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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 durch 
die Wärmeentwicklung der radioaktiven Abfälle und der damit verbundenen thermischen 
Ausdehnung des Porenwassers Überdrücke entstehen können, die im Zusammenwirken mit den 
durch Korrosion hervorgerufenen Gasdrücken allenfalls die Barrierenwirkung des HAA-Lagers 
negativ beeinflussen können. Die spezifischen temperaturbedingten Phänomene umfassen die 
Auswirkung der Wärmeentwicklung auf (i) das Wirtgestein und die Auflockerungszone (EDZ), 
(ii) die Bentonit-Verfüllung, (iii) den Abbau der Abfallgebinde, und (iv) die Löslichkeit, 
Sorption und Diffusion der freigesetzten Radionnuklide. Für die Beurteilung dieser Fragen 
wurden numerische Modellanalysen zum Temperatur- und Porendruckaufbau und zur Gas-
freisetzung nach Lagerverschluss durchgeführt.  

Zu diesem Zweck wurden mit einem generischen 2-D-Modell eines BE/HAA-Lagerstollens 
Sensitivitätsstudien zur Temperatur- und Druckentwicklung im Lagerumfeld durchgeführt. Der 
Schwerpunkt der Modellierungen lag auf der Untersuchung des Porendruckaufbaus im den 
BE/HAA-Lagerstollen und im umgebenden Wirtgestein unter Berücksichtigung der konzeptio-
nellen und parametrischen Ungewissheiten in den vorgeschlagenen Standortregionen. Es sind 
dies: 

• der Einfluss der thermohydraulischen Eigenschaften des Wirtgesteins; 

• der Einfluss der Lagertiefe; 

• der Einfluss der Wärmeproduktionsrate; 

• die potenzielle Interferenz mit der Druckentwicklung durch Gasgeneration. 

Die Modellierung des Wärme- und Gastransports wurde für die gesamte Bandbreite der Wirt-
gesteinseigenschaften des Opalinustons und für typische Lagertiefen (450 m, 600 m, 750 m 
unter Terrain) durchgeführt, wobei zwei generische Wärmeproduktionsraten (durchschnittliche 
und maximale Rate) benutzt wurden. Die Simulationen zeigen relativ frühe Druckentwicklung 
im umgebenden Wirtgestein durch thermische Expansion des Porenwassers, wobei der Druck-
aufbau in den Lagerstollen erst nach der vollständigen Aufsättigung des Nahfelds nach ca. 
100 Jahren erfolgt, wenn die Temperatur des BE/HAA Behälters schon auf unter 100 °C gefal-
len ist. Der thermisch induzierte Druckaufbau in den BE/HAA Lagerstollen ist dadurch immer 
geringer als der im umgebenden Wirtgestein. Der durch die Gasgeneration hervorgerufenen 
Gasdruckaufbau im BE/HAA Stollen führt zu maximalen Überdrücken in den Lagerstollen die 
nach ca. 300 – 600 Jahren auftreten und typischerweise zwischen 7 und 14.5 Mpa liegen. Die 
Porendrücke bleiben aber in allen Fällen unterhalb des lithostatischen Drucks. Die räumliche 
Ausdehnung des durch die Gasfreisetzung hervorgerufenen Druckaufbaus ist beschränkt auf 
einen eng begrenzten Gebirgsbereich um den Lagerstollen (< 20 m), wobei der Druck nach 
2‘000 Jahren rapide abfällt, nachdem die Korrosion der Einbauten aufhört. Die Gasgeneration 
durch Korrosion der BE/HAA Behälter zeigt erst nach ca. 10‘000 Jahren einen signifikanten 
Druckaufbau, wobei der Maximaldruck nach 60000 Jahren viel geringer ist als der thermisch 
bedingte Porendruck in der frühen Nachbetriebsphase.  

In keinem der Rechenfälle (mit den Referenzwerten für Gasgeneration) erreichen die Gasdrücke 
(bzw. die äquivalenten Porendrücke) den lithostatischen Gebirgsdruck, der in der Lagerstätten-
kunde häufig als Indikator für die Bewertung der Bohrlochstabilität herangezogen wird. Darüber 
hinaus bleibt der Gasüberdruck im BE/HAA Stollen im Vergleich zum Porendruck im umge-
benden Wirtgestein relativ gering. In den 2-D Modellanalysen werden die Gastransportpfade 
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und Wasserflüsse entlang der Auflockerungszone und den verfüllten Untertagebauwerken nicht 
berücksichtigt. Diese bilden ein zusätzliches Speichervolumen mit einer beträchtlichen Gas-
transportkapazität, so dass die Gasüberdrücke im BE/HAA-Nahfeld bei deren Berücksichtigung 
deutlich reduziert werden. Aus den dargelegten quantitativen Abschätzungen und den konzep-
tuellen Betrachtungen kann geschlossen werden, dass im HAA-Lager nur moderate Überdrücke 
infolge von Wärme- und Gasfreisetzung auftreten, welche die Barrierenwirkung der technischen 
und geologischen Barrieren nicht beeinträchtigen. Diese Schlussfolgerungen gelten für alle 
HAA-Lagerkonfiguration in den vorgeschlagenen Standortgebieten. 
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1 Introduction 

1.1 Background and scope 
The Swiss waste management program 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 the thermal effects from heat 
production due to radioactive decay of radionuclides in SF/HLW. The specific temperature-
related issues comprise the impacts of repository-generated heat on (i) the host rock and the 
excavation damaged zone (EDZ), (ii) the bentonite buffer, (iii) the waste form degradation and 
(iv) solubility and sorption of released radionuclides. In this report, emphasis is on the aspect of 
thermal overpressures and their possible adverse effect on the integrity of the engineered and 
natural barriers. Thus, the early-time thermal evolution of the SF/HLW near-field results in 
temperatures exceeding 100°C in the bentonite buffer and in increased pore pressures in the 
near-field due to differential thermal expansion of the pore fluid compared to the rock 
framework. As a consequence, pre-existing discontinuities can be reactivated and new fractures 
can be created in the host rock, when pore pressure exceeds the magnitude of minimum 
principal stress. 

A supported argumentation for the provisional safety analyses needs to be developed to 
demonstrate that thermal effects 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 thermal fracturing of the host rock can be 
excluded. To prove that the long-term safety is not compromised, the level of knowledge 
relevant to thermo-hydraulic processes 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 summarizes and integrates the results of a 
sensitivity study, aimed at investigating the effects of heat generation in the SF/HLW 
emplacement tunnels in the Opalinus Clay1 and the heat emission through the host rock. The 
simulations are conducted with a generic 2-D configuration of a SF/HLW emplacement tunnel, 
considering the combined effect of heat emission and gas accumulation2. The configuration data 
are based on the HLW reference data sets, representative for SGT - Stage 2. The gas related 
properties are compiled and discussed in Senger et al. (2013).  

  

1  In this report, for simplicity, these are referred to as "the SF/HLW repository".  
2  Gas generation (hydrogen) and accumulation is associated with the corrosion of the waste canister and liner 

components in the backfilled underground structures of the repository. In addition to the thermal pore-pressure 
buildup, gas induced overpressures could adversely affect radiological long-term safety of the repository. 
Complementary 2-D sensitivity studies of gas release from a SF/HLW emplacement tunnel were conducted by 
Senger and Papafotiou (2014), assuming isothermal conditions. Appendix A of this report presents a brief 
comparison of the isothermal versus non-isothermal approach.  
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1.2 Objectives  
The emission of heat from SF and HLW, together with generation of hydrogen gas associated 
with the corrosion of the waste canisters causes pore-water overpressures in the engineered 
barrier system (EBS) of the SF/HLW emplacement rooms and the surrounding host rock, 
respectively. The restriction of pore pressures below the magnitude of minimum principal stress 
ensures that the function of engineered and natural barriers is not impaired by irreversible 
deformation. To investigate the main controls on the pore pressure buildup, a 2-D model of a 
generic SF/HLW emplacement tunnel was used for the simulation of the combined effect of 
heat emission and gas release through the intact host rock. A comprehensive sensitivity study 
was performed to evaluate in detail the dissipation of pore-water overpressure in the EBS and 
the host rock for a variety of repository configurations. Emphasis was on the assessment of the 
impact of the geological and hydrogeological conditions on 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 thermal and gas related rock properties (thermal conductivity, heat capacity, 
intrinsic permeability, capillary pressure, relative permeability) 

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

• the sensitivity on the heat production  

The modelling products are simulated pressure transients, temperatures, gas saturations and the 
corresponding contour plots at vertical cross-sections as quantitative input for gas related safety 
assessment scenarios. Vertical gas pressure profiles are compared with the lithostatic pressure, 
which is used in oil&gas industry as an indicator for the assessment of borehole stability3 (Pepin 
et al. 2004; see also Evans 2008) which is discussed in Appendix B. Furthermore, the thermal 
and pressure-induced expansion of the entire layer column room from repository level to ground 
level is inferred from the calculated temperature and pressure profiles, eventually resulting in 
1-D estimates of the transients of ground heave. 

1.3 Report outline 
This report provides a comprehensive assessment of the relevant issues of heat production in a 
geological repository for high-level radioactive waste and spent fuel (HLW/SF) in the Opalinus 
Clay of Northern Switzerland. A supported argumentation is developed to demonstrate that 
thermal effects will not compromise the safety function of the barriers (engineered barriers, host 
rock) in any of the investigated repository configurations. 

Chapter 2 gives an overview of thermo-hydraulic aspects of the HLW/SF repository concept 
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 heat and gas 
production rates. Two different thermo-hydraulic reference data sets are provided, representing 
the shallow and the deep Opalinus Clay, respectively. 

  

3  Further explanations are given in Appendix B. 
                                                           



 3 NAGRA NAB 14-11  

Chapter 3 describes the implementation of the thermo-hydraulic model that comprises a vertical 
cross-section of the host-rock with one SF/HLW canister in an emplacement tunnel. The 
implementation of different geological settings is discussed, representing the spectrum of 
thermo-hydraulic conditions in the SF/HLW siting regions in Northern Switzerland. The 
simplifications and assumptions adopted for the 2D representation of the HLW/SF emplacement 
tunnel are explained.  

Chapter 4 presents the simulation results describing the combined effects of post-closure heat 
production and gas release 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 heat- and gas transport at different repository depths, effective host-rock thermo-hydraulic 
properties, and assuming different heat and 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 the effect of heat 
production and gas generation for a variety of host-rock realizations and scenarios. The model 
results form the basis for evaluating safety-relevant issues, namely pore 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 of the HLW repository 
 
Basic geotechnical and geological information is required concerning the assessed repository 
settings, the design of the SF/HLW near-field and regarding the thermo-hydraulic properties of 
the bentonite buffer and 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 heat and gas source terms 
together with the reference rates of heat/gas production to be used in numerical models. Chapter 
2.4 gives an overview of the integrated geodata sets and provides reference values of the 
thermo-hydraulic host rock properties at different depths.  

