
connected pathways of high-conductive material in the stochastic distribution that allow faster 
equilibration of pressure and resaturation of the tunnels. Peak pressure is reached after 
2,000 years with the end of gas generation from the corrosion of tunnel installations, followed 
by a steep pressure drop, whereas a second gradual increase through 60,000 years associates 
with the release of waste-generated gas. The time-history plot shows that the early pressure 
increase in the central emplacement tunnel occurs faster compared to the reference case or 
variant HAA01, with hydrostatic pressure reached after 50 years. This effect is also associated 
with the faster resaturation of the tunnels indicated with the pressure distribution after 
500 years. The peak pressure reached in the tunnel is 8.6 MPa after 2,000 years. The second 
peak after 60,000 years corresponds to a pressure of 7.7 MPa. 
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Fig. 4-9: Variant HAA04: distribution of gas saturation after 500, 2,000, 10,000, 20,000, 

60,000 and 100,000 years (top) and time-history of gas saturation in the central 
emplacement tunnel (bottom).  
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Fig. 4-10: Variant HAA04: distribution of pressure after 500, 2,000, 10,000, 20,000, 60,000 

and 100,000 years (top) and time-history of gas pressure in the central emplace-
ment tunnel (bottom).  
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4.3.6  Variant HAA05  
In this simulation variant the repository depth is shifted to 750 m bgl with the 'deep' reference 
hydraulic parameters are assigned to the Opalinus Clay host rock similarly to the reference case. 
The resulting gas saturation is shown in Fig. 4-11. The front of gas migration from the 
emplacement tunnels into the host rock has the typical ellipsoidal form associated with the 
anisotropy of intrinsic permeability. Since the reference hydraulic properties used in the 
reference case and in variant HAA05 are the same, the range of saturation values is very similar 
in the two simulations. The migration of gas, however, appears to be hindered in variant 
HAA05 compared to the reference case. In general, the definition of capillary pressure dictates 
that gas pressure needs to exceed the sum of porewater pressure and capillary strength so that 
gas phase can migrate into the rock formation. The increase of depth from 600 m to 750 m bgl 
introduces higher hydrostatic pressures that require more gas pressure build-up for a given 
amount of gas saturation. Therefore, the gas fronts stemming from the three tunnels merge after 
1,800 years (compared to 1,500 years in the reference case) and the vertical distance of the gas 
front from the repository level after 10,000 years is less than 15 m (compared to 16 m in the 
reference case). Gas continues to migrate with increasing saturations until 60,000 years. The 
time-history of gas saturation in the emplacement tunnel is very similar to that obtained in the 
reference case.  

Fig. 4-12 shows the corresponding distributions of gas pressure. Similarly to the simulation 
cases at 600 m bgl, an early depressurization of the host rock occurs through the atmospheric 
pressure and emplacement saturation initially assigned to the tunnels. This simulation assumes a 
homogeneous rock formation and, similarly to the previous observations, pressure in the host 
rock between the tunnels after 500 years is approximately 1 MPa lower than the hydrostatic 
value of 9.7 MPa. Pressure in the central emplacement tunnel reaches the hydrostatic value after 
150 years. The peak gas pressure after 2,000 years corresponds to 10.3 MPa. The second peak 
after 60,000 years reaches 9.5 MPa. The comparison to the reference case shows that shifting 
the repository depth from 600 m to 750 m bgl (and assuming the same host-rock hydraulic 
properties) introduces approximately 1.2 MPa additional pressure build-up to the calculated 
peak pressures. Given that the increase of ambient formation pressure corresponds to 1.5 MPa, 
the results can be partly attributed to more favorable conditions for the dissolution of hydrogen 
in porewater with increasing pressures at greater depths.  
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Fig. 4-11: Variant HAA05: distribution of gas saturation after 500, 2,000, 10,000, 20,000, 

