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Summary 
 
The Full-scale Emplacement (FE) Experiment at the Mont Terri underground research laboratory 
(URL) simulates aspects of the construction, waste emplacement, backfilling and early-stage 
thermo-hydro-mechanical (THM) evolution of a spent fuel / high-level waste (SF / HLW) 
emplacement tunnel in a clay-rich formation (Opalinus Clay), using heaters instead of SF / HLW 
disposal canisters. The entire experiment implementation and the post-emplacement THM 
evolution are monitored using several hundred sensors. These are distributed in the host rock, on 
the tunnel lining, in the buffer and tunnel plug, and on the surface of the heaters. 

The objectives of the FE Experiment are: 

• To investigate SF / HLW repository-induced THM coupled effects on the host rock at full 
scale and to validate existing coupled THM models. 

• To verify the technical feasibility of constructing an emplacement tunnel using standard 
industrial equipment. 

• To optimise the bentonite buffer material design and production, in particular to produce 
bentonite blocks that are capable of resisting the ambient conditions during the emplacement 
and operation phases. 

• To investigate (horizontal) canister and buffer emplacement procedures for underground 
conditions. 

The FE Experiment was designed to replicate the emplacement tunnel of the reference repository 
design at 1:1 scale.  The FE tunnel has an inside diameter of approximately 3 m and a length of 
50 m, and is divided into four zones. In the main Test Section of the experiment, three heaters 
with dimensions similar to those of the SF / HLW disposal canisters were emplaced on top of 
bentonite block pedestals. The remaining space was backfilled with highly-compacted granulated 
bentonite material (GBM). In this zone, the rock is supported by mesh-reinforced low-pH 
shotcrete. At the far end of FE tunnel is the Interjacent Sealing Section (ISS), which comprises a 
concrete wall, a two-metre-long bentonite block wall consisting of manually installed bentonite 
blocks and a section filled with GBM. A concrete plug section and an access section comprise the 
two sections closest to the FE cavern, which provides the entrance to the FE tunnel and hosts the 
monitoring data acquisition systems during experiment operation. 

During the production of the GBM, the material treatment, pelletisation, grinding and mixing 
were studied in a systematic way and optimised in order to obtain properties that fulfil all 
requirements. The resistance of the bentonite blocks to varying tunnel climate conditions was 
improved by optimisation of the production parameters. 

Experience from previous experiments led to the prototype backfilling machine being designed 
with five screw conveyors, allowing the horizontal backfilling of disposal tunnels with GBM as 
densely and homogeneously as possible. After construction, this machine underwent intensive 
testing. The minimum bulk dry density of 1.45 g/cm3, as targeted for the bentonite backfill 
according to the Swiss repository concept, was exceeded without any break-downs or accidents. 
The optimisation, industrialisation and automation of these processes can be completed in the 
decades remaining until the start of repository operation. 

The heaters were turned on between December 2014 and February 2015 and are planned to 
constantly emit 1,350 W each for the first few years of heating. Afterwards, it is planned to 
decrease the power according to a decay function typical for SF. 
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For monitoring the effects of this full-scale heating on the backfill and the host rock, sensors were 
installed in and around the FE tunnel. These sensors measure various parameters, including 
temperature, pressure, deformation, humidity / water content and gas composition. After 18 
months of heater operation, temperatures on the surface of the heaters are approximately 117 - 
132 °C, and approximately 45 – 70 °C at the rock surface. At the end of the continuous heating 
period, temperatures of approximately 130 – 150 °C at the surface of the middle heater and 
approximately 60 – 80 °C at the rock interface are expected.  

In general, the THM response observed over the first 18 months of heating is in line with 
expectations based on the experience from previous heating experiments and the scoping and 
predictive calculations made prior to the FE Experiment. 

The FE Experiment is an important step in the design of the Swiss SF / HLW repository. For 
example, the outcomes may impact the design of disposal tunnels and the loading of the disposal 
canisters. 

This report covers the design, construction and first 18 months of heater operation for the FE 
Experiment. During this period, significant progress has been made with respect to the overall 
Experiment objectives: 

• With respect to the objective “to investigate SF / HLW repository-induced THM coupled 
effects on the host rock at full scale and to validate existing coupled THM models”, the first 
18 months of heater operation have provided information for improving the understanding of 
early post-emplacement performance of the EBS and near-field rock prior to saturation. The 
monitoring instrumentation is operating successfully and is providing detailed information on 
the THM response of the system to heating. 3D models have been developed of the evolution 
of the host rock and the engineered barriers. The modelling has included calibration and 
validation using measured data, which is ongoing. 

• With respect to the objective “to verify the technical feasibility of constructing an emplace-
ment tunnel using standard industrial equipment”, the tunnel has been constructed and tunnel 
support has been installed consistent with requirements on construction related to the long-
term performance of the disposal system. These include requirements on the tunnel dimen-
sions, the rate of support installation and the composition of materials (e.g. shotcrete), and a 
requirement that no water shall be used during the excavation process. Therefore, the 
technical feasibility of constructing an emplacement tunnel in an over-consolidated claystone 
using standard industrial equipment has been successfully verified at the Mont Terri URL. 

• With respect to the objective “to optimise the bentonite buffer material design and production, 
in particular to produce bentonite blocks that are capable of resisting the ambient conditions 
during the storage and operation phases”, detailed investigations have been undertaken of 
bentonite block and bentonite pellet production and production parameters determined. The 
impact of bentonite water content and tunnel relative humidity has been identified. The 
associated parameter ranges have been determined to ensure that bentonite block pedestals 
perform to the standards required during the emplacement and backfilling of disposal tunnels. 
Production parameters for GBM have been determined, including water content, compaction 
process and grain size distribution. 

• With respect to the objective "to investigate (horizontal) disposal canister and buffer 
emplacement procedures for underground conditions", work has focused on the horizontal 
emplacement of the GBM. A prototype backfilling machine has been designed, tested and 
utilised to install GBM at the required density. Continued monitoring of the THM 
performance of the FE Experiment will provide further insights into the influence of the 
heterogeneity of the buffer on its performance. 



 III NAGRA NTB 15-02 

Zusammenfassung 
 
Das "Full-Scale Emplacement" (FE) Experiment im Felslabor Mont Terri simuliert Aspekte wie 
Bau, Abfalleinlagerung, Verfüllung und die frühphasige thermo-hydro-mechanische (THM) Ent-
wicklung eines Lagerstollens für verbrauchte Brennelemente und hochaktive Abfälle (BE/HAA) 
in einer tonreichen Gesteinsformation (Opalinuston). Anstelle von BE/HAA-Endlagerbehältern 
werden jedoch Heizelemente verwendet. Die Umsetzung des Gesamtexperiments und die THM-
Entwicklung nach der Einlagerung werden mit mehreren Hundert Sensoren überwacht. Diese sind 
im Fels, auf dem Spritzbeton, in der Verfüllung und im Betonverschluss sowie an der Oberfläche 
der Heizelemente verteilt. 

Die Ziele des FE-Experiments sind: 

• Die vollmassstäbliche Erforschung lagerbedingter THM-gekoppelter Einflüsse auf das 
Wirtgestein und die Validierung bestehender gekoppelter THM-Modelle. 

• Die Bestätigung der technischen Machbarkeit, einen Lagerstollen mit bewährten Industrie-
techniken zu bauen. 

• Die Optimierung von Materialdesign und -produktion der Bentonitverfüllung, insbesondere 
die Produktion von Bentonit-Blöcken, die die Fähigkeit besitzen, den Umgebungsbedingun-
gen während der Einlagerungs- und Betriebsphasen standzuhalten. 

• Die Untersuchung der (horizontalen) Einlagerungsvorgänge für Behälter und Verfüllung 
unter untertägigen Bedingungen. 

Das Design des FE-Experiments beruht auf der Nachbildung der Auslegung der Lagerstollen im 
Massstab 1:1. Der FE-Stollen hat einen inneren Durchmesser von ca. 3 m sowie eine Länge von 
50 m und ist in vier Zonen unterteilt. Im Haupttestbereich des Experiments wurden drei 
Heizelemente, deren Dimensionen die der BE/HAA-Endlagerbehälter entsprechen, auf Bentonit-
auflagern eingelagert. Der verbleibende Raum wurde mit hoch verdichtetem Bentonit-Granulat 
verfüllt. In dieser Zone wird das Gestein von armiertem Spritzbeton mit reduziertem pH-Wert 
abgestützt. Am Ende des FE-Stollens befindet sich der Zwischensiegelbereich (ZwiSi), der aus 
einer Betonwand, einer 2 m langen Bentonit-Blockwand aus manuell installierten Bentonit-
Blöcken und einem mit Bentonit-Granulat verfüllten Bereich besteht. Ein Betonverschluss-
Bereich und ein Zugangsbereich sind die zwei Bereiche, die sich am nächsten zur FE-Kaverne 
befinden, die während des Experiments als Eingang zum FE-Stollen dient und die Überwachungs-
systeme zur Datenakquisition beherbergt. 

Bei der Herstellung des Bentonit-Granulats wurden die Materialbehandlung, Pelletierung, 
Vermahlung und Vermischung systematisch untersucht und optimiert, um die Eigenschaften zu 
erhalten, die alle Anforderungen erfüllen. Der Widerstand der Bentonit-Blöcke gegenüber ver-
schiedener Klimabedingungen im Stollen wurde mit der Optimierung der Produktionsparameter 
verbessert. 

Erfahrungen aus vorangegangen Experimenten führten zum Entwurf des Prototyps einer Verfüll-
maschine mit fünf Schneckenförderern, die eine möglichst dichte und homogene horizontale 
Verfüllung mit Bentonit-Granulat ermöglicht. Nach ihrer Konstruktion wurde die Maschine 
intensiv getestet. Die minimale Trockendichte von 1,45 g/cm3, wie sie für die Bentonitverfüllung 
im Schweizer Tiefenlagerkonzept angestrebt wird, wurde ohne Ausfälle oder Zwischenfälle 
übertroffen. Die Optimierung, Industrialisierung und Automatisierung dieser Prozesse kann in 
den Jahrzehnten bis zum Beginn des Lagerbetriebs realisiert werden. 
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Die Heizelemente wurden zwischen Dezember 2014 und Februar 2015 eingeschaltet und sollen 
während der ersten Heizjahre jeweils eine konstante Wärmeleistung von 1’350 Watt haben. 
Anschliessend ist vorgesehen, die Leistung gemäss der für BE typischen Zerfallsrate zu redu-
zieren. 

Um die Auswirkungen dieses massstabsgetreuen Wärmeeintrags auf die Verfüllung und das 
Wirtgestein zu überwachen, wurden Sensoren in und um den FE-Stollen installiert. Diese Sen-
soren messen verschiedene Parameter wie z. B. Temperatur, Druck, Deformation, Feuchtigkeit/ 
Wassergehalt und Gaszusammensetzung. Nach 18 Monaten Heizbetrieb betragen die Tempera-
turen an der Oberfläche der Heizelemente ca. 117-132 °C und an der Oberfläche des Gesteins 
ca. 45-70 °C. Nach Ende der fortlaufenden Heizperiode werden an der Oberfläche des mittleren 
Heizelements Temperaturen von ca. 130-150 °C erwartet und an der Grenzfläche zum Gestein 
ca. 60-80 °C.  

Generell entsprechen die THM-Effekte, die während der ersten 18 Monate der Heizphase 
beobachtet wurden, den auf den Erfahrungen vorangegangener Heizexperimente basierenden 
Erwartungen sowie den Vorhersageberechnungen, die bereits vor dem FE-Experiment gemacht 
wurden. 

Das FE-Experiment ist ein wichtiger Schritt in der Auslegung eines BE/HAA-Endlagers in der 
Schweiz. Die Ergebnisse können beispielsweise die Auslegung der Einlagerungsstollen und das 
Beladen der Behälter beeinflussen. 

Dieser Bericht umfasst die Auslegung, bautechnische Umsetzung und die ersten 18 Monate des 
Heizbetriebs des FE-Experiments. Während dieses Zeitraums wurde bedeutender Fortschritt 
hinsichtlich der Gesamtziele des Experiments gemacht: 

• Hinsichtlich des Ziels «BE/HAA-lagerbedingte THM-gekoppelte Einflüsse auf das Wirt-
gestein massstabsgetreu zu untersuchen und bereits vorhandene gekoppelte THM-Modelle zu 
validieren» haben die ersten 18 Monate des Heizbetriebs dazu beigetragen, das Verständnis 
des frühen Verhaltens der technischen Barrieren nach Einlagerung und der Aufsättigung des 
Gesteins im Nahfeld zu verbessern. Die Messinstrumente laufen erfolgreich und liefern 
detaillierte Informationen über die THM-Reaktion des Systems auf den Wärmeeintrag. 3D-
Modelle wurden erarbeitet, um die Entwicklung des Wirtgesteins und der technischen 
Barrieren darzustellen. Diese Modellierung umfasst auch Kalibrierung und Validierung 
mittels Messdaten. 

• Für die Erreichung des Ziels "Überprüfung der technischen Machbarkeit, einen Lagerstollen 
mit bewährten Industrietechniken zu bauen" wurden der Stollen gebaut und der Stollenausbau 
in Übereinstimmung mit den bautechnischen Anforderungen an die langfristige Funktions-
fähigkeit des Lagersystems installiert. Diese Anforderungen umfassen Stollendimensionen, 
Installationsrate des Stollenausbaus und die Zusammensetzung der Materialien (z. B. Spritz-
beton) sowie die Anforderung, dass während des gesamten Vortriebsverfahrens kein Wasser 
verwendet werden soll. Somit wurde im Felslabor Mont Terri die Überprüfung der techni-
schen Machbarkeit der Konstruktion eines Lagerstollens in einem überkonsolidierten Ton-
gestein mit bewährten Industrietechniken erfolgreich nachgewiesen. 

• Für die Erreichung des Ziels «Optimierung von Materialdesign und -produktion der Bentonit-
verfüllung, insbesondere für die Produktion von Bentonit-Blöcken, die die Fähigkeit besitzen, 
den Umgebungsbedingungen während der Einlagerungs- und Betriebsphasen standzuhalten» 
wurden an Bentonit-Blöcken und Bentonit-Granulatproduktion detaillierte Untersuchungen 
durchgeführt und Produktionsparameter festgelegt. Die Auswirkungen des Wassergehalts des 
Bentonits und die relative Feuchtigkeit im Tunnel wurden bestimmt. Die damit verbundenen 
Parameterbereiche sind festgelegt worden, um sicherzustellen, dass die Bentonitauflager 
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während der Einlagerung und der Verfüllung der Lagerstollen die geforderten Standards 
erfüllen. Die Produktionsparameter für Bentonit-Granulat, inkl. Wassergehalt, Kompaktie-
rungsverfahren und Korngrössenverteilung, sind festgelegt worden. 

• Hinsichtlich des Ziels "Untersuchung der (horizontalen) Einlagerungsvorgänge für Behälter 
und Verfüllung unter untertägigen Bedingungen" haben sich die Arbeiten auf die horizontale 
Einlagerung des Bentonit-Granulats konzentriert. Ein Prototyp einer Verfüllmaschine, die 
Bentonit-Granulat in der erforderlichen Dichte einbringt, wurde entworfen, geprüft und ein-
gesetzt. Eine anhaltende Überwachung der THM-Effekte im Rahmen des FE-Experimentes 
wird weitere Einblicke in den Einfluss der Heterogenität der Verfüllung auf deren Leistung 
gewähren. 
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Résumé 
 
L'expérience de mise en stockage en taille réelle (Full Scale Emplacement Experiment ou FE), 
qui se déroule au laboratoire de recherche souterrain du Mont Terri, simule certains aspects de la 
construction, de la mise en place des déchets, du remblayage et de l'évolution thermo-hydro-
mécanique (THM) initiale d'un tunnel de stockage destiné aux assemblages combustibles usés 
(AC) et aux déchets de haute activité (DHA) dans une formation argileuse (Argile à Opalinus). 
Des corps de chauffe ont été installés pour simuler les conteneurs de AC/DHA. La mise en œuvre 
de l'expérience et l'évolution THM pendant la période qui suit la mise en stockage font l’objet 
d’un suivi à l'aide de plusieurs centaines de capteurs. Ceux-ci sont répartis dans la roche d'accueil, 
sur le revêtement du tunnel, dans le remblai et les dispositifs de scellement, ainsi qu’à la surface 
des corps de chauffe. 

Les objectifs de l'expérience FE sont les suivants : 

• Étudier en taille réelle les effets THM couplés induits par le dépôt de AC/DHA sur la roche 
d’accueil et valider les modèles THM couplés existants. 

• Vérifier la faisabilité technique de la construction d'un tunnel de stockage à l'aide d'un 
équipement industriel standard. 

• Optimiser la conception et la production du remblai de bentonite, notamment afin de produire 
des blocs de bentonite capables de résister aux conditions ambiantes pendant les phases de 
mise en stockage et d'exploitation. 

• Étudier les procédures de mise en place (horizontale) des conteneurs et du remblai dans des 
conditions souterraines. 

L'expérience FE a été conçue pour reproduire le dépôt de référence en taille réelle.  Le tunnel FE, 
d’un diamètre intérieur d'environ 3 m et d’une longueur de 50 m, est divisé en quatre zones. Dans 
la section d'essai principale, trois corps de chauffe de dimensions similaires à celles des 
conteneurs AC/DHA ont été placés sur un socle en blocs de bentonite. Le reste de l'espace a été 
remblayé avec des granulés de bentonite hautement compactée (granulated bentonite material ou 
GBM). Dans cette zone, le soutènement du tunnel comprend du béton projeté à faible pH renforcé 
par un treillis. Au fond du tunnel FE se trouve le tronçon de scellement interjacent (ISS), qui 
comprend un mur en béton, une paroi de deux mètres de long composée de blocs de bentonite 
installés à la main et une section remplie de granulés de bentonite. A l’opposé, du côté de la 
caverne FE, se situent un tronçon de scellement en béton et une zone d'accès qui constituent 
l'entrée du tunnel FE et abritent les systèmes d'acquisition de données de surveillance pendant la 
durée de l’expérience. 

Lors de la production des granulés de bentonite, le traitement, le concassage, le broyage et le 
mélange des matériaux ont été étudiés de manière systématique et optimisés afin que les 
propriétés du matériau final répondent à toutes les exigences. La résistance des blocs de bentonite 
aux conditions ambiantes variables régnant dans les tunnels a été améliorée par une optimisation 
des paramètres de production. 

Sur la base d’expériences précédentes, on a mis au point un prototype de machine qui, à l’aide de 
cinq convoyeurs à vis, permet de remblayer les tunnels de stockage avec les granulés de bentonite, 
de manière aussi dense et homogène que possible. Après sa construction, cette machine a subi 
une phase de test intense. La densité sèche en vrac minimale de 1,45 g/cm3 visée pour le remblai 
en bentonite, comme le prévoit le concept suisse de dépôt géologique, a été dépassée sans aucune 
panne ni accident. L'optimisation, l'industrialisation et l'automatisation de ces processus pourront 
être poursuivies d’ici au début de l'exploitation du dépôt, prévu dans plusieurs décennies. 
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Les corps de chauffe ont été mis en marche entre décembre 2014 et février 2015, et il est prévu 
que chacun d’entre eux émette une chaleur constante de 1350 W pendant les premières années de 
fonctionnement. Par la suite, on diminuera la puissance pour simuler la baisse de température 
typique des éléments combustibles usés. 

Pour surveiller les effets, en taille réelle, de cette élévation de température sur le remblai de 
bentonite et la roche d'accueil, des capteurs ont été installés à l'intérieur et autour du tunnel FE. 
Ces capteurs mesurent divers paramètres, dont la température, la pression, la déformation, la 
teneur en humidité et en eau et la composition des gaz. Après 18 mois de fonctionnement, les 
températures atteignaient environ 117 à 132 °C à la surface des corps de chauffe, et environ 45 à 
70 °C à la surface de la roche. A la fin de la période de chauffage continu, des températures 
d'environ 130 à 150 °C à la surface du corps de chauffe central et d'environ 60 à 80 °C à l'interface 
de la roche sont prévues.  

D’une façon générale, l’évolution THM observée au cours des 18 premiers mois de chauffage est 
conforme aux attentes fondées sur les expériences précédentes et sur les calculs prévisionnels 
effectués. 

L'expérience FE est une étape importante dans la conception du dépôt suisse destiné aux 
AC/DHA. Les résultats obtenus pourront avoir une incidence sur la conception des tunnels de 
stockage et le chargement des conteneurs. 

Le présent rapport couvre la conception, la construction et les 18 premiers mois de fonctionne-
ment des corps de chauffe pour l'expérience FE. Au cours de cette période, des progrès importants 
ont été réalisés au regard des objectifs généraux de l'expérience : 

• En ce qui concerne l'objectif "Étudier en taille réelle les effets THM couplés induits par le 
dépôt de AC/DHA sur la roche d’accueil et valider les modèles THM couplés existants", les 
18 premiers mois de fonctionnement ont permis de mieux comprendre la performance du 
système de barrières techniques et du champ proche, immédiatement après la mise en 
stockage et avant saturation. L'instrumentation de surveillance fonctionne bien et fournit des 
informations détaillées sur l’évolution THM consécutive à l’élévation de la température. Des 
modèles 3D de l'évolution de la roche d'accueil et des barrières ouvragées ont été développés. 
La modélisation a inclus des études de calibration et de validation à l'aide de données 
mesurées. Ces études se poursuivent actuellement. 

• En ce qui concerne l'objectif "Vérifier la faisabilité technique de la construction d'un tunnel 
de stockage à l'aide d'un équipement industriel standard", le tunnel a été construit et renforcé 
conformément aux exigences de construction liées à la performance à long terme du système 
de stockage.  Il s'agit notamment d'exigences concernant les dimensions du tunnel, le type de 
soutènement et la composition des matériaux (par exemple le béton projeté), ainsi que 
l'interdiction d'utiliser de l'eau pendant le processus d'excavation. En conclusion, la faisabilité 
technique de la construction d'un tunnel de stockage dans une roche argileuse fortement 
indurée à l'aide d'un équipement industriel standard a été vérifiée avec succès au laboratoire 
du Mont Terri. 

• En ce qui concerne l'objectif "Optimiser la conception et la production du remblai de 
bentonite, notamment afin de produire des blocs de bentonite capables de résister aux 
conditions ambiantes pendant les phases de mise en stockage et d'exploitation", la production 
de blocs et des granulés de bentonite a fait l’objet d’études détaillées qui ont abouti à la 
définition de paramètres de production. On a pu définir l'impact de la teneur en eau de la 
bentonite et de l'humidité relative du tunnel. Les plages de paramètres correspondantes ont 
été déterminées pour que les socles de bentonite répondent aux exigences requises lors de la 
mise en stockage et de la mise en place du remblai dans les tunnels. Les paramètres de 
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production des granulés de bentonite ont été déterminés, y compris la teneur en eau, le 
processus de compactage et la répartition granulométrique. 