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 580 860 710 110 
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 setting 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 
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 emplaced on a pedestal of compacted bentonite 
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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 Heat Generation 
Generic heat generation rates from the radioactive decay of the waste were computed from the 
different waste types represented by time-varying heat production rates4. The canister with the 
highest heat output is the MOX/UO2 waste, which is included in the fuel assembly BE-D-2. 
Depending on the filling rate, an average and maximum heat production rate was defined for the 
different fuel assemblies (Fig. 2-3). The thermo-hydraulic simulations in this report are based on 
the generic average and maximum heat generation rate corresponding to the BE-D-2 fuel 
assembly. 

 
Fig. 2-3: Generic average (top) and maximum (bottom) heat production as a function of time 

for the three waste canister types (the starting point is the year 2065) and the 
corresponing time steps used for the implementation in TOUGH2. For comparison, 
the rates used in the previous studies are shown (open symbols).  

4  The generic heat production rates were based on the waste inventory MIRAM 2012 (Nagra 2013). The assumed 
canister length is 4.6 m, referring to the reference canister length in SGT-1. 
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2.4 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 Stage 2 of the Sectoral 
Plan, comprehensive sensitivity studies have been performed to estimate the gas generation 
rates in a SF/HLW repository. A range of gas generation rates was provided as input for the 
sensitivity analyses of gas release from a SF/HLW repository (Papafotiou and Senger 2013a), 
representing a reference value, as well as upper and lower bounding values for waste-generated 
gas rates in the SF/HLW repository. In this report, the gas source term draws on the so-called 
reference values for gas generation rates. Compared to the heat generation rate, which is given 
for the entire waste canister, the gas generation rates are given as m3-gas/Tunnel Meter/year as:  

• Reference value: 0.01 m³/tm/a; until 60,000 years. 

Similarly, reference values have been derived for gas generation rates corresponding to the 
corrosion of tunnel installations: 

• Reference value: 0.06 m³/m/a; until 2,000 years. 

2.5 Host-rock thermo-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 from the viewpoint of an 
effective (averaged) medium (Senger et al. 2013). The corresponding two-phase parameter 
models are defined in Chapter 2.5.1. Effective medium considerations of the Opalinus Clay 
require the definition of reference values that can appropriately describe water flow and gas 
transport on the considered scales and hydrogeological conditions (Chapter 2.5.2). In addition 
thermo-hydraulic properties of the Opalinus Clay are required for the simulation of heat 
transport through the host rock and its impact on pore pressure (Chapter 2.5.3).  

2.5.1 Two-Phase 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 two-phase flow behavior associated with the 
desaturation of the host rock during the operational and early post-closure period and associated 
heating, as well as the migration of waste-generated gas into the host rock is described by the 
capillary pressure- and relative permeability curves as a function of saturation. The propagation 
of the 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 pore water 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
  (2-1) 
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where P0 is the capillary strength parameter (or apparent gas-entry pressure), n is the shape 
factor, 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

   (2-2) 

 

The relative gas/water permeabilities kr,g and kr,w can be derived by integration of the capillary 
pressure curve following 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 = 𝑆𝑒𝑙
𝛾 ∙ �1 − �1− 𝑆𝑒𝑙

1
1−𝑛�

𝑛−1
𝑛
�

2

 ;   𝑆𝑒𝑙 = 𝑆𝑙−𝑆𝑙𝑟
1−𝑆𝑙𝑟

  

 

 𝑘𝑟,𝑔 = �1 − 𝑆𝑒𝑔�
𝜀 ∙ �1 − 𝑆𝑒𝑔

𝑛
1−𝑛�

2(1−1𝑛)

;   𝑆𝑒𝑔 = 1
1−𝑆𝑔𝑟

   (2-3) 

 

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).  

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. 
Olivella & Alonso (2008) developed a hybrid formulation of pathway dilation, expressing the 
effective permeability of the rock as the superposition of 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

� (2-4) 

 

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 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 behavior 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 
material reconsolidates and the hydraulic and mechanical properties of the porous medium 
approach the values which are characteristic for the undisturbed stress state. 
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2.5.2 Reference values of gas related properties 
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 of 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: Reference values for the gas-related parameters of the undisturbed Opalinus Clay 
for a shallow repository in Northern Switzerland (RV – reference value; AV – 
alternative value) from Senger et al. (2013). 

 

Parameter RV AV Remarks 
Opalinus Clay – shallow (300 – 500 m bg) 
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 Nagra (2002) 
AV: no significant anisotropy 

Capillary pressure - saturation relationship van Genuchten parametric model (Equ. 2-1)  
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  
(Equ. 2-3) 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% 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% 
AV: Porosity of the shaly facies at Mont Terri: 16%. 

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 bg) 
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] 

 

Tab. 2-3: Reference values for the gas-related parameters of the undisturbed Opalinus Clay 
for a deep repository in Northern Switzerland (RV – reference value; AV – 
alternative value) from Senger et al. (2013). 

 

Parameter RV AV Remarks 
Opalinus Clay – deep (500 – 900 m bg) 
Intrinsic permeability 
normal to bedding  
k┴  
[m2] 

2×10-21 1×10-21 RV: corresponds to the reference value for hydraulic 
conductivity at Benken (Nagra 2002). 
AV: corresponds to the lower range for hydraulic 
conductivity at Benken. 

Anisotropy coefficient 
k║/k┴ 

5 1 RV: according to Nagra (2002). 
AV: no significant anisotropy 

Capillary pressure - saturation relationship Parametric model according to van Genuchten  
(Equ. 2-1)  

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 (Equ. 2-3) 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  

[ ] [ ]sm  K   Kg  m k
w

w2 /101 7 ⋅×≈⋅
⋅

= −
ρ
η
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Parameter RV AV Remarks 
Total porosity  
[%] 

12% 10% RV: Porosity measurements from Schlattingen core 
(OPA-20);avg. value between different core samples) 
12%. 
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 bg) 
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: - 

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] 

 

2.5.3  Thermal properties of host rock and confining units 
Thermal properties of the Opalinus Clay are based on previous modeling studies (Johnson et al. 
2002; Garitte et al., 2013) and more recent thermo-hydraulic model calibration of temperature 
profiles from deep boreholes in different siting areas (Papafotiou and Senger 2013b,c,d). In 
addition, information from investigations from experiments at the Mont Terri URL was used 
(i.e., Wileveau and Rothfuchs 2006). The values of the different thermal properties are compiled 
in Tables 2-4 and 2-5. 

Thermal conductivities calibrated using 1D thermal computations of measured temperatures 
from different boreholes in the different siting regions are summarized in Table 2-4, together 
with the prescribed heat flux at the base of the model.  

  

[ ] [ ]sm  K   Kg  m k
w

w2 /101 7 ⋅×≈⋅
⋅

= −
ρ
η
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Tab. 2-4: Formation thermal conductivities calibrated with the iTOUGH_1D model for the 
different HLW siting regions (Papafotiou and Senger 2014b, c, d). 

 

 Reference ¹ (600 m) Deep ² (750 m) Shallow ³ (450 m) 
 Depth 

bgl (m) 
Λ 

(W/m °C) 
Depth 

bgl (m) 
Λ 

(W/m °C) 
Depth 

bgl (m) 
Λ 

(W/m °C) 
Quaternary  0-74 1.86 - - 0-89 2.11 
Tertiary  74-205 2.62 0-325 3.0 - - 
Malm  205-444 3.21 325-528 3.70 

89-274 2.47 
Effingen  444-458 1.80 528-617 2.80 

Upper conf. 
Unit  458-545 2.20 617-695 2.80 274-395 2.34 

OPA  545-655 1.55 695-805 1.74 395-505 1.74 
Lower conf. 
Unit  655-814 2.14 805-958 2.50 505-670 2.15 

OMK  814-877 4.02 958-1083 4.19 670-743 3.13 
UMK  877-979 4.30 1083-1130 3.50 743-848 2.93 
Buntsandstein  979-987 2.20 - - 848-870 2.20 
Permocarbon  - - 1130-2159 2.58 870-9000 3.83 
Crystalline  987-9000 1.70 2159-9000 2.69 - - 
Heat Flux  
[mW/m2] 100 120 120 

¹ Corresponds to Benken lithostratigraphic profile  
² Corresponds to Weiach profile +139 m in Tertiary in order to shift tunnel depth to 750 m. 
³ Corresponds to Riniken profile +64 m in Quaternary in order to shift tunnel depth to 450 m. 
* Minor adjustments made to all profiles for an OPA thickness of 110 m. 
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Tab. 2-5:  Thermal and Mechanical Properties for the Opalinus Clay (from Gaus et al. 2014a). 
 

 Unit Opalinus 
Clay 

EDZ Comment 

Thermal Parameters 

- Density  
- Bulk 
- grain 

 
ρ [kg/m3] 

 
2450 

27001 

 
2450 

27001 

1 Input parameter for TOUGH 
simulations 

Specific Heat Cr [J/(kgK] 995.0 995.0 values used in this study 
Thermal conduct. 
- parallel1/(2) 

- perpendicular1/(2) 

- dry2 

- saturated2 

 
Tk 
[W/m K) 

 
2.15/(2.76) 
1.2(1.32) 

1.36 
1.8 

 
2.15/(2.76) 

1.2/(1.32) 

1.36 
1.8 

Note: isotropic thermal conductivity 
was used in the present study (Table 
2-4).  
1 Garitte et al. (2013) 
2 From Vileveau and Rothfuchs 

(2007)  
- Therm. 

Expansion grain 
- rock framework 
- water 

 
Tx [1/ K) 

 
1.5E-6 
1.7E-51 

3.4E-4 

 
1.5E-6 
1.7E-51 

3.4E-4 

Wileveau and Rothfuchs 2006 
1 Input parameter for TOUGH 

simulations: rock framework 

Rock Compressibility 
Young’s  
Modulus 
Poisson Ratio 
Porosity 

E [MPa]  
 
ν [1-] 
φ [-] 

60001 
20002 

0.27 
0.137 

60001 
20002 

0.27 
0.137 

1 Bock (2000): isotropic linear elastic 
model (undrained) 

2 Giger & Marschall (2014): drained 
modulus 

Compressibility: 
α = 3(1-2 ν)/E 

 
α [1/ Pa] 

 
2.3E-101 
6.9E-102 

 
2.3E-101 
6.9E-102 

Computed from E-modulus 

Pore 
compressibility: 
Cp = α/φ 

 
Cp [1/ Pa] 

 
1.7E-091 

5.0E-092 

 
1.7E-091 

5.0E-092 

Input parameter for TOUGH 
simulations 

 

2.6 Buffer material properties 
Thermal properties of the bentonite buffer are based on laboratory measurement and model 
calibration of the HE-E experiment at the Mont Terri URL (Gaus et al. 2014a, b). The analyses 
of the HE-E experiment indicated a high sensitivity of the thermal conductivity of the 
unsaturated bentonite on the temperature evolution in the bentonite, particularly the thermal 
conductivity as a function of saturation. In addition, hydraulic and two-phase properties of the 
buffer materials were characterized as part of the PEBS project, which are summarized in 
Table 2-6. 
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Tab. 2-6: Thermal and hydraulic properties for the different bentonite buffer materials from 
Gaus et al. 2014a, b). 