60,000 and 100,000 years (top) and time-history of gas saturation in the central 
emplacement tunnel (bottom). 
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Fig. 4-12: Variant HAA05: distribution of pressure after 500, 2,000, 10,000, 20,000, 60,000 

and 100,000 years (top) and time-history of gas pressure in the central emplace-
ment tunnel (bottom). 
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4.3.7 Variant HAA06  
Similarly to variant HAA02, this simulation employs the conservative parameters for the 
capillary pressure and relative permeability relationships, however at a repository depth of 
750 m bgl. Distributions of gas saturations are given in Fig. 4-13. The results show the slower 
gas migration as compared to the previous simulation cases. Compared to results from variant 
HAA05 at the same times, the gas front has lesser extent but higher gas saturations. Gas fronts 
from the three tunnels merge after approximatelly 3,000 years. Gas phase reaches a vertical 
distance of 16 m from the tunnels only after 20,000 years, which is more than two times slower 
compared to the reference case. After 60,000 years the front expands symmetrically 33 m above 
and below the tunnels. Gas phase does not reach the upper model boundary throughout the 
entire simulation. Gas saturation in the central emplacement tunnel remain within the range 
observed in the previous runs. The minimum value of 0.015 is reached after the early tunnel re-
saturation, followed by two peaks of 0.044 and 0.0273after 2,000 and 60,000 years, 
respectively.  

The slower gas migration translates to more accummulation of gas phase in the emplacement 
tunnels and the immediate vicinity in the host rock. This in turn results in more pressure build-
up as shown in Fig. 4-14. Similarly to the previous runs, an initial depressurization of the host 
rock is observed. The perturbation of pressure delineates a sharp front with two peaks after 
2,000 and 60,000 years. The upper and lower parts of the model domain remain practically 
unaffected throughout the simulation owing to the tight host rock formation. The time history of 
gas pressure in the central tunnel shows that hydrostatic pressure is reached after 100 years, 
whereas peak pressures after 2,000 and 60,000 years correspond to 12.4 and 11.4 MPa, 
respectively.  
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Fig. 4-13: Variant HAA06: distribution of gas saturation after 500, 2,000, 10,000, 20,000, 

60,000 and 100,000 years (top) and time-history of gas saturation in the central 
emplacement tunnel (bottom). 
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Fig. 4-14: Variant HAA06: distribution of pressure after 500, 2,000, 10,000, 20,000, 60,000 

and 100,000 years (top) and time-history of gas pressure in the central emplace-
ment tunnel (bottom). 
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4.3.8  Variants HAA07 and HAA08  
Simulation variant HAA07 modifies the previous variant (HAA06) by assuming the upper 
bounding values of gas generation rates. HAA08 additionally considers the effect of pathway 
dilation when gas pressures exceed 80% of the lithostatic stress (threshold pressure for the on-
set of pathway dilation). In order to highlight the effect of pathway dilation, these two variants 
will be presented together. The implementation of pathway dilation, described in Section 3.3, is 
implemented as linear function of permeability increase over as specified pressure range, 
represented by the pressure at 80% of lithostatic pressure and lithostatic pressure. The 
maximum permeability increase is defined by k-factor of 10. The potential decrease in capillary 
pressure (which is typically described by the Leverett relationship) associated with the increse 
in permeability was not considered in these simulations.  

The results of gas saturation distribution from variants HAA07 and HAA08 after 600, 2,000, 
and 10,000 years are given in Fig. 4-15. It is indicated that the enhanced gas rates produce faster 
gas migration at early times and higher gas saturations compared to variant HAA06. In HAA07, 
the gas fronts from the three tunnels merge after 600 years whereas gas phase extends to a 
distance of 35 m from the repository level after 10,000 years. The time-history of gas saturation 
inside the tunnel shows that the high gas generation compensate the effect of re-saturation at 
early times so that gas saturation is sustained within the range between 0.07 and 0.16 throughout 
the gas generation period. On the other hand, the spatial plots from variant HAA08 show in 
general greater spatial extent of the gas front combined with lower gas saturations. The time-
history of gas saturation from HAA08 shows values decreased to 0.012 and 0.010 after 2,000 
and 10,000 years, respectively.  