• En ce qui concerne l'objectif "Étudier les procédures de mise en place (horizontale) des 
conteneurs et du remblai dans les conditions du dépôt géologique", les travaux se sont 
concentrés sur le remblayage horizontal à l’aide des granulés de bentonite. Un prototype de 
machine de remblayage a été conçu, testé et utilisé pour mettre en place les granulés de 
bentonite à la densité requise. La surveillance continue de l’évolution THM de l'expérience 
FE permettra de mieux comprendre l'influence de l'hétérogénéité du remblai sur sa 
performance. 
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1 Introduction 

1.1 Reference concept 
The Swiss waste disposal programme (Nagra 2008a) as approved by the Swiss Federal Govern-
ment in 2013 foresees the disposal of spent fuel (SF)/vitrified high-level waste (HLW) and 
solidified long-lived intermediate-level waste (ILW) in a deep geological repository (DGR). In 
compliance with the existing legal framework, the repository concept comprises a 1 km × 2 km 
arrangement of waste emplacement tunnels (Fig. 1-1). It is currently envisaged that the ILW 
repository will start operation in 2050 and the HLW repository in 2060 (Nagra 2016) and current 
work is therefore focusing on the development of the conceptual design of the DGR.  

The disposal concept envisages that SF/HLW carbon steel waste disposal canisters would be 
emplaced horizontally in a centred position on bentonite block pedestals in 800-m-long disposal 
tunnels, comprising 700 m for waste emplacement, a 40-m-long tunnel plug and a 60-m-long 
branch tunnel for operations during emplacement. In the section used for waste emplacement, the 
tunnels would be supported by shotcrete to allow operations to proceed safely and to provide 
tunnel stability prior to the saturation of the tunnel backfill.  

Following the emplacement of each canister and pedestal, the tunnel around the canister would 
be backfilled with a granulated bentonite material (GBM) buffer. The canister emplacement and 
backfilling procedure would be repeated progressively from the far end of the tunnel to the tunnel 
plug. Between every tenth canister, an Interjacent Sealing Section (ISS), consisting of bentonite 
blocks would be emplaced to limit solute transport along the backfilled tunnel. The ISS would be 
supported by steel arches. The pedestals, GBM and ISS jointly comprise the bentonite buffer, 
which is part of the engineered barrier system (EBS), and thus also part of the multi-barrier 
concept contributing to the isolation and containment of the waste (Nagra 2002a). 

Within the emplacement tunnels for long-lived ILW, steel drums incorporated into concrete 
emplacement containers would be stacked on a concrete slab forming the floor of the tunnels, 
with cementitious mortar used to fill the void spaces around the drums and around the emplace-
ment containers. 

Candidate host rocks in Switzerland were evaluated within the framework of the ongoing site 
selection process governed by the so-called Sectoral Plan for Deep Geological Repositories. In 
2008, Nagra proposed selection of the Opalinus Clay as the host rock for the DGR for HLW 
(Nagra 2008b). The Federal Government approved Nagra's proposal in 2011. 

The research, development and demonstration (RD&D) approach of Nagra is described in the 
RD&D Plan (Nagra 2016). Within the Nagra programme, technological RD&D is supported by 
experiments undertaken in the Mont Terri underground research laboratory (URL) and the 
Grimsel Test Site. A key topic for these experiments is the production, emplacement and 
performance of the GBM buffer, which has been studied less than other EBS components in other 
countries. As a result, development of GBM production and emplacement technology is being 
intensively studied so as to ensure that the required density, homogeneity and properties can be 
achieved. In addition, the experiments are used to underpin understanding of thermo-hydro-
mechanical (THM) coupled processes and development of approaches to modelling these 
processes. 

The Full-scale Emplacement (FE) Experiment at the Mont Terri URL simulates aspects of the 
construction, waste emplacement, backfilling and early-stage evolution of a SF/HLW emplace-
ment tunnel in a clay-rich formation (Opalinus Clay), using heaters in place of SF/HLW disposal 
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canisters (Müller et al. 2017). The entire experiment implementation and the post-emplacement 
THM evolution is monitored using several hundred sensors. Some monitoring of gas concen-
tration was also undertaken. The sensors are distributed in the near-field and far-field host rock, 
on the tunnel lining, in the buffer and tunnel plug, and on the heaters. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1-1: Possible layout for a deep geological repository for SF/HLW and long-lived ILW in 
Opalinus Clay 
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1.2 Report objectives 
This document is a synthesis of the design, construction and preliminary results of the FE 
Experiment. The objectives are: 

• to present the requirements on the Experiment, the materials used in it and the technology 
used to install the materials 

• to summarise the construction of the Experiment tunnel and emplacement of the experimental 
materials 

• to present the results of monitoring of tunnel excavation, ventilation and the performance of 
the EBS and host rock during the first 18 months of heater operation, as a basis for future 
modelling of the performance of the Experiment 

• to summarise the lessons learned from the Experiment to-date and to analyse how these 
contribute to the technological readiness level (TRL) of the disposal concept for SF/HLW 

The report also presents the results of modelling of the THM performance of the EBS materials 
and rock during the first 18 months of the Experiment. Detailed analysis of the modelling results 
and comparison with the monitoring results is ongoing and is not included in this report. This 
report concentrates on aspects related to the above objectives, so some details, such as the 
compositions of minor materials are not included. 

 

1.3 Overview of FE Experiment 

1.3.1 Experiment location 
The FE Experiment is located in a tunnel excavated from an extension to the FE cavern (also 
referred to as the FE niche), both of which are located in the shaly facies of the Opalinus Clay 
formation (Fig. 1-2 and 1-3).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1-2: Perspective view of the Mont Terri Rock Laboratory, illustrating the location of the 
FE Gallery 
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The URL is located in the Jurassic fold belt in the north-western corner of Switzerland close to 
the small town of St-Ursanne (Fig. 1-4), and lies in the south-eastern flank of the Mont Terri 
anticline at a depth of approximately 250-300 m. The FE tunnel was constructed parallel to the 
strike of the bedding (excavation direction 244°), which, at this location, dips at approximately 
30 – 35° towards the south-east. (Fig. 1-4). The Opalinus Clay is an over-consolidated claystone 
with a uniaxial compressive strength (UCS) of approximately 15 MPa perpendicular to bedding. 
At Mont Terri, the rock has undergone tectonic deformation and therefore, is locally faulted 
(Fig. 1-3 and 1-4).  

 

Fig. 1-3: Geological map of the Mont Terri URL showing the location of the underground 
facilities, including the FE tunnel highlighted in red 
Lisjak et al. (2015) 
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Fig. 1-4: Geological cross-section, illustrating the location of the URL with respect to the 
geological structure 
Freivogel & Huggenberger (2003) 

1.3.2 Experiment objectives 

The objectives of the FE Experiment are as follows: 

 to investigate SF/HLW repository-induced THM coupled effects on the host rock at full scale 
and to validate existing coupled THM models 

 to verify the technical feasibility of constructing an emplacement tunnel using standard 
industrial equipment 

 to optimise the bentonite buffer material design and production, in particular to produce 
bentonite blocks that are capable of resisting the ambient conditions during the storage and 
operation phases 

 to investigate (horizontal) canister and buffer emplacement procedures for underground 
conditions 

For the avoidance of doubts, non-goals of the FE Experiment are listed below: 

 Due to the plug design (being not tight to gas as a consequence of the outgoing instrumenta-
tion cables) of the FE Experiment, the gas evolution in the FE Experiment, is unlikely to be 
fully representative for the gas evolution expected in the repository. The potential gas 
exchange with the Mont Terri tunnel which is permanently ventilated can for example 
increase oxygen concentration. Hereby corrosion processes are affected. These processes are 
being investigated as a matter of completeness. Transferability to the expected repository 
evolution can only occur in case experimental artefacts can be excluded. 

 Due the installed monitoring devices and the heater-concept the FE Experiment is not 
designed for any demonstration of retrievability. Heater emplacement, on a heavily 
instrumented bentonite blocks pedestal, is also not designed for demonstration. 

 The construction of the FE emplacement drift has been designed for Mont Terri. Construction 
at the selected site will be different.  

 The activities related to the construction of the FE Experiment do not represent the 
construction of the a real HLW drift on an industrial scale. 
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• Given the tectonic overprint and the local overburden of the Opalinus Clay in the URL of 
Mont Terri evolution of the EDZ around the FE-drift and the processes related to it, 
transferability of observations and process understanding needs to take account of different 
tectonic and stress conditions at the selected sites. 

1.3.3 Experiment Layout 
The layout of the FE Experiment was designed to simulate the conditions in a single disposal 
tunnel. First, a 50-m-long experimental tunnel was constructed (Fig. 1-5). The tunnel has an inner 
diameter of 2.48 – 2.68 m, an outer diameter of 3.0 – 3.06 m and a cross-section of approximately 
7 m2, depending on the type and thickness of the support used and accounting for constructional 
tolerances. The tunnel was separated into four sections (Appendix I provides the tunnel lengths 
and installation period for each section): 

• The ISS: At the south-western, or deepest, part of the tunnel (gallery metre (GM) 38.0 – 
GM 50.0), an ISS was built using only steel arches for rock support, with additional wire 
mesh around the top half of the tunnel. The ISS consists of three parts. In the deepest part of 
the tunnel a porous concrete wall was installed to form the end wall for the experiment. A 
two-metre-long bentonite block wall comprising manually-installed bentonite blocks was 
erected adjacent to the porous concrete wall. The remaining part of the ISS was backfilled 
with GBM buffer. 

• The Test Section: The Test Section is the middle part of the FE Experiment (GM 15.0 – 
GM 38.0). In this zone, the rock is supported by mesh-reinforced low-pH shotcrete. In the 
Test Section, three heaters with dimensions similar to those of the SF/HLW disposal canisters 
were emplaced on top of bentonite block pedestals. The first heater emplaced at the deep end 
of the FE tunnel was named H1, the middle one H2 and the heater closest to the tunnel 
entrance was named H3. The remaining space was backfilled with highly-compacted GBM. 
For the purpose of backfilling the GBM as densely and homogeneously into a horizontal 
tunnel as possible, a prototype backfilling machine with five screw conveyors was developed.  

• Plug Section: The Plug Section consists of a 5-m-long low-pH shotcrete plug that was used 
to seal off the experiment (towards the FE cavern) holding the bentonite buffer in place and 
reducing air and water fluxes. The plug was constructed against a 20-cm-thick concrete 
retaining wall sealed with resin. In this section, the rock is supported by mesh-reinforced low-
pH shotcrete. 

• Access Section: The Access Section comprises the first nine metres of the 50-m-long FE 
Experiment tunnel. In this area, the rock is supported by steel arches and shotcrete. 

Access to the experiment was through the FE cavern. The cavern was used for operations, e.g. 
machine maintenance and transfer of materials, and for monitoring equipment and storage. 
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Fig. 1-5: Visualisation of the general experimental layout of the FE Experiment at the Mont 
Terri URL 
Sensors and GBM buffer are not displayed. 

 
The FE Experiment focused on the THM performance of the buffer and emplacement of the 
GBM. The Experiment did not test all aspects of the disposal tunnel reference design. Bentonite 
block pedestals and the heaters representing the disposal canister were emplaced by hand 
separately, whereas it is currently envisaged that the pedestals and canisters would be emplaced 
remotely at the same time during repository operation. The heaters weigh approximately 5'000 
kg, whereas the canisters are expected to weigh approximately 20'000 kg. The concrete plug used 
to seal off the Experiment is not based on a reference design for a repository disposal tunnel plug. 
The extensive monitoring of the THM performance of the EBS materials and rock in the FE 
Experiment is not representative of any monitoring that would be undertaken in waste emplace-
ment disposal tunnels in the DGR. 

1.3.4 Experiment Schedule 
The FE Experiment commenced in 2009 with conceptual design of the Experiment. Construction 
of the FE cavern was undertaken between October 2010 and June 2011. Instrumentation of the 
rock was undertaken between November 2011 and March 2012, and the FE tunnel was 
constructed between April and September 2012. The ventilation period commenced in May 2012 
and ended in early 2015. Emplacement of the materials commenced in mid-2014, with 
construction of the plug (the last stage of emplacement) between February and March 2015. 
Heating of the heaters commenced on 15 December 2014. An overview of the implementation 
timeline of the FE Experiment is shown in Fig. 1-6. 
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Fig. 1-6: Overview of the implementation timeline of the FE Experiment 
 

1.3.5 Monitoring system 
The entire experiment implementation as well as the post-emplacement THMC1 evolution has 
been, and continues to be, monitored using several hundred sensors in the Opalinus Clay (the 
experimental "far field", which comprises the region from approximately 1.5 to 20 m from the 
gallery wall), and the excavation disturbed zone (EDZ) and EBS (the experimental "near field"). 
The EBS comprises the engineered components, and the EDZ is defined as the rock between the 
experimental far field and the EBS. The sensors were installed in phases (Fig. 1-7): 

• Phase 1: Borehole instrumentation from the cavern before tunnel construction. 

• Phase 2: Borehole instrumentation from the FE tunnel: 

− Phase 2a: Instrumentation for monitoring of tunnel construction 

− Phase 2b: Instrumentation for monitoring of the ventilation phase 

− Phase 2c: Long-term instrumentation of the EDZ for the heating phase 

• Phase 3: Instrumentation of tunnel wall, bentonite and heaters: 

− Phase 3a: Tunnel wall instrumentation 

− Phase 3b: Fibre-optic cables on the tunnel wall 

− Phase 3c: Bentonite and heater instrumentation 

  

                                                           
1  Monitoring includes certain aspects of the chemical evolution of the system, e.g. corrosion of metal samples, but 

the focus of the FE Experiment is THM processes. 
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Fig. 1-7: The main instrumentation phases of the FE Experiment 
The figures at the top illustrate the layout of boreholes around the 50-m-long FE tunnel. The 
figures at the bottom show simplified representations of the instrumentation cross-sections 
within the 2.5–2.7-m diameter FE tunnel. 

Müller et al. (2017) 
 
 
The instrumentation allows the THMC evolution of the entire system to be followed. Using 
various technologies, a dense spatial arrangement and multiple heaters, the instrumentation offers 
a high degree of redundancy and enables an in-depth observation of the THMC interaction of all 
barrier elements. The technologies used may provide input towards designing a monitoring 
arrangement in a future pilot repository as foreseen in the Swiss concept. 
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1.4 Requirements on the disposal concept 
The disposal system performs several functions relevant to long-term safety and security. These 
are termed safety functions, and include: isolation from the human environment, long-term 
confinement and radioactive decay within the disposal system, and attenuation of releases to the 
environment (Nagra 2002b). 

To evaluate the risk from a repository a detailed and quantitative understanding of all processes 
that affect the repository together with the associated uncertainties is needed. Risk are therefore 
not very practical entities to use for the study of individual repository components. To resolve 
this, safety functions are also recognised for each component and are translated into requirements 
upon which design work can be undertaken. Requirements therefore form a hierarchy linking the 
overall objectives of the disposal system to detailed requirements that form the basis for design. 

Development of requirements is an iterative process and involves evaluation of practical 
experience, such as that gained from the laboratory, mock-up and full-scale work undertaken 
within the FE Experiment. Requirements can also be broad-ranging in scope, and can relate, for 
example, to both post-closure functional needs of the disposal system, such as the swelling 
pressure of bentonite or the corrosion of the steel canister, and to other aspects such as 
maintenance of operational safety during the installation of emplaced materials. 

Discussion of requirements in this report focuses on requirements relating to post-closure safety 
of the disposal concept, particularly the post-closure safety functions provided by the multi-
barrier system2. The discussion identifies the requirements that existed prior to the FE Experiment 
being undertaken and also how the Experiment has contributed to the development of new 
requirements. The following requirements are discussed: 

• requirements on the constructed tunnel 

• requirements on the ventilation phase related to the state of the host rock prior to backfilling 

• requirements on the EBS materials 

1.5 Organisation of this Report 
Following this introduction, the report presents a synthesis of the experience and lessons learned 
from the design and construction of the FE Experiment and monitoring of EBS and host rock 
performance during the first 18 months of heater operation. 

Chapter 2 provides a discussion of activities undertaken prior to the Experiment. This includes 
an overview of previous heater and EBS emplacement experiments at the Mont Terri URL and a 
discussion of scoping calculations used to develop an initial expectation regarding THM 
processes on which to base detailed design work, including design of the monitoring system. 

Chapter 3 describes the construction of the FE cavern and tunnel, including the construction 
requirements and monitoring of the rock during construction. The installation of the tunnel 
support and the system used to undertake further monitoring of the rock is also described in this 
chapter. 

                                                           
2  Experiment-specific requirements and concept-related requirements have been identified during the Experiment. 
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Chapter 4 describes the ventilation period, including the ventilation requirements, outline of the 
ventilation system, the system used to monitor the response to ventilation both in the tunnel and 
in the rock, and the results of that monitoring. 

Chapter 5 describes the requirements on, and design of, the EBS materials. These materials 
include the porous concrete wall, the bentonite block wall, the bentonite blocks (and associated 
rails and concrete bases), the heaters, the GBM buffer and the concrete plug.  

Chapter 6 describes the requirements on emplacement technology, the production of materials, 
and the design and use of the emplacement technology, for the components discussed in 
Chapter 5.  

Chapter 7 describes the heating phase. This includes the THM modelling of the heating phase, 
the system used to monitor the heating phase, and the monitoring data obtained over the first 
18 months of heating. 

Chapter 8 provides a discussion of the lessons learnt from the construction and monitoring of the 
performance of the EBS and host rock during the first 18 months of heating. The discussion is 
structured on the four objectives of the report, as follows: 

• Section 8.1 discusses lessons learned from design and construction and addresses the 
objective "to summarise the construction of the Experiment tunnel and emplacement of the 
experimental materials". 

• Section 8.2 provides a summary of the understanding of THM processes, including the 
presentation of generic THM evolution cross-sections, and addresses the objective "to present 
the results of monitoring of tunnel excavation, the ventilation phase and the performance of 
the EBS and host rock during the first 18 months of heater operation, as a basis for future 
modelling of the performance of the experiment". 

• Section 8.3 discusses feedback to the design basis and requirements on the disposal system 
and addresses the objective "to present the requirements on the Experiment, the materials 
used in it and the technology used to install the materials". 

• Section 8.4 provides an assessment of how the FE Experiment has contributed to the TRL of 
the disposal concept, and addresses the objective "to summarise the lessons learned from the 
Experiment to date and to analyse how these contribute to the TRL of the disposal concept 
for SF/HLW". 

Chapter 9 provides the conclusions from the FE Experiment to date and considers the future 
work in the FE Experiment and on THM understanding of the EBS. 

Appendix I provides the tunnel lengths and installation period for each section of the Experiment. 

Appendix II provides a listing of the requirements on construction and EBS materials.  

Appendix III describes the database used to store and access information on the FE Experiment.  

Appendix IV provides a listing of the sensors used in the FE Experiment.  

Appendix V provides tables listing the materials used in the Experiment.  

Appendix VI provides a list of acronyms. 





 13 NAGRA NTB 15-02 

2 Previous THM Experiments in Mont Terri and scoping of the 
FE Experiment 

 
The FE Experiment built on experience from previous full-scale experiments on EBS emplace-
ment in Mont Terri, including work on the emplacement of GBM. In particular, this included: the 
Engineered Barrier Emplacement (EB) Experiment project at Mont Terri (Mayor et al. 2005); 
testing of the emplacement of GBM in the Engineering Studies and Demonstration of Repository 
Designs (ESDRED) Project (de Bock et al. 2009), and a series of heater experiments (HE Experi-
ment Series), the latter parts of which were undertaken as part of the Long Term Performance of 
Engineered Barrier Systems (PEBS) Project (Gens et al. 2007, Villar et al. 2012, Gaus et al. 2014). 
Each experiment has provided successively more detailed information on GBM emplacement and 
THM behaviour of the EBS and near field rock. 

The previous emplacement and heater experiments undertaken in the Mont Terri URL form the 
greatest part of the knowledge prior to the FE Experiment and are summarised in this chapter. 
Section 2.1 describes the EB Experiment. Section 2.2 describes the ESDRED emplacement tests. 
Section 2.3 describes the HE series of experiments. Section 2.4 describes scoping calculations 
based on the results of these tests; the scoping calculations were used to support the detailed 
design of the FE Experiment. 

In addition, with regard to its size and relevance, the FE Experiment is comparable to large-scale 
heater experiments in other URLs, such as the Full-scale Engineered Barriers Experiment 
(FEBEX) at the Grimsel Test Site (Lanyon & Gaus 2013), the Prototype Repository Experiment 
at the Äspö URL in Sweden (Johannesson et al. 2004), the PRACLAY experiment in Boom Clay 
at the HADES URL in Belgium (Bernier et al. 2007) and the ALC experiment in Callovo-
Oxfordian Clay at ANDRA's URL in France (Gugala 2015). The experience from these experi-
ments has provided background knowledge that has benefitted the planning of the FE Experiment. 
Further information on these experiments is available from the references listed above. 

2.1 EB Experiment 
The first basic tests to demonstrate the feasibility of the proposed design of the combined use of 
bentonite blocks and GBM were performed within the EB Experiment project in a 6-m-long 
section of a niche excavated in the Mont Terri URL (Mayor et al. 2005). The EB Experiment was 
a full-scale demonstration test, in a horizontal drift, of the emplacement of a bentonite buffer, 
using a GBM in the upper part and bentonite blocks at the bottom (Fig. 2-1). The Experiment 
incorporated a steel dummy canister, with the same dimensions and weight as envisaged in the 
Swiss concept, which was placed on top of the bentonite blocks. An artificial hydration system 
was installed to accelerate the saturation of the bentonite. The test section was sealed with a 
concrete plug. The Experiment started in October 2000 and was dismantled in the period October 
2012 to February 2013 (Villar et al. 2014). 

The objectives of the EB Experiment were: 

• definition of the GBM (composition and grain size distribution) and demonstration of its 
manufacturing at semi-industrial scale 

• characterisation of the hydromechanical properties of the GBM 

• design and demonstration of the GBM emplacement technique 
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• emplace the GBM with a sufficiently high dry density to give confidence in the technical 
feasibility of the disposal concept 

• characterisation and evolution of the EDZ of the Opalinus Clay 

• monitoring of the hydromechanical behaviour of the clay barrier and the rock during the 
hydration process 

• development of new constitutive laws of the GBM for the modelling of the test, calibrated 
against the experimental data. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2-1: Layout of the EB Experiment 
Left: schematic of the Experiment. Right: Photograph of the experiment prior to installation 
of the GBM 

Mayor et al. (2005)  
 
The GBM tested in the EB Experiment was a powder, with a water content equal to 3.3 %, 
produced after drying and milling high-density pellets comprised of a Spanish bentonite (Serrata 
de Níjar, Almería), commonly referred to as the FEBEX bentonite. Prior to the implementation 
of the full-scale demonstration, laboratory testing was undertaken to develop an understanding of 
the hydro-mechanical response of the pellet mixtures to saturation. Interpretation of the laboratory 
tests utilised a double structure model. In this model, the bentonite behaves as a high-permeability 
granular material during the early saturation (with collapse deformations occurring depending on 
the stress level), but, as the pellets start to swell and the macropores of the mixture collapse, the 
permeability decreases substantially. The laboratory programme determined that, for a dry density 
of the GBM of approximately 1.35 g/cm3 or greater, the saturated hydraulic conductivity is lower 
than 5 × 10-12 m/s. At a dry density of 1.35 g/cm3, the swelling pressure of the saturated GBM is 
approximately 1.3 MPa. 