 

 Unit Bentonite 
blocks 

Granular 
Bentonite 

Canister Comment 

Thermal Parameters  
Density 
- dry 
- Bulk 
- grain 

ρ [kg/m3] 

 
18061 

1874/19932 

26993 

 
1492/1457 

1581/154312 

26993 

 
 
 

78503 

 
1 measured 
2 based on emplacement 
3 input in TOUGH2  

Specific Heat 
(dry) Cr [J/(kg K] 1058 893 440 Measured (lab) 

at T = 20C 
at T = 110C 

 800 
1315 

856 
1020 

775 
902 

Measured (lab) 

Therm. 
Cond. 

- dry 
- wet Tk [W/mK] 0.811 (0.3)2 

1.31 (1.0)2 
0.31 

1.31 (1.0)2 52.5 
1 laboratory data 
2 revised (calibrated) 

Thermal Exp. Tx [1/ K] 2.5E-51 2.5E-51 1.2E-52 
1 measured 
2 assumed 

Hydraulic Parameters  
Permeability k [m2] 2.5E-21 3.5E-20 1.0E-50  

Porosity φ [-] 0.41 
0.332 0.45/0.461 0.0001 

1 measured 
2 based on emplacement 

Compressibility 
Cp=α/φ 

α [1/Pa] 
Cp [1/Pa] 

1.E-9 

3.E-9 
1.E-91 
3.7E-9 0 1 assumed 

Initial Water 
Content wr [%] 15.71 

10.32 5.95 0 
1 measured 
2 based on emplacement 

Initial 
Saturation Sw [-] 0.63 0.20 0 computed 

Two-Phase Flow Parameters  

Van Genuchten:  P0 [MPa] 21.91 101 10.2 
1 retention curve fit 
2 assomed 

Temp. Effect* P = P0 σ/σ0 0.0721 0.0721  1 computed in TOUGH2 

Shape Param.: 
vG-n (Pc) 
vG-n (kr) 

 
vG-n (Pc) 
vG-n (kr) 

 
1.421 

1.422 

 
1.671 
1.672 

- 
 
1 retention curve fit 
2 use same value for kr 

Residual Water 
Sat. 

Slr (kr) 
Slr (Pc) 

0.10 
0.01 

0.10 
0.01 

- assumed 

Residual Gas 
Saturation Sgr (kr) 0. 0. 0. assumed 
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3 Development of the SF/HLW thermo thermo-hydraulic 
model  

 
The sensitivity analysis of combined heat transport and gas release from a SF/HLW tunnel into 
the surrounding host rock is performed with a non-isothermal two-phase flow and transport 
model. For modeling the effect of multiphase flow and heat dissipation processes on the 
evolution of the SF/HLW near-field, a numerical model is developed with the equation-of-state 
module EOS5 for hydrogen and water of TOUGH2 (Pruess et al. 1999). ). In TOUGH2, the gas 
pressure represents one of the primary variables to be solved, whereby the liquid pressure is 
determined as the difference between the gas pressure and the capillary pressure under two-
phase conditions. Under fully saturated conditions the capillary pressure is zero and the gas 
pressure corresponds to the liquid (or pore) pressure.   

The model set-up, comprising the nested model grid with a 2-D representation of the host rock 
and the adjacent rock formations and a 1-D extension of the model towards ground surface is 
elaborated in Chapter 3.1. The initial and boundary conditions are presented in Chapters 3.2. 
The appropriateness of a 2-D model approach to represent the temperature evolution in the 
buffer and the surrounding rock is assessed in Chapter 3.3.   

3.1 Model set-up  
The sensitivity analysis of early thermal effects due to heat generation associated with the 
radioactive decay of radionuclides in the SF/HLW is based on the 3-D model used in Senger 
and Ewing (2008), shown in Fig. 3-1. This earlier modeling study examined the early thermal 
period associated with the re-saturation of the bentonite and heating of the emplaced SF/HLW 
canisters. Potential regional geothermal conditions associated with basal heat flow as well as 
long-term effects associated with gas generation from corrosion were not considered.  

  



NAGRA NAB 14-11 18  

 

Fig. 3-1: 3D model geometry of a SF/HLW emplacement tunnel with a single canister in the 
Opalinus Clay and surrounding confining units (from Senger & Ewing, 2008); also 
shown are model locations for time history plots in the 2D cross sections 
perpendicular and parallel to the tunnel axis.  

 
In the current study, the impact of the regional thermo-hydraulic conditions and the effect of gas 
generation were considered. For this, the 3D model geometry was simplified to a 2D cross-
sectional model, which was extended by 1D elements connected to the land surface and to the 
Crystalline at the bottom (Fig. 3-2).  
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Fig. 3-2: 2D model geometry of a SF/HLW emplacement tunnel in the Opalinus Clay with 
the 1D extention to the prescribed boundary conditions at the top (landsurface) and 
at the bottom (Crystalline).  

 
The model is implemented by Integrated Finite Differences (IFD) with nested gridding near the 
emplacement tunnel allowing a detailed representation of the SF/HLW canister and surrounding 
bentonite buffer materials (Fig. 3-1). The lateral extent is given by the symmetry axis through 
the SF/HLW tunnel and the half-distance between two adjacent SF/HLW tunnels. The 
1D extension elements above and below the 2D model geometry account for the surface area of 
the total length of the 2D model (20 m), the width of the 2D cross-section, and the thickness of 
the specific hydrologic units above and below the 2D cross-sectional model (Fig. 3-2). The 
width of the 2D cross section was set to 1.65 m, which corresponds to the ratio between the 
typical canister length (4.6 m) plus the bentonite section between adjacent canisters and the 
canister length (Fig. 2-2). To represent the reduced length of the canister, the interface area 
between the canister and the surrounding bentonite was based on a 1-m width, for which the 
heat generation rates were scaled to a 1-m canister length and prescribed at the canister elements 
in the model. The corresponding gas generation rates, given as volumetric gas rates per tunnel 
meter were scaled to the 1.65-m width of the cross-sectional model. 

The hydraulic properties of the hydrogeological units above and below the host rock formation 
were deduced from Papafotiou and Senger (2013b, c, d). Hydraulic property assignment for the 
units below the Muschelkalk aquifer was based on other data compilations (see also Nagra 
2008).  
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3.2 Initial and boundary conditions  
The initial conditions represent overall hydrostatic pressure conditions for siting regions at the 
different depths. The specific pressure distributions are based on the steady-state temperature 
distribution based on calibrated thermal conductivities from the measured temperatures in the 
different boreholes using the basal heat fluxes for the three siting areas and a prescribed 
temperature of 10°C at land surface (Tab. 2-4). In terms of pressure distribution, atmospheric 
pressures were prescribed at land surface and hydrostatic pressures were computed over the 
entire depth profile to the Crystalline for the different siting areas.  

 

 

Fig. 3-3: Initial steady-state temperature distribution based on 1D calibration of thermal 
conductivities using the basal heat fluxes for the different siting areas.  

 
A one-year operational period was simulated representing the effect of ventilation in an open 
emplacement tunnel, which was used as initial condition for the post-closure period that 
accounts for heating from radioactive decay of the waste and gas generation from corrosion of 
the waste canister and construction material in the liner. For the post-closure simulation, 
hydrostatic pressures were prescribed at the top and bottom elevation of the 2D model, 
accounting for possible lateral drainage of excess pressures in the overlying and underlying 
units surrounding the host rock (Fig. 3-3).  

3.3 Model assessment  
The model set-up and boundary/initial conditions presented in Chapter 3.1 and 3.2 are based on 
geometric abstractions (reduction of dimensionality) and process abstractions (simplified 
representation of heat and gas flow). Benchmark simulations were conducted to confirm the 
appropriateness of these model abstractions. Chapter 3.3.1 presents the comparison of 
modelling results of 3-D and 2-D simulations. Chapter 3.3.2 is dedicated to the simplified 
representation of the basal heat flow in the present modelling approach. 
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3.3.1 2-D representation of the SF/HLW emplacement rooms 
In order to assess the appropriateness of the 2D model to represent the temperature evolution in 
the buffer and in the surrounding host rock, a comparison was done using the 3D model 
(Fig. 3-1) and the corresponding 2D model (Fig. 3-2). For that, the width of the 2D model was 
set to 1.65 m, which corresponds to the ratio between the typical canister length (4.6 m) plus the 
bentonite section between adjacent canisters and the canister length (Fig. 2-2). To represent the 
reduced length of the canister, the interface area between the canister and the surrounding 
bentonite was based on a 1-m width, for which the heat generation rates (Fig. 2-2) were scaled 
to a 1-m canister length and prescribed at the canister elements in the model.  

A comparison of the simulation results using the 3D model and the 2D model are show in 
Fig. 3-3 and 3-4, respectively. These models did not include the 1D extension above and below 
the 3D and 2D models indicated in Fig. 3-2. That is, fixed boundary conditions of hydrostatic 
pressures and temperatures (based on a linear geothermal gradient of 4.3 °C/100m) were 
prescribed at the upper and lower model boundaries.  

Overall, the results of the two model configurations were similar, whereby the 3D model 
stopped early due to numerical problems associated with phase-change oscillations as the buffer 
becomes fully water-saturated after about 100 years. The pressures in the Opalinus Clay (at 
about 20-m distance above the canister), at the top of the host rock, and at the top of the 
confining unit are the same in both models. Differences are shown in the temperatures at the 
canister and in the buffer next to the canister which are higher in the 3D model than those in the 
2D model. This difference can be explained by the fact that heat flow in the 3D model is 
spherical, with gradually increasing interface areas as a function of distance from the canister 
(corresponding to the increase in thickness from 4.6 m to 7.6 m along the tunnel axis in 
Fig. 2-2). In the 2D model the increase is approximated by a single interface change from 1-m 
thickness at the canister to 1.65-m of the surrounding bentonite along the tunnel axis. That is, 
near the canister the heat flow is greater resulting in lower temperatures compared to the 
3D model. However, this difference diminishes in the nearfield and simulated temperatures in 
the Opalinus Clay are comparable in the two models. Moreover, the resulting pore-pressure 
buildup, owing to the greater thermal expansion of the pore water compared to the pore 
expansivity, is the same in the two models.  

The evolution of the gas saturation and computed relative humidities are comparable except for 
those locations in the buffer next to the canister. These locations show an increase in gas 
saturations at early time due to evaporation of pore water at high temperatures near the canister, 
followed by a decrease in gas saturation as the buffer re-saturates through water inflow from the 
surrounding Opalinus Clay. The corresponding relative humidities decrease as gas saturation 
increases, followed by an increase as the bentonite saturates. The 2D model indicates less 
increase in gas saturations at early times, due to the lower temperatures in the 2D model 
(Fig. 3-5) compared to the 3D model (Fig. 3-4).  
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Fig. 3-4: 3D model results of resaturation and heating: Time history at different locations in 
the bentonite buffer and surround host rock of pressure (upper left), temperatures 
(upper right), gas saturation (lower left), and computed relative humidity (lower 
right). 
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Fig. 3-5: 2D model results of resaturation and heating: Time history at different locations in 
the bentonite buffer and surrounding host rock of pressure (upper left), 
temperatures (upper right), gas saturation (lower left), and computed relative 
humidity (lower right). 