The associated pressure distributions at the same times are shown in Fig. 4-16. Following the 
initial depressurization of the host rock, pressure in the emplacement tunnels and surrounding 
host rock builds up until 10,000 years when gas generation stops. Consequently, pressure 
dissipates slowly through the end of the simulation with gas phase dissolving in porewater. 
Pressure inside the tunnel increases to the hydrostatic value after 40 years. In HAA07 the early 
peak associated with the combined gas generation from the corrosion of the waste canister and 
the corrosion of tunnel installations (that stopped after 600 years) corresponds to approximately 
18.5 MPa, which is approximately equal to lithostatic pressure. After 600 years when corrosion 
of the tunnel installations stopped, pressures declines temporarily and then increases to 16.8 
MPa after 10,000 years. The pressure level corresponding to dilation on-set (14.7 MPa) is 
reached in the tunnel and surrounding host rock after approximately 140 years. Variant HAA08 
indicates a significant impact of dilation on the simulated pressures (Fig. 4-16). The spatial plots 
indicate a more extended pressure front with much lower values compared to variant HAA07. 
After the on-set of dilation at 140 years, the increase of host-rock permeability results in less 
pressure build-up compared to variant HAA07. The peak pressure after 2,000 years is 16.2 MPa 
which is 2.3 MPa below lithostatic pressure.  
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Fig. 4-15: Variants HAA07 and HAA08: distribution of gas saturation after 600, 2,000, and 

10,000, years (top: HAA07; bottom: HAA08) and time-history of gas saturation in 
the central emplacement tunnel (dashed: HAA07; solid: HAA08). 
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Fig. 4-16: Variants HAA07 and HAA08: distribution of pressure after 600, 2,000, and 

10,000 years (top: HAA07; bottom: HAA08) and time-history of gas pressure in 
the central emplacement tunnel (dashed: HAA07; solid: HAA08). 
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4.3.9  Variant HAA09  
In this simulation variant the emplacement depth is assumed to be 450 m bgl whereas the 
reference hydraulic properties of Opalinus Clay for a shallow repository are used. The 'shallow' 
reference properties correspond to a more conductive realization of the host rock as explained in 
Chapter 2. The combination of properties and depth in this simulation therefore favor gas 
migration from the emplacement tunnels into the host rock. The resutling gas saturation 
distributions are given ini Fig. 4-17. Intrinsic permeability in the 'shallow' property set 
maintains an anisotropy factor of 5, thus the simulation demonstrates the initial ellipsoidal shape 
of the gas front as observed in the previous. The three gas fronts merge after approximately 
1100 years, reaching after 10,000 years a distance of 25 m and 20 m above and below the 
repository level, respectively. This assymetric behavior can also be attributed to the more 
conductive host rock that favors the impact of buoyant forces versus capillarity. The gas front 
continues to expand and reaches the surface approximately after 30,000 years. Gas saturation 
continues to increase in the vicinity of the caverns until 60,000 years that marks the end of gas 
generation. The enhanced transport of gas also depicts in the time-history of gas saturation in 
the emplacement tunnel. Gas saturation during tunnel re-saturation decreases to 7.5E-3 and 
remains throughout the simulation in the lowest range compared to the previous variants.  

In general, high transport capacity of the host rock is associated with less accumulation of gas in 
the emplacement tunnel and therefore less pressure build-up. This effect is depicted in the 
pressure distribution plots from variant HAA09 shown in Fig. 4-18. Similarly to the previous, 
the host rock in the vicinity of the tunnels initially gets depressurized. However in this case the 
high-permeable host rock allows the fast propagation of pressure associated with gas release, 
such that the effect of host rock depressurization is no longer discernible after 500 years. 
Pressure builds up to a peak after 2,000 years, then drops, and consequently builds up to a 
second peak after 60,000 years following the gas generation pattern. After 100,000 years 
pressures practically reduce to hydrostatic values. The corresponding pressure time-history from 
the tunnel indicates that hydrostatic pressure following re-saturation is reached after 100 years, 
whereas a peak pressure of 6.4 MPa corresponds to the end of corrosion from tunnel 
installations after 2,000 years. The pressure increase associated with gas release thus amounts to 
1.9 MPa.  
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Fig. 4-17: Variant HAA09: distribution of gas saturation after 500, 2,000, 10,000, 20,000, 