Conveyor, auger and pneumatic emplacement methods for the GBM were evaluated in trials. It 
was concluded that use of auger systems for emplacement of the GBM was preferred because, 
compared to the conveyor and pneumatic methods, a slightly higher dry density of 1.4 g/cm3 was 
achieved for GBM emplaced using an auger, and no problems with dust were encountered.  
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The GBM emplacement in the EB Experiment was completed with the selected auger in four 
days. The total mass emplaced was 40'200 kg in an estimated volume of about 28.4 m3. The 
average water content of the GBM was 4.2 %, and, therefore, the emplaced material had an 
estimated dry density of 1.36 g/cm3. The lower dry density achieved in the Experiment compared 
to the trials was considered to be the result of the presence of the artificial hydration tubing in the 
test section, which restricted the movements and operation of the auger. 

The results of the EB Experiment summarised above and other observations reported in Mayor et 
al. (2005) demonstrated fully automated production of a GBM, thereby also demonstrating that 
GBM is a viable option for the bentonite buffer material. It was recognised however, that some 
improvements were required to further increase the dry density of the emplaced GBM. 

2.2 ESDRED emplacement test 
In the ESDRED Project, further development of GBM emplacement methods was undertaken. 
This was based on trial emplacement of GBM in a steel model with a round shape representing 
the waste emplacement tunnel as shown in Fig. 2-2 (de Bock et al. 2009). The steel model, which 
was 20 % smaller than the reference concept dimensions (i.e. 1:1.25 scale), was used for easier 
handling and allow more tests to be performed in the available time. Eleven openings around the 
external surface allowed samples to be taken for geotechnical bentonite parameter determination 
(e.g. water content, grain size distribution and emplacement density) (Fig. 2-2). The emplacement 
tests were conducted in 2006. 

The work on GBM in the ESDRED Project included numerical simulations to determine the most 
appropriate grain size distribution, laboratory testing to characterise bentonite chemical and 
mineralogical properties, and test filling of the steel model. The numerical simulations suggested 
that the backfill is optimised (i.e. lowest porosities, highest compacted densities and least 
segregation) for a Fuller-curve type particle size distribution and as low as possible frictional 
coefficients (de Bock et al. 2009). 

The steel model was backfilled with GBM using a twin auger system, which was selected in order 
to improve the dry density of the emplaced material and its spatial variability compared to the EB 
Experiment. The bentonite used was granular Wyoming bentonite MX-80. The coarse fraction of 
the GBM was rounded before it was used for the emplacement experiments. The rounding 
improved the flowability and produced a better-graded grain size distribution and therefore a 
higher emplacement density.  

In the emplacement tests, admixtures with different ratios of coarse granulates, fine granulates 
and coarse briquettes were tested and the bulk density of the emplaced GBM was calculated after 
each emplacement test (Plötze & Weber 2007). The bulk densities of the GBM showed only small 
changes for the different admixtures of fine GBM and bentonite briquettes. The water content 
increased only slightly during the test runs from 5.0 % to 5.8 %. The results provided confidence 
that the required densities can be reached reliably in the repository using the studied materials and 
the selected auger emplacement method. However, a series of improvements to be addressed in 
further work were identified, including further work on the production of the GBM, further 
optimisation of the grain size distribution, an increase in the number of augers and assessment of 
alternative buffer materials. 
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Fig. 2-2: Photographs of the steel model used to test GBM emplacement during the ESDRED 
Project 
Left: the empty steel model. Right: the model in the process of being filled with the GBM 
using the two auger system 

 

2.3 HE Experiment Series 
A series of heater experiments, identified by the HE code, have been undertaken in Mont Terri 
with the broad aim of investigating the THM processes occurring in the Opalinus Clay and the 
bentonite buffer: 

• In the HE-B Experiment (Göbel et al. 2007), a heater and bentonite buffer were installed in a 
vertical borehole. The buffer was artificially saturated, monitored for an 18-month heating 
period and then recovered. 

• In the HE-D Experiment (Zhang et al. 2007), two heater elements were emplaced directly in 
the Opalinus Clay in a 14-m-long horizontal borehole without a bentonite buffer. The THM 
evolution of the rock was monitored over a period of approximately 17 months. 

• In the HE-E Experiment (Gaus (Ed.) 2011; Teodori & Gaus (Eds.) 2012) a 1:2-scale heating 
experiment was undertaken in a 50-m-long micro tunnel of 1.3-m diameter. The Experiment 
considered the natural re-saturation of the bentonite buffer at a maximum heater surface 
temperature of 140 °C. 

2.3.1 HE-B Experiment 
The HE-B Experiment was performed in a specially-excavated niche in the shaly facies of the 
Opalinus Clay (Fig. 1-2). Emplacement commenced in May 1999 and dismantling was complete 
in December 2003. The Experiment is summarised in Göbel et al. (2007). 

A central vertical borehole, 300 mm in diameter and 7.5 m long, was drilled in the niche floor 
(Fig. 2-3). Heat-producing waste was simulated by a heater element with a diameter of 10 cm. 
The 2-m-long heater element was placed in the borehole at a depth between 4 and 6 m. It was 
embedded in a barrier of ring-shaped compacted bentonite blocks (FEBEX bentonite) with an 
outer diameter of 280 mm and a dry density of 1.8 g/cm3. 
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The HE-B Experiment was artificially saturated over a 35-month period with synthetic 
experimental water chemically similar to the water in the Opalinus Clay formation. During the 
18-month heating period, the heater was automatically regulated to a constant temperature of 
100 °C at the contact between the heater and the bentonite buffer. 

During the heating phase, the power required to maintain the heater temperature at 100 °C 
reduced. This was the result of drying in response to the heating, which led to a reduction in the 
thermal conductivity of the bentonite. Heating also led to release of hydrogen sulphide from the 
Opalinus Clay host rock (Jockwer et al. 2006). 

Monitoring of the HE-B Experiment was complemented by a substantial laboratory programme 
for determining THM properties of the host rock and providing input data for most of the 
parameters needed to undertake THM modelling. A post-heating drilling campaign in the HE 
niche provided samples for laboratory tests. The associated boreholes were used to acquire 
mechanical, hydraulic, and seismic data for comparison with the laboratory results. With regard 
to heat-induced changes in bentonite and Opalinus Clay, no conclusive answers could be found 
because temperatures were too low to cause any significant impact on the bentonite or Opalinus 
Clay over the timescale of the Experiment. In addition, the temperature of the canister surface in 
the DGR is expected to exceed 100 °C by several tens of degrees centigrade. 

 
 

 

 

 

 

 

 

 

 

 

 

Fig. 2-3: Photograph of the HE-B Experiment (left) and cross-section of the components 
(right) 
Göbel et al. 2007 

 



NAGRA NTB 15-02 18 

However, insights into the buffer evolution were gained, providing important input in the planning 
of subsequent heating experiments: 

• The volume increases on saturation ranged between 5 % and 9 %. A swelling pressure of the 
bentonite up to 2.8 MPa was reached within 6 days. 

• The estimated saturation was slightly above 50 % in all samples, indicating that full saturation 
of the bentonite was not reached. 

• Modelling of the hydration phase demonstrated that the high initial suction of bentonite would 
result in partial desaturation of the surrounding rock, reaching a maximum at a radial distance 
of 0.7 m. Modelling also showed that the desaturation and subsequent resaturation of the rock 
surrounding the borehole would complete within approximately 200 days.  

• Modelling of the hydration of the bentonite predicted that swelling of the bentonite would 
result in elevated stress in the rock, with a maximum value of 14 MPa reached close to the 
rock-bentonite interface. 

2.3.2 HE-D Experiment 
In the HE-D Experiment (Wileveau 2005), two heater elements were emplaced in a horizontal 
borehole of 300 mm diameter and 14 m length drilled in the Opalinus Clay (Fig. 2-4). The heaters 
were installed in the borehole without the addition of a bentonite buffer. The Opalinus Clay was 
heated up to 100 °C in two heating phases using power output of 650 and 1'950 W respectively, 
followed by a cooling phase. Responses of the clay rock to the thermal loading were investigated 
by monitoring the temperature, pore-water pressure, gas migration, and deformation in the 
surrounding rock with 110 instruments installed in 24 boreholes. The HE-D Experiment was 
conducted between October 2003 and December 2005. 

In response to the operation of the heaters, the temperature in the rock at distances of 0.8 – 1.4 m 
from the heater reached values between 45 °C and 55 °C. In the far-field at distances of 3.0 – 
3.5 m, maximum temperatures of 22 – 28 °C were recorded. In addition, pore water pressures 
increased from 0.2 – 1.2 MPa prior to heating to 2.3 – 4.0 MPa at a distance of 0.8 – 1.4 m from 
the heater surface. There was a concomitant increase in gas pressures, induced by the intrusion of 
thermally-mobilised pore-water into the test intervals. 

Gas injection tests after termination of heating showed that the rock was impermeable below the 
gas entry pressure of about 1.5 MPa measured in several intervals. Even by exceeding this value, 
a very low gas permeability of about 10-22 m2 was measured. Increasing the gas pressure up to 
3 to 4 MPa led to rock fracturing oriented along the bedding plane. Re-fracture tests yielded an 
increased permeability of about 10-18 m2. Generally, the high pore-water and gas pressures and 
their gradual evolution indicated that no fractures were thermally generated in the clay rock during 
the heating and cooling phases. 

Laboratory tests associated with the HE-D Experiment provided numerical values for a range of 
THM parameters required for modelling of the rock behaviour (see Zhang et al. 2007 for data).  
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Fig. 2-4: Horizontal section showing the layout of the HE-D experiment, including the 
location of the heater and monitoring boreholes 
Zhang et al. 2007 
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The HE-D experiment was intensively modelled (e.a. Gens et al. 2007). These modelling works 
allowed for classifying the intensity of cross-coupling between the different processes in a 
hierarchical manner: 

• The strongest coupling is found from thermal to hydraulic and mechanical behaviour. Pore 
pressure generation is primarily controlled by temperature increase and the largest contributor 
to deformation and displacements is thermal expansion. 

• Significant but more moderate effects are identified from the coupling of hydraulic to 
mechanical behaviour. The dissipation of pore pressures induces additional displacements 
and strains, but, because of the large clay stiffness, they are smaller than thermally-induced 
deformations. 

• In principle, mechanical damage could impact the hydraulic results because of the develop-
ment of higher permeability due to material damage. The damaged zone, however, appears to 
be very limited in this case and the effects appear to be not very significant. 

• There is no noticeable coupling from hydraulic to thermal behaviour. Practically all heat 
transport is by conduction and the thermal conductivity of the material does not change, as 
the material remains saturated throughout. 

• Coupling from mechanical to thermal behaviour is negligible. The changes of clay porosity 
are so slight that they do not affect thermal conductivity. In addition, mechanical energy 
dissipation is insignificant in this non-isothermal case 

2.3.3 HE-E Experiment 
The HE-E Experiment, is a 1:2 scale heating experiment considering natural re-saturation of the 
EBS at a maximum heater surface temperature of 140 °C. The Experiment was constructed 
between December 2010 and June 2011. It was initially planned to operate until 2014, but 
operation has been extended and was on-going in September 2017. The Experiment was 
conducted in a 50-m-long micro tunnel of 1.3 m diameter (Gaus et al. 2014). The test section of 
the micro tunnel has a length of 10 m and was characterised in detail during a ventilation 
experiment which took place in the same test section (Mayor et al. 2007).  

The aims of the HE-E Experiment are focused on the early non-isothermal re-saturation period 
and its impact on the THM behaviour of the EBS, namely: 

• to provide the experimental data required for the calibration and validation of existing THM 
models of the early re-saturation phase 

• to upscale thermal conductivity of the partially saturated EBS from laboratory to field scale 
for pure bentonite and bentonite-sand mixtures 

The experiment consists of two independently-heated sections each with a length of 4 m. The 
heaters were placed in a steel liner supported by MX-80 bentonite blocks with a dry density of 
1.806 g/cm3 and a water content of 10.34 % (Fig. 2-5). The dimensions and materials of the two 
sections were the same apart from the granular filling material: Section One was filled with a 
65:35 granular mixture of sand and bentonite (Bentosund WH2), and Section Two was filled with 
pure MX-80 bentonite pellets. For the sand/bentonite mixture, the grain spectrum was 0.5 – 
1.8 mm, the water content was 13 % for the bentonite and 0.05 % for the sand (giving a total 
water content of the mixture of approximately 4 %) and a dry density of 1.383 g/cm3 (and an 
emplaced dry density of 1.480 – 1.500 g/cm3). The pellets were the same as used for the ESDRED 
emplacement test (Section 2.2). Use of two types of granular filling material allowed comparison 
of the THM behaviour of the two EBS materials under almost identical conditions. 
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The heating started in June 2011, and the maximum temperature was reached in June 2012. Since 
then, the temperature has been held constant.  

The results from the HE-E Experiment to date have been consistent with the previous heater 
experiments conducted in Mont Terri and have allowed further development of the capability to 
predict the early-stage performance of the EBS and near-field rock. The EBS is characterised by 
a high temperature gradient owing to its low thermal conductivity in response to drying from the 
introduction of the heaters. By December 2013, the temperature at the interface of the Opalinus 
Clay and the EBS was less than 50 °C. The highest temperatures measured in the Experiment 
(> 100 °C) occur where the EBS water content is low (< 20 % relative humidity). Resaturation of 
the Opalinus Clay has been occurring slowly with the hydraulic pressure front (the location where 
hydraulic pressure is registered) being situated greater than 1 m from the Opalinus Clay/EBS 
interface. An overpressure of 1 MPa has developed in the Opalinus Clay as a result of differential 
thermal expansion of the rock and the porewater. 

 
 
 
 
 
 
 
 
 
 
 

Fig. 2-5: Schematic layout of the HE-E experiment showing the section in the back of the 
tunnel filled with bentonite pellets and the section in the front of the tunnel filled 
with sand/bentonite 
Gaus et al. 2014 

 

2.4 Scoping of the FE Experiment 
The experience and data gained from the previous heater experiments, especially the data on the 
early-stage evolution of the EBS and Opalinus Clay generated through the HE-E Experiment, 
were used to develop scoping estimates of key parameters for the FE Experiment. Bentonite 
material parameters depend strongly on the initial conditions (i.e., the emplacement density and 
water content) and laboratory characterisation of the specific bentonite used in the experiment 
needs to be undertaken. The scoping calculations were therefore performed in two phases. 
Calculations in the first phase were based on existing data from the characterisation of the FEBEX 
bentonite used, for example, in the EB experiment (Section 2.1). This set of calculations is here 
referred to as THM_0. The second phase of scoping calculations was based on results from the 
characterisation of MX-80 bentonite used in the HE-E Experiment. The second set of calculations 
made use of revised relationships between saturation and suction (THM_a), permeability 
(THM_b) and thermal conductivity (THM_c and THM_d) based on calibration to the HE-E data. 

The calculations were performed using Code Bright. The model was based on an axisymmetric 
representation of the FE Experiment layout, implemented as a horizontal cross-section with one 
corner placed at the mid-point of heater H2 and an area of 45 m by 45 m (Fig. 2-6). The initial 
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conditions correspond to a suction of 20 MPa (equivalent to relative humidity of approximately 
86 %) and constant temperature representing the ventilation period of one year. At the end of the 
ventilation period, emplacement of the bentonite was assumed to be instantaneous and was 
represented in the model by setting the suction pressure to 485 MPa (equivalent to saturation of 
24 %). Applied heating power is as defined in Johnson et al. (2002) for a UO2 cannister: 
1'500 Watt per heater during the three first years, followed by a decrease according to the decay 
of this type of waste. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
(a) (b) 

Fig. 2-6: Illustration of part of the grid used for modelling with Code_Bright with heater H2 
positioned in the bottom-left corner 
(a) grid used for simulating the ventilation phase, with the green dashed line showing the 
suction boundary and (b) grid used for simulating the heating phase 

 
Fig. 2-7 illustrates the temperature profiles predicted by calculation THM_c, which was 
considered to be the best prediction for the FE Experiment as the parameter values in this 
calculation were successfully used to reproduce measurements in the HE-E Experiment. The 
temperature is controlled by the heat output from the heaters, the thermal conductivity of the 
partially-saturated buffer, which increases as the buffer saturates, and the thermal conductivity of 
the rock. The water retention curve used in the calculations results in a relatively dry bentonite, 
and, therefore, a relatively high increase in temperature from 15 °C to 185 °C is predicted for the 
heater surface. Fig. 2-8 shows a comparison of temperature transients predicted with the simula-
tion variants at the heater surface and at the tunnel wall. Peak temperatures at the heater surface 
vary between ~ 100 °C (THM_0) and ~ 195 °C (THM_c). A wide range of temperature is 
predicted depending on the buffer properties, especially thermal conductivity and its dependency 
on degree of saturation. On the other hand, peak temperature at the buffer-rock interface is not 
affected as the Opalinus Clay is almost fully saturated and temperature is controlled by the 
combination of the boundary conditions and the higher thermal conductivity of the rock. 
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Fig. 2-7: Prediction of temperature profiles for the FE Experiment for simulation variant 
THM_c, based on knowledge from previous THM experiments at Mont Terri 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2-8: Predicted temperature evolution at heater surface (red) and at buffer-rock interface 
(blue) for all the simulation variants 
The vertical lines indicate the time at which the maximum temperature is reached at heater 
surface (left line) and at buffer rock interface (right line).  
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After the peak temperature is reached on the heater surface (after 680 days for THM_c), and then 
reduces (from ~ 200 °C to ~ 110 °C for THM_c) in response to a reduction in applied power, 
there is a gradual decrease of the temperature gradient in the buffer. This is owing to the increasing 
saturation of the buffer and the associated increase in thermal conductivity. 

A further observation from the scoping calculations relates to the impact of the anisotropy of the 
Opalinus Clay on the simulated temperature profiles. Fig. 2-9 shows simulated temperature 
profiles at the time of peak temperature at the buffer-rock interface (eight years after the start of 
heating). The temperature profiles were calculated using a transformed version of the Booker and 
Savvidou (1985) solution for the temperature increment resulting from a heat source. The trans-
formation takes into account the anisotropy in thermal conductivity in the Opalinus Clay. Results 
are shown for two values of the equivalent thermal conductivity (λ0) of the Opalinus Clay: a 
reference value of 1.7 W/m/K, and a lower value of 1.4 W/m/K. An anisotropy factor3 of 1.8 was 
applied in both cases. For these values, simulated peak temperature at the buffer-rock interface 
varied between approximately 57 °C and 80 °C. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2-9: Predicted temperature profiles about 8 years after heating start calculated using 
Booker and Savvidou analytical solution 
The full lines were calculated using λ0 = 1.7 W/m/K and λ0 = 1.4 W/m/K for the dashed lines, 
and an anisotropy value of 1.8 for both.  

 
  

                                                           
3  The anisotropy factor is the ratio of thermal conductivity parallel to the bedding to the thermal conductivity 

perpendicular to the bedding. 
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The evaluation of the hydraulic behaviour is based on direct measurement of relative humidity 
using hygrometers because reliable in situ monitoring of saturation is challenging. Fig. 2-10 and 
Fig. 2-11 illustrate the modelling of relative humidity using the Code_Bright model. There are 
two competing processes that control the evolution of the relative humidity profiles: 

• the heating effect of the heater leads to the drying of the bentonite and movement of water 
away from the heaters 

• the suction in the relatively dry bentonite draws water in from the Opalinus Clay and leads to 
saturation of the bentonite 

The resulting relative humidity profile is dependent upon the relationships between saturation and 
suction, permeability and thermal conductivity (Fig. 2-10). For the relationships calibrated against 
the HE-E Experiment (simulation THM_c), the relationships result in a significant drying of the 
bentonite as a result of heating. In the initial period following the start of heating (the first 100 – 
350 days), water is driven away from the heater and, initially, there is a peak in relative humidity 
within the bentonite. In the longer term (i.e. for several thousand years), the inner part of the 
bentonite remains drier than the initial 40 % relative humidity, whilst the outer part of the 
bentonite begins to saturate. As the bentonite has remained dry during this period, there is little 
desaturation of the Opalinus Clay; beyond 20 cm from the buffer-rock interface; the rock remains 
greater than 90 % saturated. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2-10: Profiles of relative humidity predicted by simulation THM_c 
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The heating of the bentonite and Opalinus Clay will lead to differential thermal expansion 
between the liquid and solid phases owing to the greater coefficient of thermal expansion for 
water compared to bentonite and the Opalinus Clay host rock. As the bentonite will remain 
relatively dry during the experimental period, the effect on pore water pressure will be most 
significant in the host rock. Pore water pressure will also be affected by the movement of water 
in response to drying of the bentonite as discussed above. The simulated pore water and 
temperature evolution in the Opalinus Clay is illustrated in Fig. 2-11. Key observations are: 

• In response to the thermal pulse, the location of maximum pore pressure increase in the rock 
does not coincide with the location of peak temperature increase. Whereas highest tempera-
ture increase is overall expected closest to the heat source, the highest pore water pressure 
increase is expected at about 10 m from the tunnel axis. 

• The maximum pore water pressure increase resulting from thermal expansion is approxi-
mately 2.5 MPa. 

• Although the temperature increase 15.1 m from the gallery centre is relatively low, pore water 
pressure increases significantly at that location. This increase is exclusively the result of 
drainage of excess pore water from the region between the observation point and the heater. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2-11: Predicted evolution of the liquid pressure (lines with symbols) and temperature (full 

lines) in the Opalinus Clay at different distances from the tunnel axis 
 
The scoping calculations performed with Code_Bright provided useful insights for the planning 
of the FE Experiment. In particular, calibration of modelling parameters using the HE-E 
Experiment results concluded that the bentonite in the FE Experiment was likely to dry 
significantly as a result of heater operation and that significant parts of the bentonite would remain 
dry during the experimental period. The analyses further demonstrated the importance of fully 
characterising the constitutive relationships between the degree of saturation and the suction, 
permeability, and thermal conductivity of the buffer material at its emplacement density in order 
to obtain reliable predictions of the coupled thermal and hydraulic evolution of the buffer. 
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Key conclusions from the scoping calculations were: 

• Peak temperatures at the heater surface vary between ~ 100 °C and ~ 195 °C depending on 
the buffer properties. This wide range derives from a sensitivity analysis showing the 
important influence of some buffer parameters. 

• The maximum simulated temperature at the buffer-rock interface in the bedding plane was 
85 °C, independently of buffer properties. At buffer-rock interface, the temperature is 
exclusively dependent on the properties of the rock: at this position heat is escaping through 
the rock. 

• The desaturation of the Opalinus Clay was limited. 

• The combined effect of movement of water out of the bentonite and differential thermal 
expansion of the solid and liquid phases, would lead to a maximum pore water pressure 
increase of approximately 3 MPa between 7 and 15 m from the tunnel axis. 