3.3.2 1-D model extension 
In a further step, a comparative simulation was performed to evaluate the effect of the 
temperature boundary conditions extending to the land surface at the top and to the Crystalline 
at the bottom. Temperature evolution is largely controlled by conduction (Papafotiou & Senger 
2013 b, c, d) and can extend beyond the top and bottom of the 2D model. This is accounted for 
by the 1D extension elements (Fig. 3-2).  

The results of the corresponding simulation using the 2D extension model are shown in Fig. 3-6, 
indicating overall similar results as those in the 2D model (Fig. 3-5). The pore pressure at the 
20-m distance location shows a similar peak pressure of 12.8 MPa after about 500 years, but the 
pore pressures at the top of the Opalinus Clay are higher than before. Moreover, the pressures in 
the SF/HLW tunnel become significantly greater after 100 years following full saturation of the 
bentonite buffer. In comparison, the simulated temperatures in Fig. 3-6 are similar to those in 
Fig. 3-5, except after 100 years, where temperatures in the Opalinus Clay and in the buffer tend 
to be somewhat higher in Fig. 3-6 compared to those in Fig. 3-5. That is, following full 
saturation, the elevated temperatures and associated thermal expansion of the pore water causes 
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a significant increase in pore pressures above hydrostatic pressures in the fully saturated buffer, 
which starts to decline after 1’000 years reaching hydrostatic pressures after 10’000 years.  

 

 

Fig. 3-6: 2D extension-model results of resaturation and heating: Time history at different 
locations in the bentonite buffer and surround host rock of pressure (upper left), 
temperatures (upper right), gas saturation (lower left), and computed relative 
humidity (lower right). 

 
The 1D extension elements are not included in the 2D mesh geometry and the results have to be 
extracted explicitly. Figure 3-7 shows the comparison of the temperature profiles for the entire 
vertical section in comparison to the vertical profile across the 2D model cross-section (Note, 
the vertical extent of the 2D model on the right plot is represented by the dashed line on the left 
plot). The results indicate that the conductive heat transport is relatively rapid and the 
temperature perturbation extends beyond the 2D model boundaries into the confining units 
already by 100 years. 
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Fig. 3-7: 2D extension-model results of resaturation and heating: Vertical temperature 

profiles at the start of post-closure and after 100 years for the expanded cross 
section (left) and the corresponding temperature profiles from the 2D model cross 
section.  

 
The simulations show that the 2D model provides a good representation of the saturation, 
temperature, and pressure evolution during the early heating and re-saturation phase of the 
SF/HLW emplacement tunnel, except that the simulated temperatures in the buffer near the 
canister are somewhat lower than those in the 3D model. However, the temperature and pore-
pressure evolution in the near-field host rock is well reproduced.  

More important is the extension of the temperature boundary conditions to the land surface and 
to greater depth (i.e., Crystalline). Extending the temperature boundary conditions does impact 
the temperature evolution at later times (after 100 years) resulting in higher temperatures at the 
top and bottom of the Opalinus clay and in the adjacent confining units. This causes higher pore 
pressures that remain, however, below the peak pressure (at about 20-m distance from the 
emplacement tunnel) which compares with the peak pressure in the 2D model without the 
extension. On the other hand, pore-pressures in the buffer increase above hydrostatic pressure 
after full saturation (at 100 years) which recover more slowly after 1000 years reaching 
hydrostatic pressures after about 10’000 years. That is, the time frame of the pressure 
perturbation from thermal expansion overlaps with the expected pressure buildup from gas 
generation associated with corrosion mainly of the construction metals in the liner. However, 
the spatial extend of the pressure buildup from gas generation is limited to the near-field of the 
host rock (within +/- 10 m of the SF/HLW tunnel during the early- and intermediate time before 
the thermal effects dissipate). This is described in more detail in Chapter 4. 
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4 Simulation Results  

4.1 Aims of the sensitivity analyses  
The scope of the sensitivity analyses is to assess the conceptual and parametric uncertainties 
associated with the thermo-hydraulic evolution of the early and late post-closure period in the 
siting regions, namely:  

• the effect of the thermal and hydraulic properties of the host rock;  

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

• the sensitivity on the heat production.  

4.2 Modelling cases 
A base case and a series of sensitivity cases specified to assess the thermo-hydraulic evolution 
of the SF/HLW near-field. The simulation cases are listed in Table 4-1. 
 

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 Heat production / 
Gas Generation 

Additional 

Base case 
(TH00) 

600 RV deep Avg. Heat/ Reference no 

TH01 600 RV deeo Max. Heat/Reference no 

TH02 450 RV shallow Avg. Heat/Reference no 
TH03 450 RV shallow Max. Heat/Reference no 
TH04 750 RV-deep Avg. Heat/Reference no 
TH05 750 RV deep Max. Heat/Reference no 
TH06 600 RV-deep Avg. Heat/Reference BC (P-hydrostatic) at 

landsurface / Bundsandstein  
TH07 600 RV-deep Avg. Heat/Reference 

(only WP) 
Reduce Qg(liner)- removing 
"Schienen" 

TH08 600 RV-deep Max. Heat/Reference Tx(OPA) = 0. 1/K 
TH09 600 RV-deep Max. Heat/Reference Tk(OPA) = 1.75 W/m/K 
TH10 450 RV-shallow Max. Heat/Reference Cp(OPA) = 5.E-9 1/Pa 
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4.3 Simulation results 
The simulation results are discussed in terms of distributions of pressure and temperatures in the 
model domain at selected times, as well as time-history plots of pressure, temperature, and 
saturation in the SF/HLW emplacement tunnel and surrounding host rock. First, every 
simulation variant (base case through variant TH10) is analyzed separately. Finally, all 
simulations will be integrated in the interpretation of the results that will be discussed in a 
separate chapter.  

4.3.1 Base case 
The Base case is for a repository depth of 600 m representing the ZNO siting area with the 
corresponding thermal properties and basal heat flux given in Tab. 2-4, and the base values of 
hydraulic and two-phase properties of the host rock for the deep Opalinus Clay (Tab. 2-3). The 
corresponding properties for the SF/HLW emplacement tunnel are compiled in Tab. 2-6. 

The heat generation rate for the base case is represented by the average rate for the BE-D-2 fuel 
assembly given in Fig. 2-2. The gas generation rates for the waste canister and for the liner are 
based on the reference values of 0.01 and 0.06 m3-gas/TM/a, respectively.  

The simulation results for the base case are presented in terms of time-histories of pressure, 
temperature, gas saturation, and computed relative humidity in Fig. 4-1. The results of the 
temperature evolution correspond to the simulation case without gas generation, shown in Fig. 
3-6 above. Also, the simulated pressures at the top of the Opalinus Clay and at 20-m distance 
from the tunnel are similar to those without gas generation. The main difference is the pressure 
evolution in the buffer which shows a pressure increase exceeding that from thermal expansion 
after the buffer resaturated as indicated by the steep decline in gas saturations after about 
100 years (Fig. 4-1). However, full saturation was not achieved as waste-generated gas started 
to accumulate in the buffer, as indicated by the difference in gas saturation and particularly by 
the computed relative humidities near the canister, which declined to near zero (Fig. 4-1).  

Peak pressures reached 13.0 MPa in the Opalinus Clay (at 20-m distance from the tunnel) and 
close to 13.5 MPa in the SF/HLW emplacement tunnel after 500 years. The simulated gas 
pressure in the SF/HLW tunnel shows a steeper decline after 2’000 years (compared to the case 
without gas generation), which corresponds to the cessation of corrosion of the construction 
material in the liner. The corrosion of the waste canister continued through 60’000 years, 
indicated by the increase in pressures after about 10’000 years, reaching a peak pressure of 
about 7.0 MPa after 60’000 years. 

The vertical profiles of pressures and temperatures at different times (Fig. 4-2) indicate the 
effect of thermal expansion in the near-field and far-field of the Opalinus Clay. The pressure 
buildup from gas generation is indicated as a narrow peak (less than 20-m extent) even after 
2000 years when temperatures have already declined to less than 75 °C.  

The vertical distributions of pressures, temperatures, and gas saturations after 100 years and 
after 2’000 years are shown in Fig. 4-3. This also indicates that the pressure development in the 
Opalinus Clay due to thermal expansion expands outward as the temperature increase 
propagates toward the top and bottom of the model. The pressure increase from gas generation 
is limited to the nearfield (i.e. within 20-m from the SF/HLW tunnel) through 2’000 years. Only 
after 10’000 years does the pressure increase propagate farther into the Opalinus Clay (Fig. 4-2). 
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Fig. 4-1: Base Case of simulation of heat- and gas generation: Time history at different 
locations in the bentonite buffer and surround host rock of pressures (upper left), 
temperatures (upper right), gas saturation (lower left), and computed relative 
humidity (lower right). 
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Fig. 4-2: Base Case of simulation of heat- and gas generation: Vertical profiles of pressure 
(top) and temperatures (bottom) at different times.  
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Fig. 4-3: Base Case of simulation of heat- and gas generation: Vertical cross sections of 

pressures, temperatures, and gas saturations after 100 years (top) and after 
2’000 years (bottom).  
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4.3.2 Simulation variant TH01 
Case TH01 corresponds to the base case, except that the maximum heat generation rate was 
used (Fig. 2-3). Similar to the base case, the results are presented in terms of the time histories 
of pressures, temperatures, gas saturations, and computed relative humidities (Fig. 4-4) and 
vertical profiles of pressures and temperatures at different times (Fig. 4-5). 

The time histories of temperatures at the different locations in the buffer and surrounding 
Opalinus Clay show overall higher temperatures at early times (Fig. 4-4) compared to the base 
case (Fig. 4-1) that used the lower heat generation rate. After 100 years the two heat-generation 
rates are essentially the same (Fig. 2-3). As a result, temperatures in the buffer and in the 
surrounding Opalinus clay are similar. Moreover, pressures in the Opalinus clay and in the 
buffer (after 100 years) show similar values. Peak pressures reached 12.5 MPa in the Opalinus 
Clay (at 20-m distance from the tunnel) and close to 13.2 MPa in the SF/HLW emplacement 
tunnel after 500 years. The cessation of gas generation in the liner is indicated by a slightly 
steeper pressure decline after 2’000 years, but it is less distinct than in the base case as the effect 
of thermal expansion also diminished as temperature declined.  

 

 

Fig. 4-4: Case TH01 of simulation of heat- and gas generation: Time history at different 
locations in the bentonite buffer and surrounding host rock of pressures (upper 
left), temperatures (upper right), gas saturation (lower left), and computed relative 
humidity (lower right). 
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The corresponding vertical profiles of pressure and temperatures (Fig. 4-5) show no noticeable 
difference compared to the base case due to the higher heat generation rates only at early time 
that only affect the early-time temperature increase in the buffer. Similar to the base case, the 
effect of gas generations is shown by the narrow pressure peaks around the SF/HLW tunnel. 
The peak pressures in both the SF/HLW tunnel and in the surrounding host rock remain below 
the lithostatic pressures shown in Figure 4-5. 