60,000 and 100,000 years (top) and time-history of gas saturation in the central 
emplacement tunnel (bottom). 
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Fig. 4-18: Variant HAA09: distribution of pressure after 500, 2,000, 10,000, 20,000, 60,000 

and 100,000 years (top) and time-history of gas pressure in the central emplace-
ment tunnel (bottom). 
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4.3.10  Variant HAA10  
Simulation variant HAA09 is here modified by employing the Opalinus Clay alternative 
hydraulic properties for a deep repository. These properties provide a very conservative 
approach with respect to gas migration. Fig. 4-19 shows the distribution of gas saturation at 
different times. Gas phase fronts that stem from the three tunnels merge after approximately 
2,000 years. Similarly to the previous simulation variants with the conservative deep hydraulic 
properties, the gas front migrates almost symmetrically above and below the repository cavern 
without reaching the top model boundary through the end of the simulation. Gas saturation in 
the emplacement tunnel shows a general declining trend throughout the entire simulation 
indicating a continuous re-saturation of the cavern. The simultaneous release of gas induces two 
temporary gas saturation peaks with values 0.054 and 0.036 after 2,000 and 60,000 years, 
respectively.  

The distributions of pressure from simulation variant HAA10 are shown in Fig. 4-20. After 500 
years, the host rock between the emplacement tunnels still remains depressurized with pressure 
values decreasing down to approximately 3.6 MPa. After 2,000 years, gas generation from the 
corrosion of tunnel installations introduces a distinctive peak, followed by a decline of 
pressures, and a subsequent pressure build-up until 60,000 years when gas generation stops. 
Pressure in the emplacement tunnel reaches the hydrostatic value after 130 years, whereas it is 
indicated that the largest pressure peak corresponds to 10.2 MPa.  
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Fig. 4-19: Variant HAA10: distribution of gas saturation after 500, 2,000, 10,000, 20,000, 

60,000 and 100,000 years (top) and time-history of gas saturation in the central 
emplacement tunnel (bottom). 
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Fig. 4-20: Variant HAA10: distribution of pressure after 500, 2,000, 10,000, 20,000, 60,000 

and 100,000 years (top) and time-history of gas pressure in the central emplace-
ment tunnel (bottom). 
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4.3.11  Variants HAA11 and HAA12 
Simulation variant HAA11 modifies the previous simulation (HAA10) by adopting the upper 
bounding values for gas generation rates. Furthermore, variant HAA12 takes into account 
effects of pathway dilation. Fig. 4-21 shows distributions of gas saturation in variants HAA11 
and HAA12 after 600, 2,000, and 10,000 years. In general, variant HAA11 shows faster 
propagation and higher saturation values at early times, and decreased saturations at later times 
compared to variant HAA10. It is also indicated that peak saturations are reached after 
10,000 years when gas generation stops, followed by a period with slowly decreasing, immobile 
gas saturations until the end of the simulation. Gas saturation in the emplacement tunnels 
follows an initial decline followed by two peaks after 600 and 10,000 years corresponding to the 
temporal evolution of the gas generation rates. The combined effect of gas release and tunnel re-
saturation results in gas saturations higher than 0.1 through 10,000 years when gas generation 
stops. On the other hand, variant HAA12 shows decreased saturation values and a faster 
propagation of the saturation front compared to HAA11 (Fig. 4-21). This is also shown in the 
time-history plot of gas saturations inside the tunnel that shows values remaining below 0.1 
after 60 years and through the end of the simulation.  