The range of expected parameter values and gradients provided by the scoping calculations 
contributed to the development of the monitoring design of the FE Experiment. The information 
from the scoping calculations highlighted several issues that were accounted for in the design as 
discussed in the subsequent chapters of this report: 

• The scoping calculations only provide indications of the magnitude of parameter values 
resulting from coupled processes expected to occur during the FE Experiment. Design of the 
monitoring system should therefore account for uncertainties in the model results. 

• It is important to introduce redundancy into the instrumentation plan. The scoping calcula-
tions indicated the need for two monitoring cross-sections for two of the heaters. 

• Hygrometers, pore water pressure sensors and strain measurements should be coupled with 
temperature sensors at the same location to allow evaluation of the precise temperature 
dependence. 

• Accurate positioning would be required to allow for an in-depth analysis of the monitoring 
results. 

• The instrumentation boreholes would have to be backfilled with a material with a similar or 
lower water permeability and thermal conductivity than the Opalinus Clay to ensure that the 
instrumentation does not disturb the Experiment. 

• The monitoring system should be designed to account for the anisotropy in some key 
parameters (e.g., thermal conductivity, water permeability, stiffness and strength). 

 





 29 NAGRA NTB 15-02 

3 Construction of the FE Cavern and FE Tunnel and Response 
of the Rock Mass 

 
This chapter describes the construction of the FE cavern and FE tunnel. In Section 3.1, the 
requirements on the construction related to post-closure performance of the disposal system are 
summarised. In Section 3.2, the system used to monitor the construction activities and the system 
used to monitor processes occurring in the EDZ are described. Section 3.3 describes the 
excavation of the cavern and tunnel, including the installation of the tunnel support system. 
Section 3.4 presents the results of monitoring during tunnel construction. Section 3.5 provides a 
summary of the construction activities. 

3.1 Requirements on construction 
Prior to the FE Experiment, requirements on construction and tunnel dimensions had been 
established within the Entsorgungsnachweis, the demonstration of disposal feasibility for 
SF/HLW and long-lived ILW (Nagra 2002b). In the SF/HLW disposal concept, maintaining the 
swelling properties and plasticity of the outer half of the bentonite buffer is considered important 
to limit the deformation of the Opalinus Clay surrounding the excavations while also providing a 
low-diffusion barrier around the canister.  

Processes that might degrade swelling and reduce the plasticity of bentonite backfill over time 
include: dissolution and precipitation of silica and soluble trace minerals; ion exchange of calcium 
with sodium; alteration of montmorillonite to illite; reaction between Fe(II) and silica or 
montmorillonite; and alteration of swelling properties by heating in the unsaturated state (Nagra 
2002b).  

In the Entsorgungsnachweis (Nagra 2002b), modelling estimated that the maximum temperature 
reached in the bentonite midway between the canister and the tunnel wall would be approximately 
115 °C. Relevant evidence on the temperature dependence of processes that could potentially 
compromise bentonite performance, suggests that the outer parts of the bentonite would not be 
significantly affected for the estimated temperature distribution (Nagra 2002b). 

Therefore, despite the likelihood of some local bentonite degradation, each canister is effectively 
surrounded by tens of cm of bentonite that will experience no significant degradation over time 
as long as the tunnel diameter is sufficiently large and the temperature remains within the expected 
range. This corresponds to a requirement that the bentonite thickness is several tens of cm, and, 
in the FE Experiment a bentonite thickness of greater than 74 cm was specified. This is consistent 
with a tunnel diameter of 2.48 m. 

In the repository, construction of the disposal tunnels must not cause significant impacts on the 
host rock, especially the EDZ. In order to avoid mineralogical changes in the rock induced by use 
of free water to lubricate or clean drilling equipment, or to clean the rock face, it was specified 
that water would be prohibited from use in the FE tunnel. In addition, in order to minimise the 
potential for EDZ development through rock creep or failure following excavation, it was required 
that rock support had to be introduced as soon as possible and that excavation lengths would be 
reduced to ensure the fast implementation of tunnel support. 

Saturation of high-pH concrete with porewater produces a hyperalkaline pore fluid with a pH in 
the range 12 – 13.5. These pore fluids have the potential to react chemically with clay minerals, 
including the clay minerals in bentonite and the Opalinus Clay host rock, which may affect the 
physical and chemical properties of the materials. Potential reactions include the loss of swelling 
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capacity, and changes in porosity, mineralogical composition, or sorption capacity. To minimise 
these reactions, low-pH concrete (i.e. a concrete with a leachate pH below 11) can be used. In 
order to build experience in the use of low-pH concrete, a requirement for use of such material 
was adopted for the shotcrete in the FE Experiment. 

In summary, requirements on construction relating to the long-term performance of the disposal 
system were: 

• The diameter of the FE tunnel shall be greater than or equal to 2.48 m. 

• No free water shall be used during the excavation progress, including drilling or cleaning 
work. 

• Excavation lengths shall be short to allow for rapid installation of tunnel support. 

• Shotcrete used as tunnel support shall be of a composition that will generate a low-pH leachate 
when interacting with Opalinus Clay porewater. 

Compliance with these requirements was checked by scanning of the tunnel diameter, by 
recording the construction process, and through laboratory characterisation of the concrete, as 
described in the subsequent sections of his chapter. Other requirements on the construction of the 
FE cavern and FE tunnel are presented in Appendix I. 

3.2 Monitoring system (Phase 1 and Phase 2a) 

3.2.1 Phase 1: Monitoring of Excavation 
Prior to excavation, the rock mass around the FE tunnel was instrumented using boreholes drilled 
from the FE cavern (Fig. 3-1). This instrumentation was completed in April 2012 before the FE 
tunnel was excavated and therefore allowed observation of the later tunnel excavation. In general, 
the borehole instrumentation was set-up sub-parallel, sub-perpendicular and oblique to the 
bedding, taking the anisotropy of the Opalinus Clay into consideration. The monitoring system 
consisted of: 

• multi-packer systems in six 45-m-long boreholes (BFEA002 – BFEA007), each with 1.95-m 
long intervals, with six pore pressure and temperature monitoring intervals in each borehole 
(Grava et al. 2012a, 2012b, 2012c, 2012d, 2012e and Grava & Achtziger 2012) 

• single-packer systems in two shorter boreholes (BFEA008 and BFEA009, shown but not 
labelled in Fig. 3-1), both of which are approximately 13 m long, with one pore water pressure 
and temperature monitoring interval in each borehole (Morel 2014) 

Two boreholes (BFEA010 and BFEA011) were equipped with inclinometer-chains, with 
40 segments and two measurement axes in each borehole. In addition, 360 m of fibre-optic cables 
were installed on the casing of the inclinometers, and were used for distributed temperature 
sensing (Morel 2013a). 

Four short boreholes (BFEA012 – BFEA015), of approximately 6-m length were instrumented 
with minipiezometers designed to measure porewater pressure and temperature (Komischke and 
Vogt 2013). These boreholes are not shown in Fig. 3-1. 

A listing of the sensors identified above is provided in Appendix IV-1. 
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Fig. 3-1: Arrangement of the boreholes used to monitor the construction of the FE tunnel in 
Phase 1 of the FE Experiment monitoring programme 

 

3.2.2 Phase 2a: System for monitoring response to tunnel construction 
Tunnel wall displacements were monitored using a total of ten convergence measurement sections 
that were installed during the excavation with an average spacing of approximately 6 m (Fig. 3-2).  

In measurement sections C0 to C4, the radial configuration consisted of five observation targets 
(prismatic reflectors). In measurement sections C5 to C9 the radial configuration consisted of 
seven observation targets. A total of 60 observation targets were installed. These targets were 
monitored with a tachymeter, with monitoring commencing during tunnel construction and 
continuing until backfilling started approximately 30 months later at the end of 2014. 

The response to excavation was also monitored by INVAR wire convergence measurements 
(hand-held distometers). This monitoring included the long-term closing of the non-fixed 
('sliding') steel arch connections in the ISS. 

In addition to this surveying, two monitoring cross-sections, marked E1 and E2 in Fig. 3-2, were 
instrumented with a system to measure the hydro-mechanical evolution of the rock and shotcrete 
using extensometers, temperature sensors, stress cells and crack meters (Keller 2012). At GM 
14.7 (E1 in Fig. 3-2), two boreholes were equipped with 6-m-long 4-point borehole extenso-
meters, and four temperature sensors and six stress cells were mounted in the shotcrete. At GM 
43.0 (E2 in Fig. 3-2), 4-point borehole extensometers (6 – 8 m long) were installed in another 
three boreholes, and four crack meters were installed in the same section. A listing of the sensors 
in monitoring cross-sections E1 and E2 is provided in Appendix IV-2. 

Furthermore, detailed geological and structural mapping of the tunnel face was undertaken daily, 
immediately after each excavation round. This mapping was complemented by a digital photo-
grammetric survey of the excavation surfaces using ShapeMetriX3D (3GSM 2014). 
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Fig. 3-2: Simplified vertical cross-section of the FE tunnel showing the tunnel sections with 
the different support measures, the convergence measurement sections (C0 to C9) 
and the location of radial extensometers (E1 and E2) installed during tunnel 
construction 
Lisjak et al. (2015) 

 

3.3 Rock excavation and support installation 

3.3.1 FE cavern 
The FE cavern was excavated between November 2010 and May 2011 by extension of the pre-
existing Mine-by (MB) Experiment niche (Fig. 3-2). Construction work included local widening 
of Gallery 08 (GA08), especially around the portal of the MB niche, and renovation and reinforce-
ment of the MB niche with steel arches and emplacement of an additional layer of shotcrete. 

The size of the FE cavern allowed the use of a 15'000 kg CAT 312 excavator equipped with a 
rotary drum cutter ("road-header"). A remotely controlled BROKK 330 excavator was used for 
the confined spaces. The FE cavern was secured by implementing wire mesh reinforcement, 
installing and cross-linking steel arches and finally by applying shotcrete. 

The reinforcement of the MB tunnel and the FE cavern was designed to ensure safe and long-term 
access to the FE tunnel. The shotcrete thickness in the FE cavern was more than 30 cm including 
two layers of K196 reinforcement steel mesh. The invert was up to 1.8 m deep. Following 
excavation, it was covered with a concrete floor. The resulting maximum (inner) dimensions of 
the tunnel-shaped FE cavern are approximately 9 m (length) by 12 m (width) by 5 m (height). 
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3.3.2 FE tunnel 

3.3.2.1 Excavation method 
The 50-m-long FE tunnel was excavated full-face between April 2012 and July 2012 (Daneluzzi 
et al. 2014). The excavation was done with remotely controlled Brokk 260 and Brokk 90 
excavators equipped mainly with a (pneumatically hammering) spade chisel (Fig. 3-3). For 
profiling, a Simex TF 100 rotary drum cutter was used (Fig. 3-4). Excavation steps were limited 
to 1.0 m per day in sections supported by shotcrete and 1.5 m per day in sections supported by 
steel arches, in order to allow early rock support to be installed on the same day, consistent with 
the requirement on short excavation lengths to allow for rapid installation of support. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3-3: Photographs of the Brokk 260 road header mounted with a spade chisel 
Note: Picture on the right: © Comet Photoshopping, Dieter Enz 

Daneluzzi et al. (2014) 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3-4: Photographs of the Simex TF 100 cutter head mounted on a Brokk 90 road header 
Note: Picture on the right: © Comet Photoshopping, Dieter Enz 

Daneluzzi et al. (2014) 
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3.3.2.2 Support design and installation 
The different types of tunnel support, including the location of the monitoring and deformation 
measurement sections, can be seen in Fig. 3-2. From GM 0.0 to GM 38.0, the support in the tunnel 
consists of mesh-reinforced shotcrete. In the access section, GM 0.0 to GM 9.0, the support also 
includes steel arches. The ‘dry application' method was used for the shotcrete, adding water only 
at the spraying nozzle. 40 % of the Portland cement was substituted by silica fume in order to 
obtain a shotcrete with a reduced pH value (see discussion of shotcrete properties in 
Section 3.3.1.3 below). The shotcrete was applied in two layers with a total thickness of at least 
16 cm, with the first layer being installed at the end of each day of excavation (i.e. after 1.5 m of 
excavation). One layer of wire mesh K196 was installed in the first shotcrete layer. From GM 9.0 
to GM 18.0 a third layer of shotcrete, approximately 10 cm thick, with a second layer of wire 
mesh was installed. Due to the uneven rock surface (resulting from, for example, overbreaks), the 
thickness of the shotcrete was locally up to 50 cm. Finally, the inner diameter of the FE tunnel 
was not perfectly round, varying between 2.5 m and 2.7 m. Two types of rock bolts were used for 
tunnel support in the Test Section of the FE tunnel (Daneluzzi et al. 2013): 

• 49 2.5-m-long fibreglass rock bolts (GFK 60-25), 10 of which were emplaced in the lower 
part of the north-western tunnel wall and 39 of which were emplaced in the lower part of the 
south-eastern tunnel wall. The 10 rock bolts on the north-western side were replaced by the 
longer metal rods during the renovation of the invert (see Section 3.4.2 below). 

• 53 7.5-m-long metal rock bolts (IBO R-32s) were installed in the north-western tunnel wall 
during the renovation of the invert 

Details of the tunnel geometries, shape of the excavated tunnel and thickness of the shotcrete are 
available in Appendix 6 of Daneluzzi et al. (2014), which provides scan traces of the tunnel from 
GM 9.0 to GM 38.0 in 1 m increments.  

At the deep end of the FE tunnel (from GM 38.0 to GM 50.0), an ISS was constructed using only 
steel arches (and reinforcement mesh) but no shotcrete for rock support (Fig. 3-5). In the FE 
tunnel, all steel arches were placed with a spacing of 1 m, except in the ISS close to the shotcrete 
section where a 0.5 m spacing was chosen for safety and demonstration reasons. Each steel arch 
was composed of several pieces with sliding connections that were tightened by bolts using a 
300 Nm torque spanner, allowing some movement after installation (see Daneluzzi et al. 2014). 
The steel arches were bedded on flexible grout-injected hoses in order to allow early load transfer 
(after hardening of the grout) and even load distribution from the rock onto the support element. 
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Fig. 3-5: Photograph of the 12-m-long shotcrete-free ISS at the end of the FE tunnel (left), 
and detail of a steel set bedded on a grout-injected hose for an even load distribution 
from the rock (right) 
Müller et al. (2017) 

 

3.3.2.3 Shotcrete mixture 
The basis of the shotcrete mixture design for the FE tunnel was the ESDRED mixture developed 
within the framework of the ESDRED Project (Wetzig et al. 2011). In this low-pH shotcrete 
mixture, 40 % of the Portland cement is substituted by silica fume. Silica fume reacts with calcium 
hydroxide to lower the pH value of the shotcrete. The reduction of the pH gradient between the 
(as a bulk) neutral clay minerals and the alkaline shotcrete limits chemical interactions, which is 
beneficial for the long-term safety of an EBS (Jenni et al. 2014).  

In the FE Experiment, 400 g of superplasticiser was added to each 1 m3 shotcrete mixture but, in 
contrast to the ESDRED mixture, no accelerator was used in order to reduce the content of organic 
matter. The composition of the shotcrete is provided in Tab. 3-1. 

The properties of the shotcrete were measured in a comprehensive characterisation programme 
based on shotcrete cores drilled from the tunnel wall. The pH of these samples was measured 
under laboratory conditions by the ex situ leaching method (Alonso et al. 2012) after 90 days, 
111 days, 1 year and 3.4 years. The measurement method includes pulverising the material, 
mixing with deionized CO2-free water in a 1:1 weight ratio and measurement of the solution pH 
using an electrode following segregation/sedimentation. The pH value of the shotcrete samples 
from the FE tunnel decreased with time from an initial value of approximately 12.4 to 
approximately 11.5 after 3.4 years (Fig. 3.6). According to modelling results by Lothenbach et al. 
(2014), the ESDRED mixture should reach an equilibrium pH value of 11.5 after 1 year and will 
slowly decrease to a value of 11 after a long period. The same pH evolution was assumed for the 
FE mixture. Selected physical properties of the FE shotcrete are presented in Tab. 3-2. 
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Tab. 3-1: Mixture composition of the shotcrete used in the FE Experiment 
 

Component/property Quantity/value 

Water (w) 173 kg/m3 

Cement (c) (CEM I 42.5 R-SE) 270 kg/m3 

Silica fume (s) (Degussa) 180 kg/m3 

Superplasticizer (Mapei) 0.41 kg/m3 

Limestone aggregates (< 8 mm) 1'661 kg/m3 

Air content 4.5 vol.-% 

Theoretical density 2'284 kg/m3 

Water: cement ratio 0.64 

Water: cement and silica ratio 0.38 

 
 

Fig. 3-6: Measured shotcrete pH as function of concrete age in the FE Experiment and for the 
ESDRED mixture 
The filled green circles show the pH values of FE samples measured under laboratory 
conditions at different shotcrete ages; the small red circles are individual measurements; the 
outlier pH-value of 12.4 at age of 2.7 year is excluded from the average. 

Müller et al. (2017) 
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Tab. 3-2: Average values of shotcrete properties 
 

Property Quantity/value 

Total porosity 23.1 vol.-% 

Density 2'063 kg/m3 

Free water content 4.7 vol.-% 

Water permeability 1.15 × 10-17 m2 

Thermal conductivity 1.71 W/mK 

Uniaxial compressive strength 42.4 MPa (28 days) 
50.4 MPa (90 days) 

 

3.4 Geological mapping and hydro-mechanical behaviour during tunnel 
construction 

3.4.1 Geological mapping and tunnel scanning 
Geological mapping associated with the FE tunnel included logging of cores taken from the 
boreholes drilled from the FE cavern (Fig. 3-1), and manual mapping and digital photogrammetric 
surveying of the tunnel walls. The focus of this mapping was recording both the in situ and 
excavation-induced geological structure (fractures and faults), and the excavated profile. 

The boreholes drilled from the FE cavern cut the bedding at a very low angle, complicating the 
orientation of the borehole cores. No conspicuous cross-cutting features were identified from the 
core logging, and no reliable prediction of faults or fault zones striking parallel or sub-parallel 
near the planned tunnel could be made.  

Geological structures identified during the mapping of the tunnel walls included tectonic faults 
and excavation-induced fractures. Tectonic features were distinguished from excavation-induced 
fractures by the occurrence of mineral coatings, striations and polished surfaces. 

The main tectonic features mapped in the FE tunnel were bedding parallel and bedding sub-
parallel faults and associated splays. Although the Opalinus Clay in the region of the FE cavern 
is not strongly faulted, a fault zone intersected the FE tunnel. This fault zone was oriented sub-
parallel to the bedding and entered the tunnel at the lower right (north-western) side around GM 
14.5. The fault zone remained within the cross-section of the FE tunnel until the tunnel end at 
GM50. The fault was characterised by a heavily sheared core zone and strongly tectonised damage 
zone. The normal thickness of the fault zone varied between approximately 0.5 – 1.5 m. The rock 
mass adjacent to the fault zone was characterised by numerous sheared and polished bedding 
planes. 

Two main sets of excavation-induced fractures were observed in the FE tunnel. First, an older set 
of extensional fractures which developed around the individual tunnel fronts in a spherical manner 
and thus is mimicking the shape of the former tunnel front. Second, a younger set of excavation-
induced extensional (stress relief) fractures which developed tangential to the tunnel and is 
therefore parallel or sub-parallel to the tunnel axis. These fractures are induced in the short-term 
period ahead of, and immediately following, tunnel excavation (i.e. in the hours prior to shot-
creting). The response of the rock mass to excavation involves coupled hydro-mechanical 



NAGRA NTB 15-02 38 

processes including pressure redistribution, bedding plane slip and swelling of the clay rock. For 
example, as illustrated in Fig. 3-7, displacement of the rock mass monitored by the inclinometers 
in boreholes BFEA010 and BFEA011, corresponds to a concomitant reduction in the pore water 
pressure monitored in boreholes BFEA002 and BFEA005 (see Fig. 3-1 for relative borehole 
locations). 

The orientation of excavation-induced fractures in the FE tunnel was modified by the presence of 
pre-existing faults and the strong anisotropy of the Opalinus Clay rock. In particular, more 
fractures were detected on the right side of the tunnel than on the left side. 

The development of the EDZ also impacts on the tunnel convergence and performance of the 
tunnel support, as discussed below (Section 3.4.2). 

Fig. 3-7: Comparison of porewater pressure with settlement above gallery (inclinometer) at 
GM 31.0 (referred to as GM 31.2 in the key) 
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3.4.2 Mechanical response to construction and support installation 
In addition to the mapping of the tunnel wall discussed in Section 3.4.1, progressive deformation 
in response to tunnel excavation was monitored following support installation using the geodetic 
surveying system (Lisjak et al. 2015). The typical evolution of displacements observed between 
GM 10.0 and GM 34.0 is well exemplified by the time and distance history of total wall displace-
ment, δ, measured at section C3 (GM 21.8) (Fig. 3-8). In proximity to the excavation face, the 
response was characterised by progressively decreasing displacement rates occurring as elasto-
plastic deformations directly induced by the excavation of the tunnel. Short-term deformations 
tended to stabilise at approximately three tunnel diameters (i.e., 9 m) behind the excavation face, 
corresponding to roughly 11 days for the given advance rate of 1.0 m/day. Following the short-
term deformation phase, a longer-term time-dependent plastic deformation phase was observed 
(Fig. 3-8). 

The deformations shown in Fig. 3-8 indicate an asymmetric tunnel wall convergence in the 
shotcrete section, with several centimetres of deformation particularly in the lower right (north-
western) side of the tunnel. In comparison, deformations in the steel arch section show a more or 
less symmetric tunnel wall convergence (Fig. 3-9). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3-8: Typical evolution of tunnel wall displacements, based on displacement data from 
monitoring Section C3 (GM 21.8) illustrating short-term and time-dependent 
displacements of the FE tunnel wall 
Total displacement, δ, as function of date and normalized distance from the excavation face, 
Z = D 

Lisjak et al. (2015)  
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Fig. 3-9: 90-day tunnel wall convergences at two example measurement sections C4 (left 

graph) and C7 (right graph) 
C04 was located in the shotcrete section of the tunnel and C07 in the shotcrete-free section 
supported only by steel arches (see Fig. 3-1). The scale of the displacement vectors is 
amplified by a factor of 20 with respect to the excavated tunnel represented by a black circle. 

Müller et al. (2017)  
 
Because of the observed deformation rates, 7.5-m-long (steel) rock bolts were installed in the 
lower right side wall of the shotcrete section (as described in Section 3.3.1.2). Nevertheless, even 
after the implementation of this mitigation measure, the shotcrete in the invert failed (see 
Fig. 3-10) and had to be renewed. The renovation of the tunnel section GM 9.0 to GM 38.0 was 
completed in September 2012. The old shotcrete was removed segment by segment and new 
(mesh reinforced) shotcrete was applied. 

During the renovation, additional 7.5-m-long (steel) rock bolts, fixed with silicate resin, were 
installed in the right-side wall of the FE tunnel. This was done in a pattern which reduced the risk 
of the interface between the old and the new shotcrete becoming a potential weakness of the tunnel 
lining. In the tunnel wall on the left side, 2.5-m-long (fibre-reinforced plastic) rock bolts were 
installed in the same pattern. 