 

 

Fig. 4-5: Case TH01 of simulation of heat- and gas generation: Vertical profiles of pressure 
(top) and temperatures (bottom) at different times.  
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4.3.3 Simulation variant TH02 
This simulation variant assumes a repository depth of 450 m bgl representing the JO siting area 
with the corresponding thermal properties and basal heat flux given in Tab. 2-4. The hydraulic 
and two-phase properties of the host rock correspond to the reference values of the shallow 
Opalinus Clay (Tab. 2-2). Similarly to the base case, heat and gas generation is represented with 
the average BE-D-2 fuel assembly heat rate and the reference gas generation values, 
respectively.  

The time-histories of gas pressure, temperature, gas saturation and relative humidity obtained 
with simulation variant TH02 are shown in Figure 4-6. The temperature time history indicates a 
similar temperature evolution in the SF/HLW tunnel and the host rock as in the base case 
simulation, however with somewhat lower peak temperatures in the buffer and slightly lower 
temperatures in the surrounding Opalinus Clay. This is due to the higher thermal conductivity of 
the Opalinus Clay in the 450-m siting region compared to that for the 600-m siting region 
(Tab. 2-4). The peak temperature at the waste containers reached a value of about 118 °C. The 
simulated pressures peaked after about 300 years at a maximum value of 10.4 MPa in the buffer 
and slightly lower at 9.7 MPa in the surrounding Opalinus Clay at 20-m distance from the 
tunnel.  

The buffer shows the early increase of gas saturation in the granular bentonite near the canister 
after 10 years, followed by a steep decline as the buffer re-saturates to near full saturation after 
approximately 40 years. This together with still relatively high temperatures causes the pressure 
in the buffer to increase significantly above the hydrostatic pressure at that depth. At the top of 
the Opalinus Clay, the effect smoothens out and appears through a single pressure peak after 
about 300 years. It is noted here that maximum gas saturations in the buffer and its re-saturation 
appears earlier compared to the base case owing to the more conductive host rock of the shallow 
Opalinus Clay. Relative humidity in the granular bentonite near the canister does not decline 
below 50% as peak temperatures do not exceed 120°C.  

Pressures in the buffer increase accordingly due to thermal expansion and reach a peak of about 
10.4 MPa after 300 years, and then decreases until 2’000 years corresponding to the end of 
corrosion of the construction materials in the liner. After 10’000 years, pressure shows a second 
increase corresponding to the continued corrosion of the waste canister, reaching a value of 
about 5.1 MPa after 60’000 years.  

The vertical profiles of pressures and temperatures at different times (Fig. 4-7) indicate a similar 
effect of thermal expansion in the Opalinus Clay compared to the base case. Similarly to the 
previous, the narrow peak in the SF/HLW tunnel and its vicinity indicates the pressure buildup 
from gas generation. It is shown that pressures remain well below the lithostatic value estimated 
for 450 m bgl at all times.  
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Fig. 4-6: Variant TH02 of simulation of heat- and gas generation: Time history at different 
locations in the bentonite buffer and surrounding host rock of pressures (upper 
left), temperatures (upper right), gas saturation (lower left), and computed relative 
humidity (lower right). 
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Fig. 4-7: Variant TH02 of simulation of heat- and gas generation: Vertical profiles of 
pressure (top) and temperatures (bottom) at different times.  
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4.3.4 Simulation variant TH03 
This simulation variant assumes a repository depth of 450 m bgl corresponding to the JO siting 
area, and the same basal heat flux, thermal hydraulic properties, and gas generation rates as used 
in variant TH02. However, variant TH03 assumes heat production corresponding to the 
maximum heat generation rate for the BE-D-2 fuel assembly.  

The time-history of simulated gas pressure, temperature, gas saturation and relative humidity at 
the selected model locations are shown in Fig. 4-8. The time-history of temperature at the 
different locations shows a similar evolution to variant TH02, however with increased 
temperatures. Peak temperature at the waste canisters reaches approximately 129 °C after five 
years. The simulated pressures at 20-m distance from the tunnel show a continuous pressure 
increase until 300 years when pressure reaches a peak of about 9.5 MPa.  

As in the previous case TH02, the buffer re-saturates after about 40 years. Relative humidity in 
the granular bentonite near the canister decreases below 50% approximately between 8 and 
20 years due to the increased temperatures. Pressure in the buffer increases continuously after 
10 years and, similarly to variant TH02, reaches a peak after 300 years due to the thermal 
expansion. Pressure in this case peaks at 10.2 MPa and then decreases steeply. The pressure 
evolution until 2’000 years indicates that thermal expansion associated with the maximum heat 
generation used in this simulation dominates the pressure buildup compared to the combined 
gas generation from the corrosion of the liner and the waste canister. After approximately 
10,000 years, pressure begins to increase again due to the continued gas generation from the 
waste canister, and reaches about 5.2 MPa after 60’000 years when the corrosion ceases.  

The vertical profiles of pressures and temperatures shown in Fig. 4-9 indicate the impact of the 
maximum heat generation used in this simulation compared to the previous case (Fig. 4-7). 
Temperatures and pressures in the nearfield and farfield of the Opalinus Clay are slightly 
increased due to the enhanced thermal expansion of the pore water relative to the pores of host 
rock. On the other hand, the contribution of gas generation to pressure buildup is similar to 
variant TH02 as indicated by the narrow peaks near the SF/HLW tunnel. However, pressures in 
the tunnel and the surrounding host rock do not exceed the lithostatic values at any time during 
the simulation.  
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Fig. 4-8: Variant TH03 of simulation of heat- and gas generation: Time history at different 
locations in the bentonite buffer and surrounding host rock of pressures (upper 
left), temperatures (upper right), gas saturation (lower left), and computed relative 
humidity (lower right). 
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Fig. 4-9: Variant TH03 of simulation of heat- and gas generation: Vertical profiles of 
pressure (top) and temperatures (bottom) at different times.  
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4.3.5 Simulation variant TH04 
In this simulation variant the repository depth is shifted to 750 m bgl to represent the NL siting 
area with the corresponding thermal properties and basal heat flux given in Tab. 2-4. The deep 
Opalinus Clay values are used for the hydraulic and two-phase properties of the host rock 
(Tab. 2.3). Heat production corresponds to the average BE-D-2 fuel assembly heat rate, and the 
reference values are used for gas generation.  

The time-history plots of gas pressure, temperature, gas saturation and relative humidity 
obtained with simulation variant TH04 are shown in Fig. 4-10. The temperature evolution is 
very similar to that observed for the other depths (base case and variant TH02 for 600 m and 
450 m bgl, respectively), however with slightly increased values owing to the higher ambient 
temperatures at 750 m bgl. The peak temperature reached at the waste containers increased from 
124 °C in the base case to approximately 127 °C. Peak pressures reach 14.7 MPa in the buffer 
and 14.0 MPa at 20-m distance from the tunnel.  

In the buffer, gas saturation in the granular bentonite near the canister increases until 20 years 
before the buffer re-saturates to near full saturation after about 100 years, similar to the base 
case. Relative humidity in the granular bentonite near the canister decreases to the lowest values 
compared to the previous simulations, remaining below 50% between 10 and 40 years.  

Following the peak pressure in the buffer, pressures decline to near hydrostatic pressure before 
increasing again after roughly 10’000 years to reach a second peak of 8.15 MPa after 
60’000 years when gas generation of the waste canister stops.  

The vertical profiles obtained with variant TH04 are shown in Fig. 4-11 and indicate very 
similar pressure and temperature distributions in the SF/HLW and the host rock compared to the 
base case, with somewhat higher values owing to the greater repository depth. However, the 
relative increase above hydrostatic pressure is smaller than in the base case at 600 m, and 
simulated pressures remain well below the lithostatic values at all model locations throughout 
the simulation.  

 

  



 41 NAGRA NAB 14-11  

 

Fig. 4-10: Variant TH04 of simulation of heat- and gas generation: Time history at different 
locations in the bentonite buffer and surround host rock of pressures (upper left), 
temperatures (upper right), gas saturation (lower left), and computed relative 
humidity (lower right). 
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Fig. 4-11: Variant TH04 of simulation of heat- and gas generation: Vertical profiles of 
pressure (top) and temperatures (bottom) at different times.  
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4.3.6 Simulation variant TH05 
This simulation variant assumes the same conditions and properties used in variant TH04 
(repository depth, thermal and hydraulic properties, basal heat flux) however with the heat 
production corresponding to the maximum heat generation rate for the BE-D-2 fuel assembly. 
The reference values are used for gas generation rates.  

The time-history of simulated gas pressure, temperature, gas saturation and relative humidity at 
the selected model locations are shown in Fig. 4-12. The time-history of temperature at the 
selected locations indicates the highest temperatures compared to the previous simulation runs, 
with temperature values at the waste canister reaching about 140 °C. Simulated pressures at 
20-m distance from the SF/HLW tunnel and at the top of the Opalinus Clay reach maximum 
values of 13.9 MPa and 9.8 MPa, respectively after roughly 300 years.  

In simulation variant TH05 gas saturations in the buffer near the canister reach 100% after 
20 years due to the high temperatures that evaporate water in the partly-saturated granular 
bentonite. Relative humidity drops below 25% in the granular bentonite near the canister 
between approximately 10 and 30 years. . Nevertheless, pore water continues to flow in from 
the surrounding host rock and the buffer re-saturates after 100 years. The pressure buildup in the 
buffer is only slightly higher compared to variant TH04 due to the enhanced thermal expansion 
of pore water at the higher temperatures associated with the maximum heat generation rate. Gas 
pressure in the buffer reaches a peak value of 14.3 MPa after 500 years. The effect of the 
cessation of gas generation rates related to the liner is only discernible in the rate of change of 
the decreasing pressures after 2’000 years. The second peak associated with the corrosion of the 
waste canister after 60’000 years reaches a maximum pressure of 8.2 MPa.  

The vertical profiles of pressures and temperatures at different times (Fig. 4-13), show slightly 
higher pressures than case TH04 above. It is indicated that, even though the increased heat 
generation introduces higher temperatures and pressures in the SF/HLW tunnel and the 
surrounding host rock, pressures always remain below the lithostatic values at the corresponding 
depths.  
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Fig. 4-12: Variant TH05 of simulation of heat- and gas generation: Time history at different 
locations in the bentonite buffer and surrounding host rock of pressures (upper 
left), temperatures (upper right), gas saturation (lower left), and computed relative 
humidity (lower right). 
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Fig. 4-13: Variant TH05 of simulation of heat- and gas generation: Vertical profiles of 
pressure (top) and temperatures (bottom) at different times.  