The corresponding build-up of pressure in the emplacement tunnels and surrounding host rock 
is shown in Fig. 4-22. At early times (i.e. 600 and 2,000 years), the pressure front in variant 
HAA11 propagates faster compared to variant HAA10. However, more pressure builds up 
through the conservative gas generation rates up to 10,000 years. Pressure drops rapidly with 
the end of gas generation and continues to dissipate until 100,000 years. The time-history of 
pressure in the tunnels shows in variant HAA11 an earlier increase to the hydrostatic value after 
20 years due to the high gas generation at early times. Pressure reaches 16.2 MPa after 
600 years, corresponding to complete corrosion of tunnel installations, thus exceeding 
significantly the lithostatic pressure value (11 MPa).. A second peak reached 14.7 MPa after 
10,000 years. The estimated threshold for pathway dilation for a depth of 450 m bgl is 8.8 MPa. 
This threshold value is reached already after 60 years in the host rock in the immediate vicinity 
of the cavern. The impact of dilation is evident in pressures obtained with variant HAA12. The 
pressure front extends farther into the host rock with significantly lower pressures. Peak 
pressures after 600 years are reach only 11.4 MPa. This corresponds to a 4.8 MPa (or 30%) 
lower pressures compared to variant HAA11. After 10,000 years, naximum pressure reached 11 
MPa, which translates to a decrease of 3.7 MPa (or 25%) compared to HAA11.  
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Fig. 4-21: Variants HAA11 and HAA12: distribution of gas saturation after 600, 2,000, and 

10,000 years (top: HAA11; bottom: HAA12) and time-history of gas saturation in 
the central emplacement tunnel (dashed: HAA11; solid: HAA12). 
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Fig. 4-22: Variants HAA11 and HAA12: distribution of pressure after 600, 2,000, and 

10,000 years (top: HAA11; bottom: HAA12) and time-history of gas pressure in 
the central emplacement tunnel (dashed: HAA11; solid: HAA12). 
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5 Synthesis of the results and conclusions  
 
A comprehensive sensitivity study was performed with a 2-D model of a generic SF/HLW 
repository to evaluate in detail the gas transport capacity of the Opalinus Clay for a variety of 
repository system properties. Emphasis was on the assessment of the gas pressure build-up in 
the SF/HLW emplacement tunnels, considering the associated conceptual and parametric 
uncertainties of the individual repository configurations in the siting regions, namely:  

• the gas related rock properties, comprising the reference parameter sets for "shallow" 
Opalinus Clay (300 – 500 m below ground) and "deep" Opalinus Clay (500 – 900 m bgl). 

• three different repository levels: 450 m, 600 m and 750 m bgl.  

• the gas production rates, representing the reference values and the upper bounds 
("conservative").  

In the subsequent paragraphs the modelling results of the 12 sensitivity cases are compared to 
each other and the conclusions on the impact of alternative parameters on gas pressure build-up 
in a SF/HLW repository are presented.  

The role of the gas related rock properties 
Simulations of gas pressure build-up were conducted for the base case and 4 different sets of 
gas related rock properties, assuming a repository depth of 600 m bgl. The corresponding 
threshold pressure for the on-set of pathway dilation (80% of lithostatic pressure) is 11.9 MPa 
and the hydrostatic pressure level is 6 MPa. Two simulations were conducted with 
heterogeneous property distributions (HAA01, HAA04). HAA02 assumed an enhanced 
capillary strength parameter and HAA03 accounted for a conservative gas generation rate. 
Fig. 5-1 displays the pressure transients of the 5 cases, indicating that only HAA03 with 
conservative gas generation rates exceeds the pressure level for the on-set of pathway dilation 
(gas transport pathway dilation not considered). For the reference gas generation rates, the peak 
pressure occurs after 2000 years, when the corrosion of the tunnel installations stopped. The 
continued corrosion of the canisters leads to a second pressure peak after 60'000 years, which is 
slightly lower than the first one. It can be concluded that, for the reference rates, the gas 
transport capacity of the Opalinus Clay without invoking gas transport by pathway dilation is 
sufficiently high to release the gas through the host rock at acceptable overpressures of 
2-5 MPa.  
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Fig. 5-1: Time-history of tunnel pressure compared to 80% of lithostatic pressure (onset of 

pathway dilation) for depths of 600 m bgl. Base case and sensitivity runs with 
spatial variability of parameter distributions (HAA01, HAA04), reduced gas 
transport properties (HAA02) and conservative gas generation rates (HAA03, 
marked with dashed line). 