The failure of the shotcrete invert was mainly caused by an irregular, i.e. not perfectly circular, 
excavation profile and the resulting shear and bending forces in the lining. An intensive coring 
and lab testing programme also showed that the shotcrete in the invert did not have the required 
quality (although the strength targets were clearly met in the upper part of tunnel4). Loose muck 
and rebound below the invert as well as layering within the shotcrete were detected. The shotcrete 
in the invert was also partially too unevenly and thinly applied, locally even of crumbling 
appearance and therefore too weak. 

                                                           
4  The UCS of "good" shotcrete was on average approx. 42 MPa after 28 days and approx. 50 MPa after 91 days. 
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Seemingly, these circumstances contributed more to the failure of the invert than the properties 
of the faulted and tectonically weakened rock mass. This theory is supported by the observation 
that, although the ISS was built in the same facies of the Opalinus Clay as the shotcrete section, 
the steel arch section generally showed a homogeneous tunnel wall convergence and lower 
deformation rates (Fig. 3-9). 

After the renovation work, the deformation rates in the shotcrete section were greatly reduced and 
no further problems with tunnel stability were encountered.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3-10: Photograph from the failed shotcrete invert (right of the dashed white line) before 
the renovation in September 2012 
Müller et al. (2017) 
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3.5 Summary of tunnel construction 
The technical feasibility of constructing an emplacement tunnel in an over-consolidated claystone 
using standard industrial equipment was successfully verified at the Mont Terri URL. The tunnel 
dimensions are consistent with a minimum diameter of 2.48 m, and rock support was installed 
using low-pH shotcrete on the same day each section was excavated, consistent with a require-
ment for rapid installation of tunnel support. No water was used in the construction of the tunnel. 
Although some issues occurred with the emplaced shotcrete, these were considered to be the result 
of the emplacement of the material rather than its composition and were corrected prior to EBS 
emplacement. Therefore, further work on the shotcrete emplacement methodology, including 
detailed documentation of emplacement methods and procedures, will be required in the future 
(See section 8. Lessons learnt). 
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4 Ventilation period 
 
This chapter describes the ventilation period of the FE Experiment, which includes the time from 
the construction of the FE tunnel until the end of EBS materials emplacement (approximately 
May 2012 – February 2015). In Section 4.1, the requirements on the ventilation period related to 
post-closure performance of the disposal system are summarised. In Section 4.2, the system used 
to monitor the tunnel climate in response to ventilation is described. Section 4.3 describes the 
ventilation system, its installation and its operation. Section 4.4 presents the results of monitoring 
during the ventilation period, including the tunnel conditions and the impact of the ventilation on 
the rock and shotcrete. Section 4.5 provides a summary of the ventilation period. 

4.1 Requirements on tunnel ventilation period 
During the ventilation period the prototype backfilling machine was constructed and tested, the 
EBS materials were produced and the monitoring instrumentation was installed.  

Requirements on the ventilation period of the FE Experiment were mainly associated with 
operational safety, i.e. ensuring adequate air circulation for respiration. Additionally, the tempera-
ture in the tunnel shall not exceed 27 °C for health and safety reasons. 

Compliance with these requirements was checked by monitoring of the tunnel climate during the 
ventilation period, as described in Section 4.4. 

During ventilation, some requirements were also set on the monitoring system itself. Several 
parameters (such as air temperature, relative humidity and air speed) had to be measured in order 
to define the boundary conditions for future modelling or interpretative data analysis. 

4.2 Tunnel climate and near-field rock instrumentation (Phase 2b) 
Climate sensors measuring relative humidity in air, air temperature, air pressure and ventilation 
induced wind velocity were installed in one location in the MB niche and at several locations in 
the FE cavern and the FE tunnel. These sensors monitored the tunnel climate before and during 
the tunnel excavation, but, wherever possible, also during the actively ventilated phase until the 
completion of tunnel backfilling. The climate sensors in the MB niche were installed in October 
2011, prior to excavation of the FE Tunnel. The sensors in the FE cavern and FE tunnel were 
installed in November and December 2012. 

The sensors used and their locations are listed in Appendix IV, Tab. IV-3 (Francois 2012 and 
Morel 2013b): 

• 8 relative humidity sensors with integrated temperature (with special ventilation grid) 

• 1 hot wire anemometer in the outlet of the ventilation tube 

• 1 compact 2D-ultrasonic anemometer at the entrance of the FE tunnel 

• 1 1-D ultrasonic anemometer in the MB niche 

• 1 air pressure sensor in the FE gallery 

All cables into the tunnel were protected with a sheath and were routed along the ventilation tube 
and electrical racks into the FE cavern. 
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In addition, the response of the near-field rock to the ventilation phase was monitored using nine 
instrumented boreholes (numbered BFEC006 to BFEC014) at GM 37.6, GM 44.1 and GM 46.0, 
to establish the water content in the rock (Gräfe et al. 2013). Three frequency domain reflecto-
meter (FDR) profile probes for monitoring of water content with six measuring positions were 
installed at depths of 10/20/30/40/60 and 100 cm in boreholes BFEC006, BFEC007 and 
BFEC008. Boreholes BFEC009 and BFEC010 were each equipped with one equitensiometer. 
One combined relative humidity and temperature sensor was installed in each of boreholes 
BFEC011 and BFEC012. Boreholes BFEC013 and BFEC014 were equipped with one time-
domain reflectometry (TDR) sensor each. A detailed listing of borehole sensors is given in 
Appendix IV, Tab. IV-3. 

4.3 Ventilation system 
The design of the ventilation system for the FE tunnel was consistent with Guideline 196 for 
temporary ventilation of construction sites published by the Association of Swiss Engineers and 
Architects (SIA) (SIA 1998) and in accordance with requirements on ventilation determined by 
the Research Association for Underground Transportation Facilities (STUVA). The key design 
parameters are listed in Tab. 4-1. 

A key function of the ventilation system was the removal of dust from the tunnel during 
operations, especially rock excavation and GBM emplacement. Dust was extracted through a 
ventilation duct (diameter 30 cm) coupled with a Korfmann ESN 9-450 fan (Daneluzzi et al. 
2014). A CFT HTKS dust collector with a capacity of 1'000 m3/min treated the air flow before its 
evacuation from the Mont Terri URL via a flexible pipe installed in the Safety Gallery during 
excavation of the FE cavern 1.5 years before excavation of the FE tunnel. This concept maintains 
the mandatory regime of pressure relief in the motorway tunnel's Safety Gallery. 

The primary air intake for the ventilation system was located on the side wall of GA08, where a 
dust filter was installed. Humidity control was undertaken using a simple heater designed to 
reduce the relative humidity to approximately 80 %, with the capacity to dry the air to a relative 
humidity of 60 % if required during the emplacement phase. Air was pumped to the end of the 
FE tunnel, and the outflow was located in the centre of the end wall. The installed ventilation 
system provided a minimum air flow of 880 m3/h, which corresponds to a minimum wind speed 
of 4.5 m/s from a 250-mm-diameter steel pipe, and exchange of the air in the FE tunnel twice per 
hour (Teodori 2013). 

For the sake of avoiding confusion, two other ventilation systems were installed in the FE 
Experiment. The two ventilation systems were installed to dedust air in the tunnel during excava-
tion and during bentonite emplacement. Those systems are believed to have a low influence on 
boundary conditions. Therefore, they are not described. 
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Tab. 4-1: Description of ventilation capacity 
Daneluzzi et al. (2014) 

 

Data on construction site 

Air density 1.2 kg/m3 

Section, cross-section a, e, f 29.40 m2 

Section, cross-section b, c, d 28.70 m2 

Gallery length 50 m 

Natural gas None 

Electrical power on front 45 kW 

Mining smoke None 

Ventilation Exhaust 

Flow required on the front 

Diffusion of natural gas* 6.2 m3/s 

Mining smoke* None 

Flow desired on front 6.2 m3/s 

Fan 

Fan type One Korfmann ESN 9 - 450 

Fan flow 15 m3/s 

Fan pressure 2'200 Pa 

* Assumes an air speed of 0.5 m/s as required in Standard SIA 196 2.22.23 
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4.4 Response to ventilation 

4.4.1 Tunnel climate 
The impact of ventilation on the rock and shotcrete was monitored using the system described in 
Section 3.2.2. The evolution of the tunnel climate (relative humidity and temperature) from 
installation of the climate sensors until mid-March 2014 is illustrated in Fig. 4-1.  

Fig. 4-1: Results from monitoring of relative humidity and temperature in the MB Niche 
(BFEA_HUM_01 and BFEA_TEM_01) and in the FE tunnel at GM 47.0 
(BFEC_HUM_22 and BFEC_TEM_22), GM 26.0 (BFEC_HUM_23 and 
BFEC_TEM_23) and GM 6.0 (BFEC_HUM_24, BFEC_HUM_25, 
BFEC_HUM_26, BFEC_TEM_24, BFEC_TEM_25 and BFEC_TEM_26) 

 

4.4.2 Rock and shotcrete response to ventilation 

4.4.2.1 Monitoring results 
As discussed in Section 3.4.2, automatic geodetic convergence measurements were conducted to 
detect deformation and convergence of the rock mass around the tunnel support system including 
the shotcrete. In addition, regular visual inspection of the shotcrete liner was carried out following 
emplacement to detect any cracking of the lining. No significant cracks in the visible part of the 
lining were observed despite the significant deformations measured (Fig. 3-10). 

After the construction of the FE tunnel was finished, several wet spots developed in the tunnel. 
The main sources for the wet spots were rock bolts. However, the tubes for grout injection in 
borehole BFEC002 and a small crack in the shotcrete at GM 36.5 also showed wet spots. Most of 
the wet spots were indicated by halite and gypsum precipitation and a dark-coloured wet area. 
The presence of the mineral deposits indicates that the water leaking from the rock bolts was 
formation water. The wet spots did not dry out during the ventilation period. 
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Fig. 4-2 shows the water content profiles of the Opalinus Clay around the FE tunnel measured 
using dielectric profile probes. The data indicate a difference between sections where the rock is 
covered with shotcrete and the unlined sections. In the profiles without shotcrete, desaturation 
reaches about 50 cm into the rock. The rock behind the shotcrete seems to be fully saturated, 
while some drying is observed in the shotcrete itself. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4-2: Water content profiles measured with the dielectric profile probe in selected 1 m 
long boreholes, drilled radially from the FE tunnel, showing the different desatura-
tion process between unlined rock and rock covered with shotcrete 

 

4.5 Summary of ventilation period 
During the ventilation period preparations were undertaken for the emplacement of the EBS 
materials. This included construction and testing of the backfilling machine, production of the 
bentonite and installation of the monitoring instrumentation. During this period, the tunnel was 
successfully ventilated without significant problems. 

Monitoring of the response to ventilation showed that the presence of shotcrete reduced the rate 
of desaturation of the host rock. However, wet spots were found locally, mainly associated with 
the locations of rock bolts. Monitoring of GBM relative humidity during the subsequent heater 
phase showed that the wet spots correspond to locations of preferential saturation of the backfill.  

The operation of the ventilation system was also shown to be flexible and responsive to opera-
tional issues. When required, for example during the emplacement of the concrete wall at the deep 
end of the FE tunnel, the rate of air flow could be readily adjusted. Maintaining flexibility in the 
control of tunnel climate is an important aspect of repository engineering feasibility. 
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5 Requirements on, and design of, EBS Materials 
 
This chapter describes the requirements on, and design of, the EBS materials used in the FE 
Experiment. In Section 5.1, the requirements on the EBS materials related to post-closure 
performance of the disposal system are summarised. In Section 5.2, the design of the ISS 
materials is described. In Section 5.3, the design of the bentonite blocks used for the bentonite 
block pedestals is described. In Section 5.4, the design of the heaters is described. In Section 5.5, 
the design of the GBM buffer materials is described. In Section 5.6, the design of the concrete 
plug materials is described. 

5.1 Requirements on experiment materials and emplacement technology 
Bentonite is considered as a potential buffer, backfilling and sealing material in most concepts for 
geological disposal of SF/HLW. Bentonite is a natural clay mixture consisting mostly of smectite 
group clay minerals (including montmorillonite) formed by low-temperature alteration of igneous 
rocks, typically volcanic rocks (Grim and Güven 1978). Commercially-available bentonites 
proposed for use in repositories contain either calcium-rich or sodium-rich montmorillonite, 
depending on the dominant clay interlayer cation (Ca2+/Na+).  

As discussed in Section 1.4, the safety functions of the disposal system are isolation from the 
human environment, confinement and radioactive decay, and attenuation of releases (Nagra 
2002b, 2010). The attenuation of radionuclide release from the repository system is strongly 
dominated by sorption and diffusive transport in the clay-rich rock, which is much thicker than 
the bentonite engineered barrier. As a result, in a scenario in which diffusion dominates transport 
in the host rock, bentonite makes a limited contribution to retarding radionuclide transport, but 
nonetheless provides redundancy and a suitable chemical (e.g. low microbial activity) and 
hydromechanical (e.g. isotropic loads on the canister) environment. 

The role of bentonite is a key feature of assessment cases used in the safety analysis. These 
assessment cases are based on what-if scenarios that aim to evaluate the robustness of the disposal 
system (Nagra 2002b), for example an unintentional borehole intrusion of the near-field or 
occurrence of hydraulically transmissive discontinuities intersecting the emplacement tunnels. 
Both cases incorporate the assumption that the emplacement tunnels, including the bentonite, 
have low hydraulic conductivity in order to limit dose consequences. As a result, the most 
important requirement on bentonite in relation to long-term safety assessment is to maintain 
overall low hydraulic conductivity in the waste emplacement tunnels. This requires also that all 
voids are filled by swelling clay, i.e. some swelling pressure must be provided by the bentonite. 

In order to achieve the two safety functions (i.e. low hydraulic permeability and self-sealing 
ability), safety-relevant attributes are defined (Tab. 5-1). The safety-relevant attributes of the 
buffer include those that contribute to the safety functions of other barriers or those that directly 
contribute to provision of the safety functions of the buffer itself (Leupin et al. 2014). 

Bentonite containing sodium-rich montmorillonite was chosen for the FE Experiment, based on 
the requirements specified by Karnland (2010) and Leupin et al. (2014). The main reasons for 
selecting sodium-rich bentonite were the compatibility with sodium chloride dominated Opalinus 
Clay pore water and the ability to swell through two swelling mechanisms (hydration of the 
interlayer cation and osmotic water uptake), as opposed to calcium bentonite that only swells by 
hydration of the interlayer cation (Garitte et al. 2015). The raw material specifications that had to 
be fulfilled during the bentonite buffer production for the FE Experiment are summarised in 
Appendix II. 
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In addition to the requirements associated with the post-closure safety functions, an additional 
requirement was placed on the bentonite blocks to remain relatively unaffected by the ambient 
conditions (especially relative humidity) during post-production storage and the operational 
phase. This requirement relates not only to operational safety (i.e., prevent accidents due to failure 
of the pedestal) but also to post-closure safety, as the blocks need to maintain their safety function 
after emplacement and closure of the repository. 
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Tab. 5-1: Required attributes of the buffer material for Nagra's reference disposal concept 
Leupin et al. 2014 

 

Safety-relevant 
attribute 

Contribution to provision of 
safety function or another 
attribute 

Preferred Value Treatment in FE Experiment 

Low hydraulic 
conductivity 

Attenuation safety function of 
buffer, by ensuring diffusive 
transport 

K < 10-11 m/s for 
buffer around canister 

At the onset of the Experiment, it 
was recognised that the required 
hydraulic conductivity could be 
achieved through production and 
emplacement of bentonite blocks 
and GBM with sufficient density 
(Garitte et al. 2015) 

Chemical 
retention of 
radionuclides 

Attenuation safety function of 
buffer, by retarding transport 
from the buffer 

No quantitative 
criterion*, strong 
sorption is favoured 

Use of bentonite meets this 
requirement, as discussed in 
Leupin et al. (2014) 

Sufficient 
density 

Attenuation safety function of 
buffer, by preventing colloid 
transport 

ρd > 1.45 g/cm3** Measured during production of 
blocks and GBM, and 
emplacement of GBM in FE 
tunnel 

Sufficient 
swelling 
pressure (Ps) 

Attenuation safety function of 
rock, by providing mechanical 
stabilisation of rooms, and 
hence avoiding significant 
extension of EDZ 

0.2 MPa < Ps < 
minimum principal 
stress 

At the onset of the Experiment, it 
was recognised that the required 
swelling pressure could be 
achieved through production and 
emplacement of bentonite blocks 
and GBM with sufficient density 
(Garitte et al. 2015) 

Mechanical 
support 

Safety function of canister, by 
ensuring it is surrounded by a 
protective layer of buffer (stress 
buffering) 

Buffer must be 
sufficiently viscous to 
avoid canister 
settlement* 

The mechanical performance of 
the bentonite block pedestal was 
monitored using displacement 
sensors 

Sufficient gas 
transport 
capacity 

Attenuation safety function of 
buffer, by ensuring gas can 
migrate without compromising 
hydraulic barrier 

No quantitative 
criterion*; less than 
the minimum 
principal stress 

Not evaluated in the FE 
Experiment 

Minimise 
microbial 
corrosion 

Safety function of canister, by 
ensuring conditions favourable 
to slow corrosion 

No quantitative 
criterion but higher 
densities are preferred 
to limit microbial 
activity* 

At the onset of the Experiment, it 
was recognised that the required 
swelling pressure could be 
achieved through production and 
emplacement of bentonite blocks 
and GBM with sufficient density 
(Garitte et al. 2015) 

Resistance to 
mineral 
transformation 

Longevity of other safety-
relevant attributes of buffer 

No quantitative 
criterion* 

Not evaluated in the FE 
Experiment 

Mechanical 
support 

Safety function of canister, by 
providing stress buffering 

Not a required 
property 

Not evaluated in the FE 
Experiment 

Suitable heat 
conduction (Tc) 

Safety function of canister, 
buffer and rock by ensuring 
favourable maximum 
temperature conditions 

0.4 < Tc < 2 W/m K 
(for a specific thermal 
heat load of 1'500 W) 

The thermal conductivity of the 
bentonite block pedestal and 
GBM was monitored using heat 
pulse sensors  

* Where no quantitative criterion is indicated, the impacts on safety of the process must nonetheless be evaluated. 
** ρd values are indicative assuming MX-80 is the selected buffer material. 
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5.2 ISS materials 
In the FE tunnel (GM 38.0 to GM 50.0), the zone representing the ISS consists of a concrete wall 
at the far end of the tunnel, a 2-m-long bentonite block wall and a zone backfilled with GBM. 

The concrete wall was constructed between GM 50.0 and GM 46.6. The concrete wall has two 
functions in the FE Experiment: to act as the formwork for emplacement of the bentonite block 
wall and, if required later in the Experiment, to allow for testing of the hydraulic conductivity of 
the bentonite block wall. In order to provide the later function, the concrete end wall should have 
a high porosity (> 25 %), and, therefore, it was constructed from gravel with the interconnected 
porosity and permeability to be measured during emplacement (see Section 6.3). As interaction 
between the concrete and the bentonite block wall was not part of the experiment, the wall was 
not constructed of low-pH concrete. The composition of the concrete is provided in Appendix V. 

The bentonite block wall was constructed in the ISS between GM 44.6 and GM 46.6 to: 

• investigate what dry density can reasonably be expected with bentonite blocks assembled in 
such a tunnel section 

• verify the construction feasibility of a bentonite block wall considering the irregular tunnel 
surface 

• enable the measurement of the sealing effectiveness of the wall at a later stage of the 
experiment  

The blocks used to construct the bentonite block wall were of the same design as the blocks used 
to construct the bentonite block pedestals, as discussed in Section 5.3. Similarly, the GBM used 
to backfill the remainder of the ISS was the same as the GBM in the Test Section and is described 
in Section 5.4. 

5.3 Design of the bentonite block pedestal (bentonite blocks) 
Compacted bentonite blocks can disintegrate in contact with ambient air owing to swelling-related 
fracturing as moisture from the air is absorbed by the bentonite. A necessary step in the FE 
Experiment, therefore, was the production of bentonite blocks that were able to support the 
heaters, regardless of any changes in mechanical properties as a consequence of the ambient 
conditions (principally the relative humidity) during storage and operation. This required define-
tion of the compaction pressure and initial water content of the bentonite used to manufacture the 
blocks, and testing of the selected parameters at different scales. Production of the blocks was 
preceded by four sets of laboratory experiments and mock-ups: 

• laboratory experiments to determine the most appropriate production parameters for the 
blocks (Section 5.3.1) 

• the Bentonite Long-term Load (BLL) Test, a long-term load test undertaken in the Grimsel 
Test Site (Section 5.3.2) 

• the Bentonite Large-scale Load Test (BeLLT), a load test undertaken at the full-section scale, 
i.e. with the transversal sectional dimensions planned for the pedestal in the FE Experiment, 
but with reduced pedestal length (Section 5.3.3) 

• the Grono mock-up test, a 1:1 scale surface mock-up of the installation of the EBS materials 
of the FE Experiment (Section 5.3.4) 
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5.3.1 Laboratory testing of production parameters 
The first step in defining the production parameters of the bentonite blocks was to establish the 
preferred range of values for initial water content and compaction pressure using a series of 
laboratory experiments. A total of 90 bentonite blocks compacted at three different water contents 
(12 %, 16 % and 20 %) and three different compaction pressures (70 MPa, 100 MPa and 
130 MPa) were produced using a natural sodium bentonite (Bentosund WH2) to investigate the 
behaviour of the blocks as a function of these production parameters (Garitte et al. 2015). The 
blocks were compacted using a uniaxial compression apparatus. 

The resulting dry density for each of the nine different block groups is shown in Fig. 5-1 (left). 
Within the water content range considered, the compacted bentonite is on the "wet side" of 
Proctor5 and the blocks with the highest water content are close to saturation. For the compaction 
pressures investigated, the dry density is independent of the compaction pressure at relatively 
high water content (20 %). For all of the investigated compaction pressures and water content 
combinations, the target dry density criterion was fulfilled (higher than 1.45 g/cm3). Therefore, 
the choice of the water content and compaction pressure was governed by the mechanical stability 
(strength) of the blocks. Experience from the HE-E Experiment had shown that the strength of 
bentonite blocks can be sensitive to ambient relative humidity, so the next step in defining the 
compaction pressure and water content was to understand the impact of relative humidity on 
blocks prepared with different production parameters. 

First, two blocks from each water content/compaction pressure group were emplaced in sealed 
plastic bags (airtight chambers) with relative humidity sensors to determine their equilibrium 
relative humidity. The equilibrium relative humidity was found to lie between 50 – 70 %, showed 
a positive correlation with the initial water content, and a secondary trend as a function of the 
compaction pressure (Fig. 5-1, right). The tendency for a higher compaction pressure to result in 
a higher equilibrium relative humidity supported a decision to use 130 MPa compaction pressure 
for production of the bentonite blocks in the FE Experiment. This pressure was used as it gave 
confidence in the performance of the blocks, even though the tests indicated that a lower 
compaction pressure may have been sufficient.  