4.3.7 Simulation variant TH06 
This simulation variant assumes the same conditions and properties used in the base case 
(repository depth, thermal and hydraulic properties, basal heat flux, and average heat production 
rate). In this case, the prescribed hydrostatic pressure boundary conditions were moved from the 
top and bottom elements of the 2D model geometry (in the confining units) to the 1D elements 
at the land surface and to the Buntsandstein layer (Fig. 3.2). That is, pore pressures were 
allowed to increase at the 2D model boundary owing to the thermal effects.  
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The time-history of simulated gas pressure, temperature, gas saturation and relative humidity at 
the selected model locations are shown in Fig. 4-14. The time-history of temperature at the 
selected locations corresponds to that in the base case with temperature values at the waste 
canister reaching about 124 °C. Simulated pressures at the top of the 2D model (PW-top) 
indicate a significant increase, and the pressure at the top of the Opalinus Clay (OPA-top) also 
show and increase compared to those in the base case.  

The vertical profiles of pressures and temperatures at different times (Fig. 4-15) also show that 
pressures at the top and bottom of the 2D model varied with times and were significantly higher 
than those in the base case. However, the peak pressure in the Opalinus Clay and in the 
SF/HLW tunnel did not increase noticeably compared to the base case. The results indicate that 
the absence of the prescribed pressure boundary has little effect on the peak pressures in the in 
the SF/HLW tunnel; even though the pressures in the farfield Opalinus Clay increased, the 
overall pressure gradient decreased.  

 

 

Fig. 4-14: Variant TH06 of simulation of heat- and gas generation: Time history at different 
locations in the bentonite buffer and surrounding host rock of pressures (upper 
left), temperatures (upper right), gas saturation (lower left), and computed relative 
humidity (lower right). 
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Fig. 4-15: Variant TH06 of simulation of heat- and gas generation: Vertical profiles of 
pressure (top) and temperatures (bottom) at different times.  

4.3.8 Simulation variant TH07 
This simulation variant assumes the same conditions and properties used in variant TH01 
(repository depth, thermal and hydraulic properties, basal heat flux, and maximum heat 
production rate). In this case, the gas generation rate from corrosion of the construction metals 
in the liner was reduced by about half, assuming that the rails are removed.  
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The time-history of simulated gas pressure, temperature, gas saturation and relative humidity at 
the selected model locations are shown in Fig. 4-16. The time-history of temperature at the 
selected locations corresponds to that in case TH01 with temperature values at the waste 
canister reaching about 136 °C. Simulated pressures in the SF/HLW tunnel peaked at 12.6 MPa 
after about 500 years, compared to 13.2 MPa in case TH01 (Fig. 4-4). The simulated pressures 
at late time did not change, showing the same peak at 60’000 years (Fig. 4-16). 

The vertical profiles of pressures and temperatures at different times (Fig. 4-17) also show that 
the magnitude of the narrow peaks associated with gas generation decreased through 
2’000 years. The pressure profile at 500 years shows that the peak pressure in the SF/HLW 
tunnel did not exceed the pore pressures in the surrounding Opalinus Clay. 

 

 

Fig. 4-16: Variant TH07 of simulation of heat- and gas generation: Time history at different 
locations in the bentonite buffer and surrounding host rock of pressures (upper 
left), temperatures (upper right), gas saturation (lower left), and computed relative 
humidity (lower right). 
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Fig. 4-17: Variant TH07 of simulation of heat- and gas generation: Vertical profiles of 
pressure (top) and temperatures (bottom) at different times.  

4.3.9 Simulation variant TH08 
This simulation variant assumes the same conditions and properties used in variant TH01 
(repository depth, thermal and hydraulic properties, basal heat flux, and maximum heat 
production rate). In this case, the thermal expansivity of the Opalinus Clay was set to zero. That 
is, the pore-pressure increase due to thermal expansion of the pore fluid is not buffered by the 
thermal expansion of the pores. Thus, this case represents an extreme case in terms of the pore 
pressure evolution in the Opalinus Clay.  

The time-history of simulated gas pressure, temperature, gas saturation and relative humidity at 
the selected model locations are shown in Fig. 4-18. The time history of temperature at the 
selected locations corresponds to that in case TH01 with temperature values at the waste 
canister reaching about 136 °C. Simulated pressures in the SF/HLW tunnel and at the top of the 
Opalinus Clay reach maximum values of 13.5 MPa and8.4 MPa, respectively, after roughly 
500 years.  
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The vertical profiles of pressures and temperatures at different times (Fig. 4-19) indicated that, 
with neglecting thermal pore expansivity, the peak pressure in the SF/HLW tunnel increased by 
about 0.5 MPa, but remained below the lithostatic pressure. The pore-pressure profile in the 
Opalinus Clay after 500 years indicate maximum pressures of 12.8 MPa (about 20 m below the 
SF/HLW tunnel) compared to 12.5 MPa in case TH01 (Fig. 4.5). This is outside of the narrow 
peak from the gas generation, and thus represents the pore-pressure increase due to the reduced 
thermal pore expansivity.  

 

 

Fig. 4-18: Variant TH08 of simulation of heat- and gas generation: Time history at different 
locations in the bentonite buffer and surrounding host rock of pressures (upper 
left), temperatures (upper right), gas saturation (lower left), and computed relative 
humidity (lower right). 
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Fig. 4-19: Variant TH08 of simulation of heat- and gas generation: Vertical profiles of 
pressure (top) and temperatures (bottom) at different times.  

4.3.10 Simulation variant TH09 
This simulation variant assumes the same conditions and properties used in variant TH01 
(600-m repository depth, thermal and hydraulic properties, basal heat flux, and maximum heat 
production rate). In this case, the thermal conductivity of the Opalinus Clay was increased from 
1.55 to 1.75 W/m °C, which corresponds to the values used for the other siting regions and 
different depths (Tab. 2-4).  
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The time-history of simulated gas pressure, temperature, gas saturation and relative humidity at 
the selected model locations are shown in Fig. 4-20. The time-history of temperature at the 
selected locations shows slightly lower peak temperatures at the canister of 132 °C compared to 
about 136 °C in case TH01. Similarly, temperatures in the nearfield Opalinus Clay showed a 
slight decrease from 90°C to 86°C. Simulated pressures in the SF/HLW tunnel and at the top of 
the Opalinus Clay reach maximum values of 12.9 MPa and 8.3 MPa, respectively, after roughly 
300 to 500 years.  

The vertical profiles of pressures and temperatures at different times (Fig. 4-21) also indicated a 
slight decrease in pore pressure associated with a slight decrease in temperatures in the SF/HLW 
tunnel and surrounding nearfield Opalinus Clay.  

 

 

Fig. 4-20: Variant TH09 of simulation of heat- and gas generation: Time history at different 
locations in the bentonite buffer and surrounding host rock of pressures (upper 
left), temperatures (upper right), gas saturation (lower left), and computed relative 
humidity (lower right). 
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Fig. 4-21: Variant TH09 of simulation of heat- and gas generation: Vertical profiles of 
pressure (top) and temperatures (bottom) at different times.  

4.3.11 Simulation variant TH10 
This simulation variant assumes the same conditions and properties used in variant TH03 
(450-m repository depth, thermal and hydraulic properties, basal heat flux, and maximum heat 
production rate). In this case, the pore compressibility of the Opalinus Clay was increased from 
1.7E-9 to 5.04E-9 Pa-1, which is based on the drained E-modulus of 2’000 MPa representative 
for the shallow Opalinus Clay (Giger & Marschall 2014). In comparison, the value of pore 
compressibility of 1.7E-9 Pa-1 corresponds to an E-module of 6’000 MPa, which is greater than 
the drained module for the deep Opalinus Clay, given in Giger & Marschall (2014). 
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The time-history of simulated gas pressure, temperature, gas saturation and relative humidity at 
the selected model locations are shown in Fig. 4-22. The time-history of temperature at the 
selected locations shows the same temperatures as in the corresponding variant TH03 (Fig. 4-8). 
On the other hand simulated pressures in the SF/HLW tunnel and in the nearfield Opalinus Clay 
(at 20-m distance) reach maximum values of 7.6MPa and 6.7 MPa, respectively, after roughly 
300 to 500 years, which is significantly lower than those for variant TH03 (10.2 MPa and 
9.8 MPa, respectively).  

The vertical profiles of pressures and temperatures at different times (Fig. 4-23) indicate overall 
lower pressures compared to the corresponding simulation with lower pore compressibility in 
variant TH03 (Fig. 4-9). The results indicate that the pressure buildup due to thermal 
expansivity of the rock framework (i.e., pores) is countered by the pore compressibility 
associated with poro-elastic properties and has a significant effect of the peak pressure buildup 
in the SF/HLW tunnel and surrounding host rock. Further discussion of the implementation of 
the thermal and elastic properties in terms of its effects on porosity is given in Section 5 below.  

 

 

Fig. 4-22: Variant TH10 of simulation of heat- and gas generation: Time history at different 
locations in the bentonite buffer and surrounding host rock of pressures (upper 
left), temperatures (upper right), gas saturation (lower left), and computed relative 
humidity (lower right). 
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Fig. 4-23: Variant TH10 of simulation of heat- and gas generation: Vertical profiles of 
pressure (top) and temperatures (bottom) at different times.  
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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 effects of pressure buildup caused by thermal expansion of 
the pore water associated with heat generation from radioactive decay of radionuclides in the 
SF/HLW canisters and by gas generation due to corrosion of the waste canister and construction 
metals. The assessment of the pressure build-up in the SF/HLW emplacement tunnels and in the 
surrounding host rock considered the conceptual and parametric uncertainties of the individual 
repository configurations in the siting regions, which included:  

• the thermal and 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 heat production rates, representing a generic average and maximum heat generation rate.  

For the gas generation, the reference rates for the waste canister and for the construction metals 
were used. In the subsequent paragraphs the modelling results of the 6 sensitivity cases are 
compared to each other and the conclusions on the impact of alternative parameters on the 
pressure build-up in a SF/HLW repository are presented.  

Comparison of the different repository levels and associated host-rock properties 
Simulations of pressure build-up were conducted for the different repository depth and the two 
heat production rates. For the host rock properties, the reference values for the deep Opalinus 
Clay were used for the 600-m and 750-m repository level, and the reference values for the 
shallow Opalinus Clay were used for the 450-m repository level.  

The simulated pressure profiles for the different cases are compared in terms of the fraction 
relative to the lithostatic pressures as a function of depth, shown in Fig. 5-1. The results indicate 
that the simulations at 600-m repository depth produce peak pressures of about 90% of 
lithostatic pressure, whereby the two cases with avg. heat generation (TH00) and max. heat 
generation (TH01) show little differences. The results at 450-m repository depth indicate peak 
pressures at 85 to 87% of lithostatic pressures. With the lower depth, the lithostatic pressure is 
lower but pore-pressure dissipation is greater due to the higher permeability of the “shallow” 
Opalinus Clay.  

The simulations for the 750-m repository depth show similar patterns as those for the 600-m 
depth, whereby the peak pressures do not exceed 80% of lithostatic pressure. The results with 
the deep Opalinus Clay properties indicate a relatively narrow pressure peak around the 
SF/HLW tunnel as the gas pressure buildup does not propagate as far into the adjacent host rock 
compared to the case for the shallow Opalinus Clay properties (450 m).  