 

The role of repository depth 
Additional simulations of gas pressure build-up were conducted for repository depths of 450 
and 750 m bgl, using parameter variants of gas related rock properties. The corresponding 
threshold pressures for the on-set of pathway dilation are 8.8 and 14.8 MPa, respectively; the 
corresponding hydrostatic pressure levels are at around 4.5 and 7.5 MPa, respectively. The 
simulations HAA05 (750 m) and HAA09 (450 m) represent the reference cases. Fig. 5-1 
exhibits the pressure transients of the 6 cases. Only in 2 cases the threshold pressure for 
pathway dilation is exceeded: in the shallow repository configuration, a very low gas 
permeability of the host rock (HAA10), or in addition to that a conservative gas generation rate 
(HAA11) could give rise to elevated pressures that reach or exceed lithostatic pressures. 
However, a case including pathway dilation (HAA12) indicates significant decrease of peak 
pressures by 30%. For the deep configuration, only the conservative gas rate leads to a 
substantial increase of the peak pressure (HAA07). Once more, a case with pathway dilation 
(HAA08) indicates a significant decrease of peak pressures. As a general conclusion, it can be 
stated that for the reference gas generation rates the gas transport capacity of the Opalinus Clay 
without invoking gas transport by pathway dilation is sufficiently high to release the gas 
through the host rock at acceptable overpressures in the order of 2- 5 MPa. The on-set of 
pathway dilation is reached only in cases combining conservative gas generation rates with low-
permeable host rock. 

  

reference 



 59 NAGRA NAB 14-10  

 
Fig. 5-2: Time-history of tunnel pressure compared to 80% of lithostatic pressure (onset of 

pathway dilation) for repository depths of 450 (left) and 750 m bgl (right), 
respectively. Sensitivity runs with reduced gas transport properties (HAA06, 
HAA07, HAA10, HAA11) and conservative gas generation rates (HAA07, 
HAA09, HAA10 marked with dashed lines). 

 

The role of gas generation rates 
Thirteen simulations were carried out with gas generation rates, which accounted for both the 
slow, but long-lasting corrosion of the steel containers and the rapid corrosion of the tunnel 
installations. The simulations reveal, that the contribution of the tunnel installations to the total 
gas generation rates is not negligible. Howeve, it shoud be mentioned that the material for 
tunnel installations can be reduced if needed. In most simulation cases, the peak pressure is 
reached at the time, when the tunnel installations are completely corroded. Subsequently, a 
distinct pressure drop is observed, followed by a gentle increase until complete corrosion of the 
canisters.  

Fig. 5-3 displays the pressure transients of all cases, normalised to the level of lithostatic stress, 
which is used in oil&gas industry as an indicator for the fracture pressure. The threshold 
pressure for the on-set of pathway dilation corresponds to 80% of the lithostatic stress. It is 
shown that the lithostatic pressure is exceeded only in the very conservative case for 450 m bgl. 
assuming that no gas transport by pathway dilation occurs. For the three depths, the on-set of 
dilation is only exceeded in cases with conservative gas generation rates and for reduced gas 
transport properties at 450 m bgl. In these cases, pathway dilation reduces significantly the 
pressure build-up so that pressures do not exceed the lithostatic values. The simulation cases 
with pathway dilation assumed that the increase in permeability occurs only if the 80% 
lithostatic pressure is exceeded, and the permeability increase was limited to a maximum of a 
factor of 10 at the upper pressure range corresponding to the lithostatic pressure. Furthermore, 
potential effects of the increased permeability on capillary pressure were not considered, which 
can be expected to further decrease the pressure build-up.  
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Fig. 5-3: Synthesis of simulation results: time-history of tunnel pressure relative to the 80% 

of lithostatic pressure at respective depths, in %. Dashed lines indicate sensitivity 
runs with conservative gas generation rates, aimed at testing the robustness of the 
system behaviour.  