Second, forty-five blocks (five blocks of each of the nine groups shown in Fig. 5-1, left) were 
submitted to UCS tests in five test series. In the first series, the blocks were tested directly after 
production, whereas, in the next series, the blocks were first placed in a climate chamber with a 
relative humidity of 35 %, 50 %, 70 % and 90 % respectively, until the blocks reached 
equilibrium. The UCS test results (Fig. 5-2) showed that: 

• imposing a relative humidity on a bentonite block that is higher than its natural equilibrium 
drastically reduces the block strength 

• imposing a relative humidity on a bentonite block that is lower than its natural equilibrium 
leaves the block strength unaffected 

• blocks with a high equilibrium relative humidity are thus likely to be more resistant to relative 
humidity variations and retain their strength 

 

  

                                                           
5  Proctor is the optimal moisture content at which a given soil type will become most dense and achieve its maximum 

dry density. 
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Fig. 5-1: Dry density of the bentonite blocks for the pre-production manufactured with three 
different water contents and three different compaction pressures (left) and 
equilibrium relative humidity of the blocks as a function of their water content 
Coloured symbols indicate the samples used in the BLL test (see Fig. 5-3) 

Müller et al. (2015)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5-2: UCS of the pre-production blocks after equilibrium at different relative humidity 
values as a function of the dry density after equilibrium 
Values from saturated blocks (Svensson et al. 2011) are shown as a reference. 
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5.3.2 BLL 
The BLL Test was undertaken to verify the previous laboratory test results and to investigate the 
processes occurring in the blocks in response to exposure to air under mechanical loading. The 
test was undertaken in the period September 2013 to March 2015. In the Test, four groups of two 
blocks with different initial production parameters (water content and compaction pressure as 
indicated by the coloured dots in Fig. 5-1, left) were emplaced in the tunnels of the Grimsel Test 
Site in September 2013. The relative humidity in the tunnel air at that time was varying between 
50 % and 90 %. All block sets were loaded with a pressure similar to that which would be exerted 
by a heater on a bentonite block pedestal in the FE Experiment.  

During installation of the Test, cameras were set up in front of the blocks to record an image every 
minute. This allowed the block disintegration behaviour to be followed. The low-water-content 
blocks (12 % initial water content) disintegrated rapidly; the first fractures appeared in the first 
few hours and support capability was lost within one month. Videos of the response of the blocks 
to loading (Fig. 5-3) showed a link between fracture development and swelling behaviour. The 
swelling, caused by water absorption by the relatively dry bentonite from relatively wet air, 
generated cracks that propagated very quickly as the relatively wet air penetrates into the fractures 
and expands the fracture inside the block.  

Blocks produced with a high water content, and thus characterised by a higher equilibrium relative 
humidity, took up nearly no water and were stable for greater than 1.5 years. 

The tests allowed a simple rule to be established relating the relative humidity to block stability, 
which was applied during the production of the bentonite blocks for the FE Experiment: a 
bentonite block will be stable as long as the relative humidity of the ambient air does not exceed 
its equilibrium relative humidity by more than 5 % to 10 %. This concept proved to be successful 
as no bentonite blocks were affected during the emplacement operations of the FE Experiment. 
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Fig. 5-3: Resistance of compacted bentonite blocks to exposure time to ambient relative 
humidity as a function of the production parameters (water content and compaction 
pressure (with metal weights on top of the blocks) are indicated at the top of the 
figure) 
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5.3.3 BeLLT 
In April 2014, a short-term, full-scale load test was set up at the Grimsel Test Site. This test was 
performed to determine the maximum load a bentonite block pedestal and to verify the upscaling 
results obtained by numerical modelling using mechanical parameters derived from laboratory 
tests. 

The set-up for this full-scale load test consisted of a bentonite block pedestal with the same 
dimensions (in a transversal section) as the pedestals in the FE Experiment, which was loaded 
vertically as shown in Fig. 5-4. The test was performed in ambient air relative humidity, which 
was lower than the block equilibrium relative humidity. It was found that under these conditions 
an FE-sized bentonite block pedestal can support loads of more than 1'000'000 kg. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5-4: Photograph of the installation of the full-scale load test of a bentonite block pedestal 
at the Grimsel Test Site, the vertical load set-up 
Müller et. al. (2017) 
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5.3.4 Grono 1 
Further testing of the bentonite block pedestal was undertaken during a mock-up undertaken in a 
surface facility in Grono, Switzerland, referred to as the Grono 1 Test (see Section 6.6.1 for a full 
description of the Grono 1 Test). The testing of the pedestal focused on optimisation of the block 
arrangement, the placement of the sensors within the pedestal and planning the schedule for the 
emplacement of the pedestals in the FE Tunnel. The test confirmed the feasibility of construction 
of the bentonite block pedestal. 

5.3.5 Conclusions from design work 
After concluding all production, load and mock-up tests, the block production parameters for the 
FE Experiment were set such that the blocks would be able to support the 5'000 kg heaters under 
the expected climatic conditions in the Mont Terri URL.  

The chosen production parameters were: 

• a raw material water content of 19 % ± 1 %6 

• a compaction pressure of 130 MPa 

In the range of investigated compaction pressures, water content was recognised as more 
significant production parameter. A compaction pressure in the range 70 – 130 MPa would have 
been acceptable, but 130 MPa was selected for production of the blocks used in the FE 
Experiment. 

5.4 Design of the heaters 
For the FE Experiment three customised heaters, each with a length of 4.6 m and a diameter of 
1.05 m, were manufactured and then emplaced in the tunnel. The heaters were designed as hollow 
carbon steel cylinders in order to allow the installation of highly resistive electrical wires on the 
inside as heating devices (García-Siñeriz et al. 2016). Two electrical heating elements were 
introduced in each heater for redundancy. This set-up resulted in a heater weight of 5'000 kg each. 
The heat output from each heater was calibrated during installation using calorimeter tests, as 
described in Section 6.4. 

5.5 Design of the GBM buffer 
The GBM material used in the FE Experiment was National ® Standard, a natural sodium 
bentonite, mined by Bentonite Performance Minerals in Wyoming, USA (Garitte et al. 2015). 
This material has similar properties to MX-80, which has been used in many previous experi-
ments, and, as such, was judged to be an acceptable material to use in the Experiment. 

The main requirement on the GBM in the FE Experiment was to reach a dry density of 1.45 g/cm3 
for the emplaced material. It was also required that the bentonite pellet size and shape should 
remain relatively unaltered throughout storage and emplacement, although it had been previously 
recognised that certain changes (e.g. an increase in the percentage of fines7 or rounding of the 

                                                           
6  The water content of the raw material is defined as the mass of water lost during oven drying at 105 °C divided by 

the dry mass of the material. 
7  Fines are defined as particles smaller than 1 mm. 
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grains) could increase the emplaced dry density (Plötze & Weber 2007). The dry density is 
dependent on (Blümling & Adams 2008): 

• the dry density of individual pellets 

• the grain size distribution of the different pellets 

• the particle shape of the pellets 

• the emplacement method 

The design and testing of the emplacement method is described in Section 6.5. In this section, the 
specification of the pellet dry density, grain size distribution and pellet shape is described. 

To achieve a bentonite mixture with the highest possible dry density requires pellets with the 
highest possible dry density and a mixture with the lowest possible porosity. Pellet dry density is 
predominantly controlled by the drying and compaction process used to form the pellets. Mixture 
porosity is predominantly controlled by the grain size distribution and grain shape. 

Experience from previous work on GBM was used in planning the FE Experiment. This included 
the THM experiments conducted earlier in Mont Terri, which are summarised in Chapter 2, work 
on the use of bentonite pellets for borehole sealing (Blümling & Adams 2008), the Gas-permeable 
Seal Test (GAST) (Ruedi et al. 2012), work undertaken by other waste management organisations 
(e.g. Dixon et al. 2011) and work reported in the scientific literature (e.g. Kaufhold et al. 2013). 

Fig. 5-5 shows pellet dry density data for a range of measured water contents. The data suggests 
that, for the relatively small surface area of bentonite pellets, relatively high compaction pressures 
and low water contents result in higher density pellets. For pellets, there is no requirement related 
to mechanical stability issues similar to the one addressed in the design of the bentonite blocks. 
A target water content of 5 % was selected for the FE Experiment in order to balance between 
dry density and the challenges with drying bentonite on the industrial scale. 

The optimal grain size distribution for maximising the packing density of granular materials is 
defined by an equation known as the Fuller distribution (Fuller & Thomson 1907): 
 

𝑝𝑝 =  (𝑑𝑑𝑖𝑖/𝐷𝐷)𝑛𝑛. 100 
 

where 𝑝𝑝 is the percentage of grains (in weight) passing through a sieve of size 𝑑𝑑, 𝐷𝐷 is the 
maximum grain size in the particle distribution, and n is a shape parameter that typically has 
values between 0.4 and 0.7. A shape parameter value of 0.5 is associated with the maximum bulk 
density if the grains are spherical. For elongated grains, lower n values should be used to 
maximise the bulk density ((Blümling & Adams 2008). 

Pellets are typically manufactured using either flat or moulded rollers, resulting in pellet grain 
size distributions that are relatively smooth or distributions with discrete steps, respectively. The 
discrete steps in the grain size distributions produced by moulded roller production can also 
increase segregation upon emplacement. Experience from the ESDRED emplacement test had 
also demonstrated that rounding of the grains (i.e. decreasing the elongation) resulted in an 
increased dry density, so this was also recognised as part of the GBM specification. 
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Fig. 5-5: Dry density – water content curves bentonite pellets from different productions 
Background grey dots are from Kaufhold et al. 2013 and coloured dots are data from previous 
Nagra work. 

Fig. 5-6: Emplacement dry density as a function of the deviation from an ideal Fuller curve 
with a shape parameter of 0.4 
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5.6 Design of the concrete plug 
A 20-cm-thick reinforced concrete retaining wall was constructed using concrete produced using 
a commercially available concrete (Weber ton 908). The concrete was built from five specially 
constructed segments using bespoke formwork (Fig. 5-7) and included openings for routing of 
sensor cables (not shown in Fig. 5-7). The concrete wall was sealed with two layers of resin in 
order to reduce vapour and gas transport. 

The design of the concrete plug was specific to the FE Experiment, and further work is planned 
in Nagra to develop a reference conceptual design for the disposal tunnel plug. Full saturation of 
the bentonite used in the FE Experiment is not expected to occur within the experiment monitoring 
period (approximately 10 – 15 years) because of the low permeability of the surrounding rock. 
However, the FE plug was designed to withhold the potential swelling pressure of a fully saturated 
bentonite buffer (corresponding to approximately 3 MPa for an average bulk dry density of around 
1.45 g/cm3). This was achieved using a friction plug that utilised fifty steel dowels inserted 
perpendicularly into the interface between the rock, the shotcrete lining and the plug. 

The plug was also designed to be water and gas tight, although it was recognised that the plug 
would not be fully water and gas tight owing to the presence of the sensor cables and to because 
of the basic nature of the design. To this end the plug zone was installed with grouting pipes and 
stainless steel metal waterstops (metal sheets) to facilitate grouting of the contact zone between 
the plug and the shotcrete. 

In order to limit the curing temperature to a maximum of 50 °C, approximately 50 % of the cement 
was replaced by fly ash (for details of emplacement and composition, see Section 6.7).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5-7: Design of the retaining wall 
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6 Design of emplacement technology, and production and 
emplacement of EBS materials 

 
This chapter describes the requirements on emplacement technology, the production of the EBS 
materials used in the FE Experiment, and the design and use of the emplacement technology. In 
Section 6.1, the requirements on the emplacement technology are summarised. In Section 6.2, the 
production and emplacement of the ISS is described. In Section 6.3, the production and emplace-
ment of the bentonite blocks used for the bentonite block pedestals is described. In Section 6.4, 
the production and emplacement of the heaters is described. In Section 6.5, the design of the 
backfilling machine, and the emplacement of the GBM buffer is described. In Section 6.6, the 
production and emplacement of the concrete plug is described. In Section 6.7, the production and 
emplacement of the EBS materials and the emplacement technology used in the FE Experiment 
is summarised. 

6.1 Requirements on emplacement technology 
Requirements on EBS materials were described in Section 5.1. In the FE Experiment, emplace-
ment of the bentonite block pedestals and the heater were undertaken manually, owing to the need 
to emplace monitoring sensors in parallel with the materials. Therefore, the Experiment did not 
test the emplacement method envisioned in the repository design, and there were no requirements 
related to post-closure safety for the emplacement method. However, the manual emplacement 
did not impact the properties of the emplaced materials. 

The machine envisioned for the emplacement of the GBM in the repository is expected to be 
based on the prototype backfilling machine used in the FE Experiment. In addition, the GBM 
must be emplaced with the same characteristics as expected in the repository, e.g. density and 
homogeneity. The requirements on the prototype backfilling machine were therefore based on 
those set for the GBM: 

• emplace the GBM with an overall dry density of 1.45 g/cm3 

• minimise the segregation of the GBM 

Compliance with these requirements was checked through Quality Control (QC) and design of 
the emplacement machine, as described in the subsequent sections of this chapter.  

Based on the experience gained from the EB Experiment (Section 2.1), the prototype backfilling 
machine was developed using a screw conveyance system (augers). Furthermore, the number of 
augers was determined to be greater than two based on the insights gained from the ESDRED 
emplacement test (Section 2.2). 
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6.2 Preparation for emplacement 
Preparation for emplacement of the FE Experiment materials included placement of the 
monitoring systems, removal or modification of materials not required during the heating phase 
and installation of materials required for emplacement activities. 

The monitoring system was emplaced in parallel with the EBS materials, as described in 
Section 7.3. 

Prismatic reflectors for convergence monitoring and lighting were removed from the FE tunnel 
during the emplacement of the EBS materials. 

The repository disposal concept envisages machines for emplacement of the waste canisters and 
the bentonite buffer being rail-bound. Therefore, the FE Experiment used a rail-bound system for 
emplacement of the EBS materials. The steel rails were placed on concrete plots in 6-m-long 
sections. Each plot consists of concrete topped with a steel plate for bolting of the rails. 

6.3 Production and emplacement of the ISS 
The construction of the ISS began with the emplacement of the concrete wall. The concrete for 
the wall was pumped in place against a wooden formwork within a single day (4 July 2014). 
However, after 45 minutes and emplacement of approximately 2 m3 of the concrete, concrete 
emplacement was temporarily halted whilst additional ventilation was installed. Based on samples 
of the emplaced concrete the interconnected porosity was 28 %, the total porosity 42 % and the 
permeability 1 × 10-10 m2. A total of 27 m3 of concrete was emplaced.  

The construction of the bentonite block wall (Fig. 6-1) took place over a period of two weeks in 
early September 2014. During that time the relative humidity of the tunnel air in the Mont Terri 
URL was approximately 80 - 85 %. The bentonite blocks did not show any signs of degradation 
during the two-week emplacement period. 

In total, about 14 m3 of bentonite blocks were emplaced manually within nine working days. The 
average dry density of each block was 1.78 g/cm3 and the average water content was 18 %. One 
hundred and thirty kilograms of GBM, produced from National ® Standard bentonite, was 
emplaced in the gap between the bentonite blocks and the tunnel ceiling using a single auger 
system. The grain size distribution for this material was the same as the GBM emplaced in the 
Test Section, and is described in Section 6.6.2. Taking into account the gaps between the blocks, 
a global bulk dry density of 1.69 +/- 0.05 g/cm3 was estimated for the bentonite block wall 
structure. 
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Fig. 6-1: Photograph (© Comet Photoshopping, Dieter Enz) of the unfinished bentonite block 
wall in the ISS at the deep end of the FE tunnel 
Müller et. al. (2017) 

 

6.4 Production and emplacement of the bentonite block pedestal 
The bentonite block pedestal consists of bentonite blocks which were laid on a concrete base. 
This section describes the block production, storage, and emplacement in the FE tunnel. 

6.4.1 Block production 
Two thousand five hundred rectangular blocks (each with a mass of 24.4 kg and dimensions of 
400 mm by 200 mm by 145 mm) and 500 curved "top layer" blocks (each with a mass of 11.65 kg 
and dimensions of 400 mm by 100 mm by 107 – 205 mm) were produced in March 2014 (Garitte 
et al. 2015). The production of the blocks was undertaken using the following process: 

• Raw material (Bentosund WH2) was received by the contractor and checked for compliance 
with material specifications (see Appendix II.3). 

• The water content of the raw material was increased from 10-15 % to 19 ± 1 % in accordance 
with the requirement defined from the design work described in Section 5.3. 

• The bentonite was compacted by a 1'600-ton uniaxial press using a fully-automated process 
consisting of: loading the material into a ten-ton hopper, conveying the material to the mould, 
mixing of the material in the mould to obtain a homogeneous block; pressing; and expulsion 
of the block onto a conveyor belt. 

• Blocks produced using this process were lifted by robot from the conveyor belt using suction 
and placed on pallets where they were wrapped in plastic prior to being subject to QC. 
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The bentonite blocks were produced at a rate of one block per minute. The selected compaction 
pressure and water content resulted in an average dry density of 1.78 g/cm3. Besides compaction 
pressure and water content, the following parameters were subject to QC (which was conducted 
in parallel with the production process), and were used as criteria to reject or accept the produced 
blocks: 

(i) block dimensions 

(ii) block density 

(iii) visible cracks or damage 

(iv) a minimum UCS of 6 MPa 

QC was undertaken at a rate of 40 blocks per hour, and, for the FE Experiment, was therefore the 
constraining step in the block production process. However, the experience will allow the QC 
strategy to be refined in the future (e.g. measurement of block dimensions could be undertaken 
using lasers whilst the blocks are on the conveyor belt). 

Whilst undertaking the QC measurements on the first 100 blocks, it was observed that the average 
dimensions of the blocks were higher than expected. The maximum block length was 402.1 mm, 
the maximum width 201.7 and the maximum height 146.5 mm. This increase in the dimensions 
was due to higher elastic expansion of the blocks during mould design than originally estimated. 

The average degree of saturation of the bentonite in the mould was 97 %, indicating that, under 
compaction, the bentonite was fully saturated. The elastic expansion induced by removal of the 
blocks from the moulds decreased the degree of saturation to an average of 91 %. The experience 
from the block production during the FE Experiment indicates that producing fully saturated 
blocks is probably not feasible. Based on the results of the laboratory testing described in 
Section 5.3.1, this suggests that manufacturing blocks with an equilibrium relative humidity 
higher than 70 % might also be impossible. Application of the rule that the ambient relative 
humidity should be no greater than 10 % higher than the equilibrium relative humidity (see 
Section 5.3.2), implies that the relative humidity in a disposal tunnel should be less than 80 % for 
bentonite blocks produced using the FE Experiment specification to remain stable. 

QC of the produced blocks resulted in twenty of the blocks being rejected. In all cases, rejection 
was for marginal failure to meet the design specifications and no significant outlier in the QC 
records was identified. Therefore, it was concluded that production of compacted bentonite blocks 
at the industrial scale had been successfully demonstrated. 

6.4.2 Block storage 
After production, the bentonite blocks were stacked on pallets and then wrapped tightly with 
plastic foil to prevent water absorption from the environment. 5 % of the pallets were equipped 
with a wireless relative humidity sensor, which were placed inside the plastic to detect potential 
leakage of the packaging. All relative humidity sensors showed that the tightness of the pallet 
packaging was assured throughout the storage period and that the bentonite blocks were 
unaffected by the relative humidity evolution outside the packaging. 
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6.4.3 Emplacement in the FE tunnel 
The concrete bases for the pedestals were emplaced by pouring the concrete into wooden forms, 
vibrating it and levelling it manually with a wooden tool. As interaction between the concrete and 
the bentonite block pedestal was not part of the experiment, the bases were not constructed of 
low-pH concrete. All three bases were emplaced on 4 September 2014. The bases were 
approximately 4.4 m long, 0.8 m wide and 115 mm high. 

The bentonite block pedestal was constructed directly on the concrete bases. As noted earlier, the 
pedestal was installed manually. In total, each bentonite block pedestal consisted of 
132 rectangular blocks and 88 curved top layer blocks. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6-2: Photograph (© Comet Photoshopping, Dieter Enz) of a bentonite block pedestal 
supporting a heavily instrumented heater in the FE tunnel 
The greyish mass in the background is a slope of GBM backfilled prior to the construction 
of the bentonite block pedestal. The cable routing channels made from stainless steel can be 
seen on the tunnel wall. 

Müller et. al. (2017) 
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6.5 Production and emplacement of the heaters 
Prior to installation, the thermal output of the heaters as a function of the applied electrical power 
was determined using calorimeter tests. The tests were undertaken in Gallery 2008 (GA08) at 
Mont Terri URL using Heater H2 and Heater H3. In the tests, the heaters were thermally isolated 
by encasing them in rockwool with a thickness of 7 cm while a constant thermal power of 500 W 
was applied for a period of ten days (García-Siñeriz et al. 2016). 

After the completion of each bentonite block pedestal, the corresponding heater was driven into 
the FE tunnel with an emplacement wagon specially designed for this purpose. After precisely 
manoeuvring the 5'000 kg heater over the heavily instrumented pedestal, the heater was carefully 
lowered onto the bentonite block pedestal with the help of hydraulic cylinders, avoiding any point 
loads on the bentonite blocks. 

In this manner, heater H1 was emplaced in October 2014, heater H2 in November 2014 and heater 
H3 in January 2015. Due to the intensive instrumentation, cable routing and QC work, the 
construction of one bentonite block pedestal including the associated heater emplacement took 
between 8 and 13 days. 
 

6.6 Design, production and emplacement of the GBM buffer 

6.6.1 Design and testing of the backfilling machine 
In line with the Swiss disposal concept, the backfilling system for the FE Experiment was 
designed to fit into small diameter disposal tunnels. In accordance with operational robustness 
and precision, the backfilling machine was designed as a rail-bound system. An additional benefit 
of the rail-bound system in the FE Experiment was precise manoeuvrability and therefore the 
reduced risk of collision with the monitoring devices. 

The backfilling system consisted of the backfilling machine with a screw conveyance system and 
the feeding wagon (Fig. 6-3). The feeding wagon was designed as a vehicle carrying four bigbags 
(containing the GBM needed for backfilling) hanging on rollers to be pushed forward manually 
as soon as the bigbag in the front is emptied and removed. The total length of the backfilling 
machine (including the feeding wagon with the four bigbags containing the GBM) was 17 m. The 
design of the feeding wagon for the FE Experiment was not based on the design envisaged for the 
repository operations (this component of the backfilling machine will be developed at a later date). 