The gas pressure peak in the SF/HLW tunnel, which occurs after 2’000 years at the end of the 
corrosion of the construction metals, is typically less than 1.5 MPa higher than the pore pressure 
in the surrounding Opalinus Clay (case TH01). At that time, the pore-pressures from thermal 
expansion of pore water in the surrounding host rock have already declined from their 
maximum that occurs after about 500 to 1000 years. In all cases, the gas pressure buildup at late 
time due to continued corrosion of the waste canister until 60’000 years is much reduced due to 
the overall lower gas generation rate and due to the dissipation of excess pore pressure.  
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Fig. 5-1: Comparison of vertical pressure profiles relative to lithostatic pressures for the 
different depths (rows: top-600 m, middle-450 m, bottom-750 m) and for the two 
heat production rates (columns: left-average, right-maximum).  

Additional sensitivity cases 
The results of additional sensitivity cases are presented in variants TH6 – TH10 (Tab. 4-1). The 
effect of the pressure boundary condition above and below the host rock (TH06) indicates a 
significant pressure increase in the far-field of the host rock as the drainage effect of a higher-
permeable unit is neglected by removing the prescribed pressure boundary condition at the top 
and bottom of the 2D model domain.  

The effect of reduced gas generation rate of the construction metal in the liner (TH07) results in 
a decrease in the peak pressure buildup in the SF/HLW tunnel at early time (500 years), but 
does not affect the thermally induced pressure increase in the surrounding Opalinus Clay.  

The effect of thermal expansivity of the Opalinus Clay which was set to zero in variant (TH08), 
assuming that the potential expansion of the pore framework is balanced by the expansion of the 
grains, results in zero net change in porosity associated with the temperature increase. This 
results in an overall pressure increase, but it is relatively small and peak pressures remained just 
below the lithostatic pressure. 

TH00 TH01

TH02 TH03

TH04 TH05
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The effect of increased thermal conductivity of the Opalinus Clay was examined in variant 
TH09. The simulation results indicated a slight decrease in peak temperatures in the SF/HLW 
emplacement tunnel and in the nearfield Opalinus Clay as more heat could be dissipated away 
from the SF/HLW tunnel. This resulted in some minor decrease in pore pressure in the SF/HLW 
tunnel and in the surrounding Opalinus Clay. 

The effect of pore compressibility of the Opalinus Clay was examined in variant TH10. In all 
other simulations, a pore compressibility of 1.7E-9 Pa-1 was used which corresponded to an 
E-module of 6’000 MPa. For the variant TH10 the 450-m repository with shallow Opalinus 
Clay properties, a drained E-module of 2’000 MPa was used. The results produced a significant 
decrease in pore pressure buildup both in the SF/HLW tunnel and in the surrounding Opalinus 
Clay, whereby the simulated temperature remained the same as in the corresponding variant 
TH03.  

Potential heave associated with pore-expansion due to temperatue and pressures 
increase 
The estimation of the potential heave of the land surface associated with the heat- and gas 
generation in a SF/HLW emplacement tunnel and corresponding temperature and pore pressure 
increase is based on the change in porosity of the host rock. This assumes that the grains are 
solid and maintain their volume. In TOUGH2 the porosity changes (dφ) due to the pore 
compressibility (Cp) associated with the pressure change (dP) and due to the thermal pore 
expansivity (ζp) associated with the temperature change (dT) according to:  
 

   5-1 
 

The resulting change in porosity in the buffer material and in the surrounding host rock between 
the initial conditions to the conditions of peak pressure can be computed over the depth interval 
with significant changes in temperatures and pressures. Integration of the porosity change then 
gives the corresponding change in elevation, assuming that the overlying and underlying units 
are incompressible and that the rock deformation only occurs in the vertical direction. 

The results of the calculation of porosity change along a vertical profile through the SF/HLW 
emplacement tunnel is shown in Fig. 5-2 for two cases. The first case corresonds to the case 
TH01 (using the maximum heat production rate); the second case is based on case TH06 (where 
the prescribed pressure boundaries were removed), but using the average heat production rate. 
The computed change in porosity after 500 years, corresponds approximately to the maximum 
pore pressures in the SF/HLW tunnel and in the surrounding host rock. Note, the bentonite 
backfill in the SF/HLW tunnel indicates a relatively high porosity increase due to the greater 
pore-compressibility and pore expansivity (Tab. 2-6). For these calculations, the potential 
capillary pressure effect associated with gas accumulation in the SF/HLW emplacement tunnel 
on the hydromechanical characteristics of the bentonite buffer was not taken into account. The 
integrated porosity change over the total thickness of the 2D model results in a total heave of 
about 0.2 m for the first cases and 0.25 m for the second case. At 1’000 years, the estimated 
heave decreased compared to that after 500 years as the overall pressures and temperatures 
decreased. 

)( dTdPCd pp ζφφ +=
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Fig. 5-2: Variants TH01 (left) and TH06 with maximum heat production rate (right): 
Vertical profiles of pressures(top) and estimated change in porosity and associated 
heave at different times (100, 500, 2’000 years) (bottom).  

Concluding remarks 
The sensitivity study with the thermo-hydraulic phenomena during early prost-closure period 
using the 2-D model of a generic SF/HLW repository reveals that significant pore pressure 
buildup can develop, but that the peak pressures remain below lithostatic pressures. There is 
little difference between the cases with average and maximum heat production rates, as the 
maximum heat production rate only show significantly higher rates at early time; after 
100 years, the two rates are similar. Thermally-induced pore pressures develop in the Opalinus 
clay relatively early as temperatures propagate radially into the surrounding host rock. The peak 
pressures are associated with the added pressurization due to gas generation from corrosion, 
which is limited to the immediate vicinity of the SF/HLW emplacement tunnel. This results in 
reduced pressure difference between the peak pressure in the SF/HLW tunnel and the elevated 
pore pressures in the surrounding host rock. At late times when heat production declined and 
gas generation from corrosion of construction metal ceased (after 2’000 years), gas pressures in 
the SF/HLW tunnel declined and subsequent pressure buildup associated with continued 
corrosion of the SF/HLW canister, which ceased after 60’000 years, is much more reduced.  

The results of the simulation cases of the different repository depths indicate the greatest 
pressure buildup relative to the lithostatic pressures for the repository depth of 600 m and 
assuming host rock properties corresponding to the deep Opalinus Clay. For a repository depth 
at 750 m, the pressure increase relative to the lithostatic pressure is lower, resulting in a peak 
pressure of about 80% lithostatic pressure. For the 450-m repository depth, the higher 
permeability of the shallow Opalinus Clay results in greater dissipation of excess pressure 
buildup and peak pressures are less than 90% of lithostatic pressures. 
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Sensitivity simulations indicate relatively little effect in terms of thermal conductivity variations 
or thermal pore expansivity of the Opalinus Clay. However, an increased pore compressibility 
of the host rock resulted in a significant reduction in the pore pressure buildup. The pore 
compressibility5 of 1.7E-9 Pa-1 (corresponding to an E-module of 6’000 MPa) used for all of the 
simulations (except variant TH10) is conservative with respect to the pressure buildup, 
considering that the corresponding drained E-module for the deep Opalinus Clay is given as 
4’000 MPa in Giger & Marschall (2014). 

5  Note that comprehensive laboratory experiments on temperature dependence of compressibility of Opalinus Clay 
have been conducted recently by Delage (2013). 
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Appendix A: Comparison of gas-induced and heat-induced 
pressurization  

 
The effect of thermally induced pressure increase from heat generation is examined in a separate 
simulation corresponding to base case simulation (TH00) with prescribed heat generation rates 
only.  

The time-history of simulated gas pressure, temperature, gas saturation and relative humidity at 
the selected model locations are shown in Fig. A-1. The time-histories of temperature at the 
selected locations correspond to those in the base case simulation (Fig. 4-1). Similarly, the 
pressure response in the nearfield (at 20-m distance and top of the host rock) is the same as in 
the base case. The main difference is in the bentonite buffer in the SF/HLW tunnel, which 
indicates a steeper pressure increase starting at about 100 years, reaching a peak pressure of 
12.8 MPa after about 500 years, and followed by a steep decline to near hydrostatic pressures 
after 10’000 years (Fig. A-1). In comparison, the pressure response in the base case (Fig. 4-1) 
shows a slightly earlier pressure increase and reaches a maximum of 13.5 MPa after 500 years. 
The earlier pressure increase in Fig. 4-1 corresponds to the greater increase in gas saturation 
next to the canister (and corresponding lower relative humidities), due to the gas accumulation 
from corrosion.  

The corresponding results in terms of vertical profiles of pressures and temperatures are shown 
in Fig. A-2. The pressure profiles show the propagation of the peak pore pressure away from the 
SF/HLW tunnel as temperatures decrease in the SF/HLW tunnel but continue to increase in the 
far field through about 1’000 years. Afterwards, overall temperatures decline back to ambient 
temperatures associated with the basal heat flow and pressures decline to hydrostatic levels.  

For characterizing the pressure buildup due to gas generation, a separate simulation was 
performed with the prescribed gas generation rates associated with the corrosion of the canister 
and construction metals. The results for this case are included in Fig. A-3 which shows a 
comparison of the detailed pressure response in the SF/HLW tunnel and the corresponding 
pressure profiles at different times for four cases: (a) base case (gas- and heat generation), (b) 
heat generation only, (c) gas generation only, and (d) gas generation only using the model 
configuration in Papafotiou and Senger (2013a).  

Comparison of the pressure histories between (a) and (b) indicates a thermal peak at about 
500 years for both cases, followed by a similar steep decline. The cessation of the corrosion of 
the construction material after 2000 years is indicated by a slightly steeper pressure decline in 
(b) as compared to (a) in Figure A-3.This is also shown in (c), representing the results of the 
simulation with gas generation only. The results in (d) are based on the 2D model with a very 
fine mesh discretization, but somewhat simplified initial conditions. The pressure history in (d) 
compares with that in (c). The simulation results in (d) indicate a slightly earlier pressure 
increase due to the fact that a ventilation phase was not used as initial conditions in (d). This is 
indicated in the pressure profiles showing already relatively high pressures in the tunnel after 
10 years, whereas case (c) indicates a subhydrostatic pressures in the surrounding Opalinus Clay 
through 2’000 years.  

The pressure profiles for the cases with gas generation only, indicate a greater pressure 
difference between the peak pressures in the SF/HLW tunnel and those in the surrounding host 
rock compared to (a), where thermally induced pore pressures are significantly higher in the 
nearfield (Fig. A-3).Thermally induced pore pressures show a steep increase in the nearfield 
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relatively early which propagate outward as temperatures increase away from the SF/HLW 
tunnel and decrease at the tunnel due to the exponential decline in the heat production rate.  

As discussed in Papafotiou and Senger (2013a), the 2D models do not take into account the 
potential migration of gas from the SF/HLW tunnel into the operations tunnel and access tunnel. 
That is, the impact of gas pressure buildup during the early period, dominated by the corrosion 
of the construction metals, is likely an overestimation. Similarly, thermally induced pressure 
increase in the SF/HLW tunnel can also be expected to be somewhat lower due to pore pressure 
dissipation through the higher permeable EDZ into the access tunnel. 