 

Concluding remarks 
The sensitivity study with the 2-D model of a generic SF/HLW repository reveals, that the gas 
transport capacity of the Opalinus Clay including dilation effects is sufficient for releasing the 
corrosion gases from the SF/HLW near-field. This has been demonstrated for all relevant 
repository configurations and for a wide range of gas generation rates, including the 
conservative upper bound. In this assessment, additional gas transport paths along the EDZ and 
the buffer have not been addressed, even though they form an efficient additional storage 
volume and a release path, which can reduce the gas overpressures in the canister nearfield 
significantly. Furthermore, gas pressures could be reduced efficiently by minimising gas 
generation of the tunnel installations. It can be concluded that the build-up of gas over-pressures 
around the SF/HLW nearfield is moderate and will neither impair the safety functions of the 
engineered barriers nor those of the host rock. Finally, it is worthwhile to mention that also the 
gas generation by the canister could be reduced to nearly zero by choosing an alternative 
canister material. Thus, gas pressure build-up due to corroding materials could essentially be 
eliminated if necessary. 

 

reference 



 61 NAGRA NAB 14-10  

6 References 

Alcolea, A., Kuhlmann, U., Lanyon, G.W., Marschall, P. (2014): Hydraulic conductance of the 
EDZ around underground structures of a geological repository for radioactive waste – A 
sensitivity study for the candidate host rocks in the proposed siting regions in Northern 
Switzerland. Nagra Arb. Ber. NAB 14-xy, Nagra, Wettingen, Schweiz.  

Ferrari, A., Favero, V., Manca, D., Laloui, L. (2013): Geotechnical characterization of core 
samples from the geothermal well Schlattingen SLA-1. Nagra Arb. Ber. NAB 12-50, 
Nagra, Wettingen, Schweiz. 

Helmig, R. (1997): Multiphase Flow and Transport Processes in the Subsurface. Springer Ver-
lag, Berlin. 

Horseman, S.T., Higgo, J.J.W., Alexander, J. & Harrington, J.F. (1996): Water, gas and solute 
movement through argillaceous media. Nuclear Energy Agency Rep. CC-96/1, Paris, 
OECD. 

Luckner, L., van Genuchten, M.Th., Nielsen, D. (1989): A consistent set of para-metric models 
for two-phase flow of immisable fluids in the subsurface. WRR, 25(19). 

Marschall, P., Horseman, S. & Gimmi, T. (2005): Characterisation of gas transport properties of 
the Opalinus Clay, a potential host rock formation for radioactive waste disposal. Revue 
de l'Institut Français du Pétrole, 60/1&2, 2005). 

Nagra (2002): Projekt Opalinuston – Synthese der geowissenschaftlichen Untersuchungsergeb-
nisse. Entsorgungsnachweis für abgebrannte Brennelemente, verglaste hochaktive sowie 
langlebige mittelaktive Abfälle. Nagra Tech. Rep. NTB 02-03. Nagra, Wettingen, 
Switzerland. 

Nagra (2004): Effects of post-disposal gas generation in a repository for spent fuel, high-level 
waste and long-lived intermediate level waste sited in Opalinus Clay. Nagra Technical 
Report NTB 04-06, Nagra, Wettingen, Switzerland. 

Nagra (2008): Vorschlag geologischer Standortgebiete für das SMA- und das HAA-Lager. 
Geologische Grundlagen. Nagra Tech. Ber. NTB 08-04. 