The core component of the backfilling machine is the conveyance unit, which transfers the GBM 
from the big bags to the five conveyor tubes. The conveyance unit consists of a horizontal 
discharging screw conveyor placed below the feeding hopper and a vertical and a horizontal 
feeding conveyor towards the distribution box. The latter is equipped with level transmitters to 
adjust the speed of the discharging screw and thus provides optimum conditions for the GBM to 
flow steadily through the distribution box into the five horizontal screw conveyors. These are 
aligned in a staggered manner with respect to the (approximately 35°) material slope in the 
backfilled tunnel. The tips of the screw conveyor tubes are cut obliquely in order to push the 
conveyed material upwards. During backfilling, all screw conveyors remain in the GBM slope in 
order to limit dust formation and to build up a backfilling pressure. This pressure pushes the 
material upwards, which means that irregular cavities in the upper part of the tunnel profile are 
also filled. 
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Fig. 6-3: Top: Visualisation of the prototype backfilling machine with its five screw 
conveyors (driving over an approximately 1-m-diameter heater on a bentonite block 
pedestal) developed for backfilling the horizontal FE tunnel. Bottom: Photograph (© 
Comet Photoshopping, Dieter Enz) of the prototype backfilling machine (with the 
control unit at the back and the feeding unit carrying 4 bigbags) during the Grono 
mock-up backfilling test 
Müller et. al. (2017) 

 
The backfilling machine is held in place by hydraulic brakes (until a repulsive force of 32 kN is 
reached) in order to maintain a high backfilling pressure. The machine parameters such as each 
actuator's power consumption, rotation speed and the hydraulic braking force can be controlled 
by an operator (Jenni & Köhler 2015). 

The backfilling machine was designed, tested and constructed as part of the FE Experiment. This 
included a series of mock-up tests undertaken at various scales to support design through trial and 
error: 

• two pre-tests undertaken in the Hagerbach underground test gallery (the Versuchsstollen 
Hagerbach, (VSH)) close to Flums in Switzerland, using a single screw conveyor (Section 
6.5.1.1) 

• Full-scale Emplacement tests at a workshop in Grono in Switzerland, using all equipment and 
processes expected to be used in the FE Experiment (Section 6.5.1.2) 

The objectives, activities and results of these tests are described below.  
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6.6.1.1 Pre-tests 
The pre-tests in the VSH focused on material conveyance and subsequent emplaced material 
properties (Köhler et al. 2015). The first pre-test (performed in September 2012) focused on the 
coupled effects of  

(i) the material conveyance 

(ii)  the resulting backfilling pressure 

(iii) the potential to push the material upwards 

(iv) the corresponding actuation parameters of the screw conveyors 

It was found that the screw conveyors previously used in the ESDRED emplacement tests (see 
Section 2.2) had the power to push GBM up to 70 cm upwards, if the resulting push back forces 
were kept under control by strong brakes. 

The second pre-test (performed in March 2013) aimed at (i) a better understanding of the bulk 
material behaviour as influenced by additional measures (such as slope coverage, insertion of 
vibration needles, etc.) and (ii) collecting data on the achievable bulk dry density with regard to 
the grain size distribution of the GBM (Fig. 6-4). Testing of the grain size distribution included 
the use of briquettes; small-scale laboratory experiments reported by Plötze & Weber (2007) had 
previously found evidence that use of briquettes might increase the emplaced density of bentonite 
materials. Two tests were undertaken in which 30 % of the GBM by volume was composed of 
briquettes. One test used briquettes with a volume of 10 cm3 and the other used briquettes with a 
volume of 20 cm3. Density measurements were undertaken based on mass-balance calculations, 
an advanced core cutting method and a new approach using a dielectric sensor.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6-4: Photographs of the backfilling pre-tests illustrating the segregation effects in the 
backfilled material 
Top photographs show backfill emplaced without additional measures, bottom photographs 
show backfill emplaced with a flexible slope coverage and broader grain size distribution. 

Köhler et al. (2015) 
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Dielectric sensors are typically used to measure the voltage through a soil, which can then be 
converted to an estimate of water content. As the bentonite used in the pre-tests had a defined 
water content of 10 % by weight, the dielectric sensors could be used to estimate dry density. This 
was based on calibration for each bentonite mixture in which the relationship between measured 
voltage and dry density was determined independently for each GBM mixture used in the tests. 

The second test demonstrated that, without additional measures (such as a covering the slope of 
the granular material with a flexible mat), small material avalanches occur at the front of the slope, 
resulting in ‘fir-tree like' segregation effects in the backfilled material (Fig. 6-4). Such measures 
were not considered necessary for the FE Experiment but remain an option for the repository. The 
dry densities estimated using the mass-balance and dielectric sensor approaches were consistent, 
and demonstrated the ability to achieve a dry density greater than 1.45 g/cm3 (Köhler et al. 2015). 
This was despite the GBM mixture not conforming to a Fuller type material owing to a lack of 
fines in the material. Testing of briquettes did not improve the dry density owing to increased 
segregation when the briquettes were used. The results from the core-cutting method were 
inconsistent with the mass-balance and dielectric sensor approaches. This was because of the 
relatively high length: diameter ratio used for sampling and because the core-cutting method is 
more suitable for clayey and silty soils rather than the GBM used. 

The test tunnel was filled twice within the framework of the FE Experiment (these tests were 
referred to as the Grono 1 and Grono 2 Tests). During the first mock-up backfilling test (MBT) 
performed in May 2014, the focus was on technical functionality and procedural optimisation. 
During the second MBT performed in August 2014, the backfilling process was optimised in 
order to achieve higher bulk densities. 

For QC purposes, the bulk density was calculated by mass-volume balance (i.e. the backfilled 
weight divided by backfilled volume). In the first MBT, the volume was estimated by combining 
the known geometry of the test tunnel and the application of a 3-D camera based on time-of-flight 
technology to capture the slope geometry. For the second MBT, the slope was laser scanned with 
a geodetic total station (i.e. an electronic distance measuring device). The average bulk dry 
densities achieved during the MBTs are listed in Tab. 6-1.  

The target dry density of 1.45 g/cm3 was exceeded in all cases, especially around the canister 
where a bulk dry density of approximately 1.525 g/cm3 was reached. However, there was some 
spatial variability in the emplaced GBM density. The dielectric profile measurements demons-
trated that the emplaced density is highest near the augers, and there is a general trend of higher 
densities in the top part of the test tunnel compared to the bottom (Fig. 6-5). This was confirmed 
by the CPT profiles, which showed values for dry density between approximately 1.50 and 
1.65 g/cm3, but, towards the tunnel invert, relatively low values of approximately 1.40 g/cm3 were 
measured. The low dry densities towards the edge of the test tunnel derived from the dielectric 
measurements are the result of the boundary affecting the measurements. 
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Tab. 6-1: Bulk dry densities calculated from mass-volume measurements in the two full-scale 
MBTs in Grono 

 

 Grono 1: 
overall 

Grono 2: 
beyond 

the canister 

Grono 2: 
around 

the canister 

Grono 2: 
overall 

Bulk dry density (g/cm3) 1.498 1.490 1.525 1.502 

Deviation ± 0.023 ± 0.013 ± 0.022 ± 0.009 

 
 
Other outcomes from the Grono tests were: 

• The required functionality of the backfilling machine was demonstrated successfully prior to 
application in the Mont Terri URL. 

• The stability of the canister was also tested by undertaking a series of tests in which a heater 
placed on a bentonite block pedestal was impacted by an instantaneous lateral load at various 
positions. In all of the tests, the heater remained stable on the bentonite pedestal. 
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Fig. 6-5: Dry density profiles derived from dielectric profile measurements around the dummy 
canister (top) and beyond the dummy canister (bottom) 
No results are available for the centre for the bottom plot owing to measurement constraints. 

Köhler et al. (2015) 
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6.6.2 Production and emplacement 
The production of a GBM includes several processing steps (Hoffmann et al. 2007). For the FE 
Experiment, the raw National® Standard material was provided at a water content of about 10 % 
– 15 %. It was then dried by heating to obtain a lower water content in the range of 4 % – 6 %, 
close to the Proctor's optimum, which is associated with a higher pellet dry density. The maximum 
temperature to which the raw bentonite was exposed during the drying process was 80 °C. 
Considering the upper temperature limit, the drying capacity depended exclusively on the grain 
size distribution of the raw material and the residence time in the heating chamber. Approximately 
1'500 kg of raw bentonite was dried per hour in the production of the GBM for the FE Experiment 
(see Garitte et al. 2015 for a detailed discussion of the production process). 

The aim during the pelletising process is to increase the pellet dry density. For the FE Experiment, 
the pellets were produced by compaction between flat rollers (resulting in pellets of irregular 
shape). Although alternative methods exist (for example, Pietsch 2005), this method was found 
to be better from an economic point of view, with a reasonable production rate of 1'000 – 2'000 kg 
per hour. The negative side of this production method was that the desired maximum grain size 
could not be reached. The bentonite pellets produced were then mixed in a Kniele mixer, 
providing enough energy to break some of the pellets, resulting in a mixture with a broad grain 
size distribution (Fig. 6-6 and Fig. 6-7). The aim was to fill larger pores between large particles 
with smaller particles at all scales. A specific mixing cycle was designed to obtain a grain size 
distribution close to the desired Fuller distribution described in Section 5.5. The mixture 
production rate for the FE Experiment was approximately 2'000 kg per hour. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6-6: Photograph of the GBM produced for the FE Experiment 
Müller et. al. (2017)  
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Fig. 6-7: Grain size distribution of the GBM used in the FE Experiment 
Garitte et al. (2015) 

 
After the construction of each bentonite block pedestal and the subsequent emplacement of the 
associated heater, each section was then backfilled individually. The backfilling machine with its 
8.5 m long top screw conveyor (see Fig. 6-3) was designed to be able to drive over the bentonite 
block pedestal with the emplaced heater so that the screw conveyor tips could still be inserted into 
the existing GBM slope (covering the preceding bentonite block pedestal and heater). 

Each feeding wagon carried 4 bigbags of GBM, which corresponded to approximately 
0.5 – 0.75 m of backfilled length in the FE tunnel. To complete the whole sequence for each 
heater, around 60 bigbags (of 1'000 kg each) had to be backfilled, resulting in the feeding wagon 
being reloaded 15 times. The reloading of bigbags was done at a distance of 75 m from the FE 
tunnel at the intersection of the MB tunnel with GA08, while the backfilling unit remained in the 
FE tunnel with the screw conveyor tips inserted in the GBM slope. This sequence was repeated 
for each of the three heaters. Backfilling one 4.5 m long heater plus the 3 m long gap between 
two heaters took 2-3 working days. Together with the relevant section of the ISS and the volume 
towards the plug, 29.6 m of the FE tunnel was filled with approximately 255'000 kg of GBM (see 
Appendix I for installation dates). 

The backfilling machine was driven out of the FE tunnel eleven times, and, each time, the 
available GBM slopes were scanned with a 3-D laser scanner in order to determine the backfilled 
volumes. Together with the weighing of each bigbag used for backfilling, the backfilled bulk dry 
density was calculated for each of the resulting twelve sections (Fig. 6-8). Despite the influence 
of sensors and cables on the efficiency of the backfilling process, a global dry density of 
approximately 1.49 g/cm3 was achieved in the FE tunnel without any break-downs or accidents. 
The target dry density of 1.45 g/cm3 was not reached in two sections. In the section between 
Scan 9 and Scan 10, the dry density was 1.444 g/cm3. The bentonite in this section had been re-
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used from the Grono 2 Test, and the lower density is believed to result from alterations to the 
particle distribution as a result. In the section between Scan 11 and the retaining wall for the 
concrete plug, the dry density was 1.403 g/cm3. The low density in this area is thought to be the 
result of the challenges of emplacing the GBM at the same time as building the retaining wall (see 
below). 

Fig. 6-8: Longitudinal section of the backfilled FE tunnel indicating the position of the 3-D 
slope scans and the resulting bulk dry densities calculated for each of the sections 
Müller et. al. (2017) 

 

6.7 Design, production and emplacement of the concrete plug 
Requirements for the plug can be found in TN 2015-54 (Swisstopo, 2016a) and TN 2015-55 
(Swisstopo, 2016b). They are not detailed here because the experimental objectives (THM 
instrumentation and passage of cables through the plug) made the plug design very different than 
that of a disposal gallery.  

The concrete retaining wall was installed in February 2015. Each segment was placed in turn, 
after which additional GBM buffer was installed behind the wall. Each segment was attached to 
the wall using steel angels and the gap between the segment and the shotcrete was filled with 
mortar. The retaining wall was built synchronously with the emplacement of the last section of 
the GBM. As the retaining wall was constructed, the GBM was emplaced behind each segments 
shown in Fig. 5-7. As the height of the wall increased, the number of augers was reduced from 
five to three, and then from three to one. The top segment of the retaining wall had a central gap 
to allow for final placement of the GBM using a single auger. This central gap was closed with 
bricks made from the same concrete as the rest of the wall. 

The interface of this retaining wall with the backfilled GBM was located at GM15. In total, 
approximately 750 sensors and heater cables had to be routed through the wall. These were guided 
through the plug in two separate tubes which were filled with resin to reduce vapour and gas 
transport. 

On 17 March 2015, 31 m3 of self-compacting concrete was pumped into the space between the 
retaining wall at GM14.8 and formwork placed at GM9.8. The concrete was produce in eight 
batches, each of 4 m3. The average composition of the concrete is provided in Tab. 6-2. Forty 
days after casting, the gap at the shotcrete lining – plug interface, resulting from settlement of the 
fresh concrete and from shrinkage, was estimated to be less than 1 mm. This gap was injected 
with 74.5 kg of resin (Sika®Injection-201) under a pressure of 0.5 MPa. 

With the plug construction, and particularly with the removal of the formwork, the on-site work 
in connection with the implementation of the FE Experiment at the Mont Terri URL was 
completed successfully. 
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Tab. 6-2: Average mixture composition of the concrete used in the FE plug 
 

Component/property Quantity/value 

Cement (CEM II/B 32.5) 200 kg/m3 

Fly ash 168 kg/m3 

Microsilica 10 kg/m3 

Sand (0 – 4 mm) 918 kg/m3 

Gravel (4 – 8 mm) 356 kg/m3 

Gravel (8 – 16 mm) 539 kg/m3 

 

6.8 Summary of production and emplacement of experiment materials 
The emplacement of the EBS materials in the FE tunnel was achieved successfully without any 
breakdowns or accidents. A summary of the materials emplaced in the tunnel is provided in 
Appendix V. 

Production and emplacement of the bentonite back wall and bentonite block pedestals has 
demonstrated that the target dry density (1.45 g/cm3) can be easily achieved for compacted 
bentonite blocks. For the FE bentonite block production, an average block dry density of 
1.78 g/cm3 was achieved. The associated strength of the blocks satisfies the strength structural 
requirements for the pedestals and the bentonite block wall. The achieved dry density is a result 
of the adjustment of the water content of the raw material and of the compaction pressure to 
produce bentonite blocks as stable as possible against changing climatic conditions. Higher dry 
density is possible but with a loss of resistance against climatic condition as a consequence. Lower 
dry density could also be achieved by increasing the water content, but this was not tested during 
the FE Experiment. The achieved block dry density value is relatively low when compared to the 
results from previous Nagra RD&D experiments, but this results in an overall more homogeneous 
distribution of dry density throughout the emplaced buffer (i.e. when considering the blocks and 
the GBM). 

Other key observations made during the production of the bentonite blocks included the 
following: 

• It is possible to store compacted bentonite blocks for more than a year, prior to their 
emplacement in the repository. 

• A relative humidity in the repository higher than 80 % might result in practical problems 
during the emplacement of bentonite blocks, i.e. blocks swelling and exceeding the tolerance 
on dimensions (which might lead subsequently to stability issues with the pedestal). 

• A relative humidity in the repository higher than 80 % may challenge the emplacement of 
bentonite blocks due to degradation issues 

• The linear rebound coefficient after compaction was estimated to be between 0.3 % and 0.5 % 
and should be taken into account in the design of bentonite block moulds. 

• A production rate of approximately 60 blocks per hour was demonstrated during the 
Experiment. 
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• The UCS of compacted bentonite blocks is significantly lower in the compaction plane than 
in the direction perpendicular to it. In the FE Experiment, curved top layer blocks are loaded 
by the heaters in the direction of the compaction. 

• Production variables were measured for each block (3’000 blocks produced in total). Only 
20 blocks out of 3’000 had to be rejected and no significant outlier was detected; showing 
that compaction of bentonite block at the industrial scale is a very stable process. 

During the production of the GBM, the production requirements had to be modified as the 
maximum grain size of the pellets was smaller than desired and the mixture characteristics had to 
be optimised. QC of the GBM confirmed that the produced material had a low variation in the 
most significant parameters (water content, pellet dry density and grain size distribution), which 
provided confidence that the emplaced GBM would be sufficiently homogeneous. In addition, 
GBM with a Fuller distribution is believed to be less prone to segregation. 

Other key observations made during the production of the GBM included the following: 

• The GBM for the FE Experiment was produced using National ® Standard bentonite, which 
demonstrated suitable properties for use in the repository. 

• It is possible to dry raw bentonite on the industrial scale without overheating the material 
(material temperature < 80 °C). The drying process could be optimised (i.e. the water content 
could be further reduced) by introducing a second passage through the dryer. 

• Although the production process could be further optimised, a raw bentonite dried to a water 
content in the range of 4 - 6 % and with grain size distribution between very fine and 1 mm 
resulted in the production of high-density bentonite pellets on the industrial scale using the 
flat roller compaction technology. 

• By including fines within the grain size distribution (even though fine particles have a smaller 
particle dry density), it is possible to achieve a sufficiently high dry density for the emplaced 
material. 
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7 Heating phase 
 
This chapter describes the modelling and monitoring of the initial 18-month heating phase of the 
FE Experiment (i.e. the period from 15 December 2014 to 15 June 2016). In Section 7.1, 
modelling of the heating phase in order to produce predictions of THM processes is described. In 
Section 7.2, the system used to monitor the EBS and Opalinus Clay rock during the heating phase 
is described. Section 7.3 presents the results of monitoring during the heating phase. Section 7.4 
provides a summary of the heating phase. 

7.1 Modelling of the heating phase 
Modelling of the heating phase was undertaken ahead of the Experiment to support design, to 
develop understanding of the coupled THM processes occurring in the bentonite and rock, and to 
develop modelling tools that could be used for prediction and evaluation of the THM evolution 
of the near field of the reference disposal concept. 

Preliminary modelling was undertaken using Code_Bright and was particularly focused on 
supporting design of the monitoring system and operation of the heaters. This modelling is 
presented in Section 2.4. 

Two further sets of calculations were undertaken using the QPAC (Section 7.2.1) and TOUGH2 
(Section 7.2.2) modelling codes. The models provided predictions of 

(i) temperature at the heater surface, in the bentonite and in the host rock 

(ii) relative humidity in the bentonite 

(iii) pore water pressure in the tunnel and the host rock 

All of these modelling studies used parameters derived from the HE-E Experiment (see 
Section 2.4). In addition, the QPAC and TOUGH2 modelling benefitted from calibration against 
an initial two-day trial of the heaters following installation of the GBM backfill. Modelling was 
performed prior to the onset of heating assuming one year of tunnel operations followed by a 
planned schedule of power output at the heaters. The results reported here correspond to the 
simulations of the heating phase. 

7.1.1 Modelling using QPAC  
QPAC (Maul 2013) is a general-purpose modelling tool for solving systems of partial differential 
and algebraic equations. Although QPAC does not impose the approach that is to be used for 
spatially discretising the system of partial differential equations, the finite-volume approach is 
generally used, ensuring mass conservation in flow equations.  

A 3-D model of the FE Experiment was built using QPAC (Fig. 7-1), with explicit representation 
of the GBM, bentonite blocks, the three heaters and the bedding related anisotropic Opalinus 
Clay. The model was implemented using a cylindrical grid with fine discretisation around the 
heaters and at material boundaries.  
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Fig. 7-1: Illustration of the 3-D cylindrical grid used for the QPAC modelling of the FE 
Experiment 

 
The main processes represented in the model included: 

• Heating of the heater at a specified power output. 

• Heat transport away from the heater by conduction and advection. 

• Liquid water advection towards the heater driven by suction in the bentonite. 

• latent heat of evaporation and condensation. 

• Evaporation of water close to the heater, and subsequent vapour diffusion away from the 
heater with simultaneous condensation in the outer part of the bentonite owing to lower 
temperatures. Vapour transport also takes place through advection, i.e. by pressure gradients 
introduced by the drying near the heater. 

• Thermal expansion of the host rock matrix, assuming that it is not confined. 

• Permeability, capillary suction, heat capacity, thermal conductivity and bulk density of the 
bentonite and host rock were all modelled as functions of the saturation. 

• Porosity was modelled as a function of both temperature and pressure. 

• Water density was modelled as a function of both temperature and pressure. 

The initial conditions (water pressure, air saturation and capillary pressure) applied to the host 
rock and shotcrete were derived from a model run on the same grid but without the backfill. In 
this run, a boundary condition of constant relative humidity of 86 % was applied to the inside of 
the tunnel. The model predicted partial drying of the shotcrete and surrounding host rock. The 
GBM was modelled with an initial water saturation of 19 %, an initial air pressure of 0.1 MPa, 
and a suction pressure of 123 MPa, all of which reflect the extremely dry nature of the backfill. 

The boundary conditions on the outer domain of the model are fixed pressures and temperatures 
and the initial values. The heat input from the heaters is represented by a source of heat into the 
volume of the heater. An alternative model considering the heat input as a boundary condition on 
the inside surface of the heaters was also considered. This gave different temperatures at different 
locations on the heater surface, due to the different thermal conductivity of the GBM and the 
bentonite blocks. It was decided that the volumetric heat source might better represent the 
temperature distribution as it explicitly included the high thermal conductivity of the steel heater. 

Initial modelling was undertaken in 2-D to reproduce the results of the Code_Bright modelling 
(Section 2.4). Once this was achieved, a full 3-D model was built. Results for the 3-D model are 
output at the locations of sensors installed in the experiment. Three model cases were run to define 
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an envelope of predictions, with a base case and two cases with alternative thermal conductivity 
in the GBM. A higher thermal conductivity case and a lower thermal conductivity case 

The results from the 3-D model show that temperature on the surface of the central heater 
(Heater 2) is 152 °C after 3 years (Fig. 7-2), and that temperature on the surfaces of the other two 
heaters are lower after 3 years (145 °C on Heater 1 and 141 °C on Heater 3). The higher 
temperature at Heater 2 is due to the heating effect of Heaters 1 and 3. Heater 1 is hotter than 
Heater 3 because Heater 1 was turned on earlier. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7-2: Temperature on the surface of the heaters, in the centre of the heater for the base case 
calculation 

 
Temperature is generally higher in the bentonite blocks than in the GBM (Fig. 7-3) because the 
bentonite blocks have a higher thermal conductivity and so more heat is conducted through the 
blocks. 
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Fig. 7-3: Temperature with radial distance at the centre of Heater 2 in the base case run 

The Blocks line is vertically downwards from the heater centre and the GBM line is 
horizontal from the canister centre. 