 

 

Fig. A-1: Variant TH00 of simulation of heat-only generation: Time history at different 
locations in the bentonite buffer and surround host rock of pressures (upper left), 
temperatures (upper right), gas saturation (lower left), and computed relative 
humidity (lower right). 
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Fig. A-2: Base Case of simulation of heat generation only: Vertical profiles of pressure (top) 
and temperatures (bottom) at different times.  
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Fig. A-3: Simulated pressure buildup in the SF/HLW tunnel (left) and corresponding vertical 
pressure profiles through the tunnel (right) for the different cases: (a) base case 
(heat- and gas generation, (b) heat generation only, (c) gas generation only, and (d) 
gas generation only using the refined mesh in NAB 14-10 (reference case).  

 

a)

b)

c)

d)



 B-71 NAGRA NAB 14-11  

Appendix B: Evaluation of the stress path in the host rock 

Effective stress in saturated / unsaturated porous media  
This paragraph summarizes terminology and definitions associated with the effective stress 
concept for saturated / partially saturated porous media as reviewed in Nuth & Laloui (2007).  

According to Terzaghi the effective stress principle for incompressible geomaterials saturated 
with (incompressible) water, can be formulated as follows: 

i. All measurable effects of a change of stress of the soil, that is, compression, distortion and 
change of shearing resistance, are exclusively due to changes in effective stress. 

ii. The effective stress σi,j’ is defined as: 
 

  (B-1) 
 

with uw representing the pore water pressure and 𝛿𝛿i,j the Kroenecker’s operator.  

In a strict sense, Terzaghi’s effective stress formulation is only representative of the particular 
case of saturated geomaterials with incompressible skeleton and a pore space completely filled 
with incompressible fluid. Assuming a finite compressibility of the solid constituents Cs and a 
drained bulk compressibility of the solid skeleton C, the effective stress concept can be 
extended:  
 

  (B-2) 
 

With the poroelastic coupling coefficient: 
 

  (B-3) 
 

In unsaturated porous media the effective stress has been defined by Bishop as ‘a function of the 
total stress and the pore pressure which controls the mechanical effects of a change in stress’, 
the goal being once more to convert a multiphase and multistress medium into a mechanically 
equivalent single phase and stress state continuum. According to Bishop the effective stress in a 
partially saturated porous medium is defined as the excess of total stress σi,j over an equivalent 
pore pressure u*, given as 𝜎𝑖,𝑗′ = 𝜎𝑖,𝑗 − 𝑢∗ ∙ 𝛿𝛿𝑖,𝑗. The quantity u* is considered as that portion of 
the effective stress in the geomaterial resulting from the pressure of all fluids in the pores. 
Defining ua as the interstitial air pressure in addition to the pore water pressure uw, Bishop’s 
stress takes the peculiar following form: 
 

  (B-4) 
 

  

jiwjiji u ,,, ' δσσ ⋅−=

jiwwjiji u ,,, ' δασσ ⋅⋅−=

C
Cs

w −= 1α

jiwajiajiji uuu ,,,, )()(' δχδσσ ⋅−⋅+⋅−=
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where χ is called the effective stress parameter or Bishop’s parameter. The term  
 

 s= ua−uw  (B-5) 
 

is called matric suction (soil physics terminology) or capillary pressure (fluid mechanics 
terminology6), respectively. Bishop’s effective stress parameter χ is a characteristic property of 
the geomaterial, which depends on the degree of saturation. In absence of material-specific 
experimental characterisations, the following identity has been widely accepted as a good 
estimator of Bishop’s parameter:  
 

  (B-6) 
 

where Sw represents the water saturation of the geomaterial. In a partially saturated porous 
medium, the water saturation is expressed by the gas saturation by the simple relationship7  
Sg =Sa=1-Sw.  
 

 jiwwaajiji uSuS ,,, )(' δσσ ⋅⋅−⋅−=  (B-7) 

 

Equation B-7 presents a quite simple formulation of the effective stress of an unsaturated porous 
medium as total stress minus the sum of the products of saturation times pressure of the mobile 
phases.  

The matric suction / capillary pressure of a partially saturated porous medium is a function of 
the saturation, frequently presented in terms of functional relationships (see Chapter 2.5.1). 
Matric suction / capillary pressure ceases when the porous medium tends towards full saturation 
and, consequently:  
 

 ua  uw when Sw  1 (B-8) 
 

In the TH simulations shown in this report, the water saturation of the host rock is close to 1 at 
all times. Consequently, gas pressure and liquid pressure are nearly the same in the host rock 
and the effective stress acting on the host rock corresponds, in first approximation, to the 
classical formulation of a saturated porous medium according to equations B-2 and B-3, 
respectively.  

  

6  Note the corresponding in nomenclature in soil physics / fluid mechanics terminology: suction s  capillary 
pressure Pc; air/gas pressure: ua  Pg; water pressure/liquid pressure: uw  Pl. 

7  Note that Nuth & Laloui (2007) use the term Sa (air saturation), whereas Sg is used in this report to describe the 
saturation of the non-wetting phase. 

wS=χ
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Stress path analysis  
Lithostatic pressure and the so-called lithostatic fracture gradient (vertical gradient of lithostatic 
pressure) are frequently used in oil&gas industry as classical indicators for the assessment of 
borehole stability (e.g. Pepin et al. 2004; see also Evans 2008). In the absence of detailed 
knowledge of both, the in-situ stress conditions and rock strength, the comparison of pore 
pressure with lithostatic pressure represents a simple but reliable back-of the envelope approach 
for assessing the stability of boreholes during the drilling campaign. 

Rudquist et al. (2013) conducted a comprehensive stress path analysis associated with thermo-
hydro-mechanical simulations around a SF/HLW emplacement tunnel. Their approach is based 
on the implementation of the thermo-elasto-plastic BBM (“Barcelona Basic Model”) in the 
TOUGH-FLAC codes, aimed at addressing the impact of unsaturated and non-isothermal 
deformation behavior of bentonite-buffer material on the evolution of stresses in and around the 
backfilled emplacement tunnels of a SF/HLW repository. The geomechanical properties of the 
(quasi-) fully saturated Opalinus Clay was represented by the FLAC3D ubiquitous joint model 
with parameters used in Gens et al. (2007). 

A simplified stress path analysis is conducted in the subsequent paragraphs. For this, it is 
assumed that the principal stresses in the host rock prior to the tunnel excavation are known 
(σ1=σH – major horizontal stress component; σ2=σh – minor horizontal stress component; σ3=σz 
– vertical/lithostatic stress). Vertical stress is inferred from bulk density of the rock 
σz(z)=ρrock∙g∙z (assumption: ρrock=2.5 Mg/m3). In the absence of lateral tectonic stresses, Mayne 
& Kulhawy (1982) suggested that stress ratios of overconsolidated clay formations be 
approximated by the following relationship: 
 

  (B-9) 
 

where φ is the effective friction angle and OCR=(1+z1/z) is the overconsolidation ratio. In this 
context, z1 represents the removed (eroded) sediment thickness and z = present burial depth. For 
the Opalinus Clay in the siting regions of Northern Switzerland, the expected OCR value is in 
the range between 1.5 and 4 (in this calculation OCR=4). Furthermore, a constant angle of 
internal friction of ϕ = 25° is assumed for the Opalinus Clay.  

Based on hydrofrac measurements in the Benken borehole, the major principal stress magnitude 
σH =17.9 MPa is assumed to be controlled by the regional tectonic setting. With the 
aforementioned parameters, vertical stress at repository level (600 m bg) is computed as 
14.7 MPa and the minor horizontal stress is 13.5 MPa. Note that the axis of the emplacement 
tunnels is oriented parallel to the direction of σH. 

According to Table 2-5 the thermal expansion coefficient Tx of the Opalinus Clay was given as 
1.7E-5 m/(m∙K). The representative value for Young’s modulus E was referred as 6 GPa. 
Assuming that the horizontal expansion perpendicular to the tunnel axis (i.e. in σh direction) is 
prevented due to the lateral no-displacement boundary conditions and prescribed stress 
conditions apply in σH direction, the increase in horizontal stress due to temperature increase 
can be roughly calculated as: 
 

   (B-10) 
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where ΔT exhibits the temperature difference with respect to the initial conditions before 
excavation.  

Figure B-1 presents for simulation case TH01 (repository level at 600 m, base case parameters, 
maximum heat generation rate; see Fig. 4-5) the thermal stress path at a location 28 m above the 
emplacement tunnel center. The stress path is given in the p-q plane and the p’-q plane, 
respectively. In this context, total mean stress p and deviatoric stress q are defined as follows: 
 

   (B-11) 
 

  (B-12) 
 

The corresponding effective stress is derived according to equation B-7 (Bishop formulation 
with χ=Sw).   

 

 

Fig. B-1: Simplified stress path analysis referring to simulation case TH01. 
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The evolution of the thermal stress path at a location 28 m above the SF/HLW tunnel in the p-q 
and p’-q plane, respectively. The initial state describes the total and effective stress conditions at 
the given location prior to the repository construction. The yield curves exhibit the post peak 
strength of matrix/bedding of the Mont Terri data set (“intermediate/deep” Opalinus Clay) 
according to Giger & Marschall (2014). 

Total mean stress p and mean effective stress p’ of the initial state refer to the conditions, 
represented by the undisturbed geothermal gradient and the in-situ stress measurements prior to 
the repository construction. When temperature in the host rock increases during the early 
heating phase, total mean stress p increases and deviatoric stress drops slightly due to the 
increase of σh (restrained thermal expansion of the rock skeleton) as indicated by the light red 
symbols in Fig. B-1. On the other hand, porewater overpressures due to the restrained expansion 
of the porewater in the pore network of the rock matrix result in significant reduction of mean 
effective stress p’ (light blue symbols in Fig. B-1). At late times, porewater overpressures 
dissipate and temperature recovers slowly to the undisturbed geothermal gradient. 
Correspondingly, the total/effective stresses approach the initial conditions prior to repository 
construction. At no time the effective stress path hits the yield curves, representing the shear 
strength of the matrix and bedding, respectively (Fig. B-1 exhibits the post peak strength of 
matrix/bedding of the “intermediate/deep” data set; see Giger & Marschall, 2014). The closest 
approach is reached after around 500 years, yet displaying a margin more than 3 MPa from the 
on-set of yielding of the bedding. 

It should be noted, that the presented simplified stress path analysis can be seen as a 
conservative assessment. Thus, the reference values of post-peak strength referring to the 
critical/residual behavior of the “intermediate/deep” Opalinus Clay are considered rather than 
the peak strength values. Furthermore, thermal compaction mechanisms and thermally enhanced 
creep processes in the immediate vicinity of the backfilled underground structures are not 
considered here. Last, but not least, it is obvious, that local yielding of the host rock along the 
bedding planes does not have a significant impact on the barrier function of the host rock as a 
whole. 
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