Nagra (2010): Beurteilung der geologischen Unterlagen für die provisorischen Sicherheits-
analysen in SGT Etappe 2. Nagra Technischer Bericht NTB 10-01. Nagra, Wettingen, 
Switzerland. 

Olivella, S., Alonso, E.E. (2008): Gas flow through clay barriers. Géotechnique 58, No. 3, 
157-176. 

Pruess, K., Oldenburg, C. & Moridis, G. (1999): TOUGH2 user's guide, Version 2. Lawrence 
Berkeley Laboratories, Report LBL-43134, Berkeley, CA. 

Papafotiou, Senger, R., Ewing, J. Alcolea, A., Lanyon, G.W. (2011): Modeling Approaches for 
Evaluating the Effects of Heterogeneity on Two-Phase Flow associated with the 
Migration of Waste-Generated Gas from SF/HLW- and L/ILW Repositories in Low-
Permeability Formations. Proc. of the 14th Internat. Conf. on Environmental Remediation 
and Radioactive Waste Management ICEM2011, September 25-29, 2011, Reims, France. 



NAGRA NAB 14-10 62  

Papafotiou, A., Senger, R., Keller, L. and Marschall, P. (2013): Correlations of petro-physical 
properties for estimating the hydraulic behaviour of candidate host rocks for a deep 
geological repository. International EAGE Workshop on Geomechanics and Energy in 
Lausanne; November 26-28; DOI: 10.3997/2214-4609.20131939.  

Romero, E., Gómez, R. (2013): Water and air permeability tests on deep core samples from 
Schlattingen SLA-1 borehole. Nagra Arb. Ber. NAB 13-51. Nagra, Wettingen, Switzer-
land. 

Senger, R., Lanyon, B., Marschall, P., Vomvoris, S., Fujiwara, A. (2008): Numerical Modelling 
of the Gas Migration Test at the Grimsel Test Site (Switzerland). Nuclear Technology 
Vol. 164, Nov. 2008.  

Senger, R., Papafotiou, A., Marschall, P. (2013): Gas related property distributions in the 
proposed host rock formations of the candidate siting regions in Northern Switzerland 
and in the Helvetic Zone. Nagra Arb. Ber. NAB 13-83. Nagra, Wettingen, Switzerland. 

Senger, R., Papafotiou, A. (2014): Evolution of temperature, pore pressure and water content in 
the near-field of a SF/HLW canister after repository closure: Detailed modelling of two-
phase flow processes for a SF/HLW repository in the Opalinus Clay of the candidate 
siting regions in Northern Switzerland. Nagra Arb. Ber. NAB 14-11. Nagra, Wettingen, 
Switzerland. 


	NAB 14-10
	Title page with keywords
	Zusammenfassung
	Table of Contents
	List of Tables
	List of Figures
	1 Introduction
	1.1 Background and scope
	1.2 Objectives 
	1.3 Report outline

	2 Setting and configurations of the HLW repository
	2.1 General setting
	2.2 Basic design of generic repository
	2.3 Gas generation rates 
	2.4 Host-rock hydraulic properties
	2.4.1  Reference values
	2.4.2  Spatial distributions of hydraulic properties


	3 Development of SF/HLW tunnel model of gas release 
	3.1 Model set-up 
	3.2 Gas generation rates 
	3.3 Hydraulic properties and parameter models 

	4 Simulations of gas release from the SF/HLW tunnel
	4.1 Aims of the sensitivity analyses 
	4.2 Modelling cases
	4.3 Simulation results
	4.3.1 Reference case
	4.3.2  Variant HAA01
	4.3.3 Variant HAA02 
	4.3.4  Variant HAA03 
	4.3.5  Variant HAA04 
	4.3.6  Variant HAA05 
	4.3.7 Variant HAA06 
	4.3.8  Variants HAA07 and HAA08 
	4.3.9  Variant HAA09 
	4.3.10  Variant HAA10 
	4.3.11  Variants HAA11 and HAA12


	5 Synthesis of the results and conclusions 
	6 References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.13333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.13333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