 
Calculated temperatures at the locations of sensors in the experiment are shown in Fig. 7-4 and 
Fig. 7-5. These model outputs can be compared directly to the measurements taken in the 
experiment. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7-4: Calculated temperatures at sensor locations within the tunnel at the mid-length of 
Heater 2 
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Fig. 7-5: Calculated temperatures at sensor locations in the Opalinus Clay at the mid-length 
of Heater 2 

 

Three models were run to assess the sensitivity of temperature calculations to the thermal 
conductivity in the GBM. A high and a low thermal conductivity case give bounds within which 
the experimental data are expected to lie (Fig. 7-6). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7-6: Calculated temperature on the surface of Heater 2 for three cases testing sensitivity 
to thermal conductivity 
High thermal conductivity 0.4 W/mK and low thermal conductivity 0.3 W/mK 

The relative humidity close to the heaters shows the higher initial water saturation of the blocks 
compare to the GBM (Fig. 7-7). Heating causes an initial spike in relative humidity before 
humidity drops as both the blocks and GBM close to the heater dry out. Near the tunnel wall, 
humidity increases steadily due to water vapour transport from close to the heater towards the 
tunnel wall. 
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Fig. 7-7: Calculated relative humidity within the GBM and bentonite blocks (yellow, solid 
line) close to the heater (solid lines) and close to the tunnel wall (dotted lines) around 
Heater 2 

 

Water pressure in the Opalinus clay is shown in Fig. 7-8 and Fig. 7-9. The model shows that the 
effect of heating has a stronger effect on water pressure in the direction perpendicular to bedding, 
in which permeability is lower. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7-8: Calculated water pressure in the Opalinus Clay at sensor locations 
Two radial distances from the tunnel (dotted lines closer to tunnel than solid lines) and in 
bedding parallel (red and blue) and bedding perpendicular (green and purple) directions. 
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Fig. 7-9: Calculated water pressures in the Opalinus Clay at sensor locations 
Red lines are parallel to bedding, green lines are perpendicular to bedding. Dots are closer to 
the tunnel that dashes, which are closer that the solid lines.  

 

Thermal conductivity in the model evolves with changing saturation. Initially the thermal 
conductivity of the bentonite blocks is higher than the GBM because the water saturation is higher 
in the blocks (Fig. 7-10). As heating progresses, the blocks dry out and thermal conductivity 
drops, whereas at the measurement locations in the GBM (near the tunnel wall), saturation 
increases and so does thermal conductivity. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7-10: Calculated thermal conductivity on bentonite around Heater 2 
TC_01, _02 and _05 are at the top of the tunnel in the GBM, TC_03 and _04 are in the 
bentonite blocks.  
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7.1.2 Modelling using TOUGH2 
TOUGH2 (Pruess et al. 2012) solves mass and energy balance equations for simulating multi-
dimensional fluid and heat flow of multiphase, multicomponent fluid mixtures in porous and 
fractured media. TOUGH2 uses an integral finite difference method for space discretisation, and 
a first-order fully implicit time difference scheme. The FE Experiment geometry was imple-
mented in TOUGH2 using a 3-D hybrid radial-rectangular mesh (Fig. 7-11). The rectangular part 
of the model mesh representing the host rock was angled at 45 degrees to account for the bedding 
plane and associated anisotropy in hydraulic and thermal conductivities. The geometry of the FE 
tunnel was implemented in the 3-D model by representing the cylindrical geometry with a radial 
mesh. An EDZ was implemented in the model as a circular shell around the tunnel surface with a 
thickness of 0.2 m. Hydrostatic pressure boundary conditions were assigned to the top and bottom 
boundaries of the model. The model distinguished between the different buffer materials, 
including explicit representation of the higher dry density and different swelling pressures of the 
bentonite blocks compared to the GBM. Heat output was assigned to the walls of the heaters based 
on heating strategy scenarios. The TOUGH2 model was developed for the assessment of the 
thermal and hydraulic evolution of the FE Experiment and the subsequent analysis of gas 
generation and transport phenomena. Although the gas transport analysis is not part of the current 
scope, model results are presented in terms of pore water pressures and gas (air) saturations to be 
consistent with the model formulation used in the calculations and the future model analyses. 

 

 

 

 

 

 

 

 

Fig. 7-11: Illustration of the grid used for the TOUGH2 modelling of the FE Experiment 
 

The first step in the model was to compute the pore pressure distribution as an input to simulation 
of the ventilation period using the standard hydraulic model (Senger 2015). The boundary 
condition for simulation of the pressures was a hydraulic head of 175 m at the top of the model 
domain and a temperature distribution based on a thermal gradient of 0.042 °C/m with a 
temperature of 16 °C at the tunnel level. The computed pore pressures were calibrated to pore 
pressures measured in boreholes BFEA002 and BFEA006.  

The computed pore pressure distribution was used as the initial conditions for simulation of the 
two-year ventilation period. This simulation accounted for seasonal variations in humidity in the 
tunnel, i.e. relatively high humidity (~ 99 %) during winter months and relative low humidity 
(~ 70 %) during summer months. The computed pressure and saturation distribution after the 
ventilation period, which is shown in Fig. 7-12, was subsequently used to define the initial 
conditions for the saturation and heating period. The approximate location of test intervals in the 
two monitoring boreholes BFEA002 and BFEA006 are indicated in Fig. 7-12.  
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  i1 i2 i3 i4 i5 i6 

BFEA002 
borehole depth 36.254 32.497 28.696 24.901 21.100 17.297 

gallery meter 35.77 32.04 28.27 24.49 20.72 16.95 

BFEA006 
borehole depth 36.601 32.844 29.049 25.254 21.445 17.649 

gallery meter 35.34 31.64 27.91 24.18 20.44 16.71 

Tunnel section Heater 1 Gap 1-2 Heater 2 Gap 2-3 Heater 3 Gap GP 

Fig. 7-12: Simulated pore-pressure responses at the different monitoring locations 
Top figure: i1 to i6 correspond to sensor along borehole, locations shown in table) and spatial 
pressure distribution after 10 days and after 2 years of open tunnel ventilation (bottom), 
incorporating stress-induced pore-pressure effects 

Senger (2015) 
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For the heating phase, a time-dependent heat generation rate based on the decay heat for a 
MOX/UO2 canister (Johnson et al. 2002) was applied to all three heaters, corresponding to a 
starting heat production of 1'500 W that decreases to about 1'200 W after 20 years. The emplace-
ment and installation of the heater and bentonite buffer was assumed to occur instantaneously. 
The initial saturation in the GBM, blocks, liner, and concrete plug was 20 %, 63 %, 100 %, and 
10 %, respectively. All materials were emplaced with atmospheric pressure (0.1 MPa). In addition 
to the reference case, a sensitivity analysis was performed to improve system understanding and 
gain better insight regarding the role of both conceptual and parameter uncertainty, including: 

• the thermal conductivity of the GBM and bentonite blocks as a function of saturation, which 
strongly affects the simulated peak temperatures on the heater surface, and in the buffer and 
rock 

• the potential effect of anisotropic hydraulic and thermal conductivities of the Opalinus Clay 

• the potential pore-pressure build-up due to thermal expansion of the pore fluid relative to that 
of the rock 

Case R0 used a higher value for the dry thermal conductivity of 0.8 W/m K of the bentonite blocks 
compared to 0.4 W/m K for the GBM. The dependence of thermal conductivity on saturation was 
represented by a linear function. The result in Fig. 7-13 shows the development of the pore 
pressures and the temperatures in a vertical cross-section through the center heater element at 
different times. The pressure distribution indicates the pressure buildup mainly around the cone 
of depression, which is elongated along the bedding. Pressure mounds develop perpendicular to 
the bedding and are focused above and beneath the center heater as shown by the simulated results 
along the tunnel axis (Fig. 7-13).  
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Fig. 7-13: Reference Case R0: Simulated pore pressures (left) and temperatures (right) in a 
vertical cross-section through the central heater at different times: after 5 yr (top), 
and after 10 years (middle), and along the tunnel axis after 10 years (bottom) 
Senger (2015) 
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The corresponding time history curves of pore pressures and temperatures are shown in Fig. 7-14. 
They show a complex pattern reflecting the relative distance from the tunnel, the distance to 
Heater 2, and associated drainage effects from the open tunnels and the Access Section of the FE 
Tunnel. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7-14: Reference Case R0: Simulated time histories of temperatures (top) and porepressures 
(bottom) at the locations of the monitoring intervals in the boreholes BFEA002 (left) 
and BFEA006 (right) 
Senger (2015) 

 
The temperature and saturation evolution at different distances from the heater are shown for 
locations in the GBM (above the heater) and in the bentonite blocks (below the heater) in 
Fig. 7-15. The labels indicate the distances from the tunnel center in millimetres; BCtop_05 
represents the top of the heater (radial distance of 0.5 m), and BCtop_153 represents the Opalinus 
Clay outside of the tunnel (radial distance of 1.53 m). 
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The simulated peak temperature on the top of the heater (adjacent to the GBM) after four years 
of heating is 133.7 °C after 4 years. In contrast the simulated peak temperature on the base of the 
heater (adjacent to the bentonite blocks) is 132.1°C. In the bentonite blocks and in the adjacent 
Opalinus Clay, temperatures are somewhat higher than in the GBM and adjacent Opalinus Clay, 
owing to the higher thermal conductivity of the bentonite blocks compared to the GBM 
(Fig. 7-15). In the area of the bentonite blocks, gas saturations next to the heater only increased 
slightly, whereas near the bottom the gas saturation decreases due to enhanced inflow of water 
from the surrounding Opalinus Clay (Fig. 7-15). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 7-15: Reference Case R0: Simulated time histories of temperatures (top) and gas 
saturations (bottom) at the locations inside the bentonite pellets (left) and blocks 
(right); the labels indicate the distances from the tunnel center 
Senger (2015) 
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The impact of the thermal conductivity on the temperatures and pore pressure evolution in the 
Opalinus Clay is shown in Case R3, where the thermal conductivity of both the GBM and the 
bentonite blocks were set to Tc = 0.3 W/m K, independent of saturation. The results in Fig. 7-16 
show peak temperatures at the heater of 200 °C after 4 years, which is more than 60 °C higher 
than the peak temperature in Case R0 (Fig. 7-15). On the other hand, the temperature at the outer 
edge of the bentonite (BCtop_124) only increased to a maximum of 70 °C compared to 60 °C in 
Case R0. As a result, the simulated temperatures at the monitoring intervals in BFEA002 and 
BFEA006 only increased by less than 10 °C which caused an overall pressure increase of about 
0.1 MPa (Fig. 7-16) compared to that in Case R0 (Fig. 7-14). 

The simulation results demonstrate the relatively large range in peak temperatures (135 °C to 
200 °C) of the heater depending on the range in thermal conductivities as a function of saturation 
for the bentonite buffer. The simulated pore pressures in the Opalinus Clay are controlled by the 
drainage effect to the access tunnel and by the effect of thermal expansion of the pore water 
relative to the expansion of the pore space. The maximum pore pressures typically occur outside 
of the EDZ where the formation remained fully saturated. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7-16: Case R3: Simulated time histories of temperatures (left) and gas saturations (right) 
in the locations inside the bentonite pellets; the labels indicate the distance from the 
tunnel center 
Senger (2015) 
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Fig. 7-17: Case R3: Simulated time histories of temperatures (top) and pore pressures (bottom) 
in the locations of the monitoring intervals in boreholes BFEA002 (left) and 
BFEA006 (right) 
Senger (2015) 

 
 

7.1.3 Requirement on heating power 
Initial requirement on heating power was to apply a power similar to the heat generation rate 
based on the decay heat for a MOX/UO2 canister (Johnson et al. 2002). Initial power for this 
corresponds to 1'500 W. Scoping and predictive computations have shown that this power level 
might have triggered a temperature response close to the maximum working limit of different 
sensors. Therefore, it was decided to reduce this heat generation rate by 10 % (corresponding to 
an initial heat of 1'350 W). 
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7.2 Heating phase monitoring system (Phase 2c and Phase 3) 
Monitoring of the THMC evolution of the Experiment following backfilling was based on 
instrumentation of a series of monitoring cross-sections (Fig. 7-18): 

• Two monitoring cross-sections (Plug and GP) were used for monitoring of the plug at 
GM 15.0 and GM 16.4 respectively. 

• Three monitoring cross-sections (H3-3, H3-2 and H3-1) were used for monitoring of heater 
H3 at GM 19.0, GM 20.3 and GM 21.3 respectively. 

• One monitoring cross-section (G2-3) was used for monitoring of the GBM backfill at 
GM 24.1. 

• Three monitoring cross-sections (H2-3, H2-2 and H2-1) were used for monitoring of heater 
H2 at GM 26.6, GM 27.9 and GM 28.9 respectively. 

• One monitoring cross-section (G1-2) was used for monitoring of the GBM backfill at 
GM 31.7. 

• One monitoring cross-section (H1) was used for monitoring of heater H1 at GM 35.5. 

• Four monitoring cross-sections (G1, G0, Block wall and Porous concrete) were used for 
monitoring of the ISS at GM 41.0, GM 43.0, GM 45.0 and GM 48.0 respectively. 

 
 
 

 

 

 

 

Fig. 7-18: Layout of the cross-sections used for monitoring of the THMC evolution of the 
Experiment following backfilling 

 
The design of the monitoring system accounted for the potential for sensor failure, owing to the 
lack of access to the boreholes and sensors following backfilling, through redundancy and 
diversity, and careful material and sensor selection.  

Redundancy measures included the use of multiple sensors of the same type (redundancy), and 
diversity measures included the use of different types of sensors to monitor the same parameter 
(e.g. use of thermocouples and PT1000 sensors for monitoring temperature – see Section 7.3.1). 
In addition, packer systems were constructed using durable plastics such as polyether ether ketone 
(PEEK) rather than stainless steel. These materials also had the advantage of having a low thermal 
conductivity, and would therefore have less impact on temperature monitoring. 

The monitoring system is described in Sections 7.2.1 to 7.2.3. 
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7.2.1 Instrumentation of the EDZ (Phase 2c) 
Phase 2c of the monitoring programme was focused on long-term monitoring of the near-field 
and far-field rock in response to operation of the Experiment heaters. 55 boreholes were instru-
mented with a range of sensors for monitoring of: 

• temperature, monitored at borehole depths of 0 – 8 m. Most boreholes were equipped with 
conventional temperature sensors (thermocouples and PT1000 sensors) at different depths 

• water pressure, monitored at borehole depths of 1.5 – 3 m using piezoresistive pressure 
transducers in eight boreholes 

• deformation, monitored at borehole depths of 0 – 8 m in six boreholes using extensometers 
placed at four locations in each borehole 

• coupled displacement and temperature, monitored in seven boreholes at GM 24.0 and 
GM 31.0 (between the heaters) using SMARTEC SOFO sensors and thermocouples 

• water content and suction, monitored at borehole depths of 0 – 1.1 m. Rock mass water 
content is being monitored with a commercial dielectric profile probe originally developed 
for agricultural applications. This dielectric tool has six measurement sections within its 1-m 
length. Five of these probes were permanently installed in 28 mm diameter boreholes drilled 
in the cooler sections of the FE tunnel, i.e. in the Access Section, the Test Section end of the 
Concrete Plug, and in the ISS. In addition, 17 radial boreholes were equipped with standard 
and monolithic capacitive relative humidity sensors. 

A full listing of the Phase 2c sensors is provided in Appendix IV, Tab. IV-4, and further 
information is available in Rösli et al. (2016), Wieczorek & Komischke (2014), and Zbinden 
(2016). 

7.2.2 Tunnel wall, bentonite and heater instrumentation (Phase 3) 
Phase 3 of the instrumentation installation comprised instrumentation of the tunnel wall, bentonite 
and heater surface to monitor THM evolution, installation of fibre-optic cables, geophysical 
monitoring, monitoring of gas concentration and monitoring of heater corrosion. 

7.2.2.1 Instrumentation for monitoring of THM processes, gas concentration 
and metal corrosion 

The tunnel wall, bentonite and heater surface were instrumented with a system for monitoring 
temperature, relative humidity/water content, total pressure, deformation/displacement and 
thermal conductivity. Many sensors on the tunnel wall (and on the heaters) had to be installed on 
erectable sensor holders due to the space conflict with the prototype backfilling machine 
(Fig. 7-19). A sensor listing is provided in Appendix IV, Tab. IV-5. 

The spatial distribution and temporal evolution of temperature in the bentonite and at the tunnel 
wall is monitored by a total of 115 conventional temperature sensors (thermocouples and 
PT1000). Additional temperature sensors are integrated into relative humidity and total pressure 
sensors (described below). In addition, each heater was equipped with six internal thermocouples, 
18 external thermocouples (fixed to the heater surface), and 24 fibre-optical point sensors (fibre 
Bragg gratings) placed on the heater surface.  
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Fig. 7-19: Photographs (© Comet Photoshopping, Dieter Enz) of sensors installed on the tunnel 
wall and on the heaters using erectable sensor holders to prevent conflict with the 
prototype backfilling machine 
Visible in the background of the top-left photo 

 
A total of 99 relative humidity sensors were installed on the tunnel wall and within the bentonite 
buffer. Additionally, a total of six prototype TDR probes were installed around heater H2 and 
heater H3 to monitor volumetric water content, and a further nine combined water content and 
temperature probes were installed in the ISS and concrete plug. 

Twenty-four total pressure cells were installed on the tunnel wall in order to monitor any potential 
swelling pressure of the bentonite buffer, 18 of these pressure cells incorporated temperature 
sensors. A further six combined pressure and temperature probes were placed on the surface of 
each heater for the same purpose. 

Two types of displacement sensors were installed to track any potential heater movement after 
backfilling and during heating. Nineteen linear variable differential transformer (LVDT) sensors 
were placed at the ends the heaters, and four potentiometric displacement sensors were placed in 
a cross-like configuration (Fig. 7-20) at the ISS end of the Test Section (monitoring cross-section 
G0 at GM 43.0) and between heaters H1 and H2 (monitoring cross-section G1-2 at GM 31.7). 
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Further information on the instrumentation installed to monitor the THMC evolution, as described 
above, is available in Rösli & Gysiger (2015). 

In addition, around and between heaters H2 and H3, a total of 15 thermal conductivity sensors 
were installed within the GBM and the bentonite blocks. Each of these heat pulse sensors 
consisted of a single 10-cm-long needle. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7-20: Displacement monitoring at monitoring cross-section G2-3 using potentiometric 
displacement sensors arranged in a cross-like configuration 
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7.2.2.2 Fibre-optic cables on tunnel wall (Phase 3b) 
Approximately 400 m of fibre-optical cables (excluding the smart rods and acoustic FO cables) 
were also installed at different positions along the tunnel for distributed strain and temperature 
sensing, this included: 

• 400 m of fibre-optical cables installed at different positions on the tunnel wall for distributed 
temperature sensing. 

• Two 12-sensor arrays placed on each heater for distributed temperature sensing (García-
Siñeriz et al. 2016). These consisted of Fibre Bragg Grating (FBG) Smartfibers on Heater H2 
and Heater H3, and Draw Tower Grating (DTG) Smartfibers on Heater H1. 

A listing of the fibre optic sensors is provided in Appendix IV, Tab. IV-6. 

7.2.2.3 Geophysical methods 
Geophysical methods were selected with the aim of monitoring changes in the GBM buffer in a 
quantitative manner with minimal adverse effects on the backfilling procedure or the THM 
evolution. One monitoring component consists of two gas-tight pipes installed approximately 
1.7 m apart in the roof of the FE tunnel at a distance of a few centimetres from the shotcrete liner. 
These pipes facilitate long-term access through the concrete plug and into the bentonite buffer in 
front of and above Heater H3 for a variety of geophysical borehole tools.  

Measurement campaigns, with the focus on bentonite properties in the near-field around the pipes, 
include repeated density and porosity logging as well as single-hole georadar surveys. Tomo-
graphic georadar and acoustic surveys are performed to better capture and image the changes in 
the area between the two pipes. An acoustic ‘borehole' sensor system (with one source and eight 
receivers) is typically kept at a fixed position in the pipes for quasi-continuous monitoring of 
changes to the bentonite properties between different measurement campaigns. 

The second monitoring component includes two acoustic sensor arrays that were permanently 
installed before backfilling, one close to the floor and one in the roof of the tunnel. These 
permanent installations allow subtle changes in acoustic waveforms to be captured either within 
the individual arrays or across the arrays when sensor coupling is sufficient. In combination with 
the acoustic ‘borehole' sensor system temporarily installed in the pipes, additional ray paths and 
imaging capabilities can be tested during the ongoing operation of the FE Experiment. 

7.2.2.4 Gas monitoring 
Fourteen prototype in situ hydrogen and six in situ oxygen concentration sensors were installed 
at different locations along the FE tunnel. Two oxygen sensors were located on the GBM buffer 
side of the plug retaining wall, one was placed close to Heater 3, two were placed close to Heater 2 
and one was placed in the ISS. The other oxygen sensors were located close to Heater 2 and 
Heater 3. Additionally, ten gas sampling lines were installed to allow continuous gas monitoring 
by mass spectrometry as well as periodic gas sampling. The sampling lines were chosen to be 
PEEK with an inside diameter of 1.5 mm. The backfilled sampling points consist of a poly-
vinylidene fluoride (PVDF) housing with either a stainless-steel filter or a silver-coated nylon 
mesh. The silver coating is used to hinder the development of biofilms, which could lead to 
clogging of the filters. 
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7.2.2.5 Corrosion monitoring 
In order to investigate in situ corrosion phenomena in the case of potential future dismantling of 
the FE Experiment, sample holders with different metals were installed on heaters H2 and H3 as 
well as at two different locations on the tunnel wall in close proximity to the gas sensors and 
sampling ports. The metals used in the sample holders were carbon steel, wrought copper, electro-
deposited copper and cold-sprayed copper. Five corrosion coupons from each metal were installed 
at each position. The corrosion coupons were polished and their surface roughness characterised 
prior to emplacement. 

7.2.3 Data acquisition systems 
The FE Experiment is acquiring significant quantities of data on the THMC evolution of the 
Experiment as described earlier in this report (Sections 3.2, 4.2 and 7.3). In order to maintain 
flexibility in the collection and quality assurance of data, several data acquisition systems (DASs) 
operate in parallel. 

Sensors installed by the contractor Aitemin, plus the system used to control the power supply to 
the heaters are controlled by a data acquisition and control system (DACS) located on top of a 
mezzanine located in one corner of the FE cavern (García-Siñeriz et al. 2016). The DACS consists 
of three power regulation cabinets (one per electrical heater) and the associated systems to 
supervise and control the heating strategy and to properly acquire and register the data of the 
installed measuring instruments. 

In addition to this main DACS, additional DASs were used for other monitoring sensors in the 
Experiment. Monitoring of THM processes at the tunnel wall and in the rock using sensors 
emplaced by the contractors Soldata and Solexperts are combined into a single DAS. Additional 
DASs are used for acquisition of data using the fibre-optic cables and geophysical monitoring 
systems. 

Data is stored in, and can be accessed via, the FE Information System (FEIS), which is described 
in Appendix III. As of January 2017, approximately 0.5 billion measurements had been added to 
the FEIS. More than 1 million new measurements are acquired daily (Firat Lüthi, 2018). Nearly 
2'400 sensors are listed in the database. 

7.3 Results of the heating phase 
After the heater emplacement and the subsequent backfilling, the heating phase was started in 
December 2014 with Heater H1 being switched on first. Heater H2 and Heater H3 were turned 
on in February 2015 (Fig. 7-21).  

The heating schedule was as follows: 

• Heater H1 was initially tested at a power of 500 W between 16 December 2014 and 13 January 
2015. The power was increased to 1'000 W for the period 14 January 2015 – 13 February 
2015, and then reduced to 900 W in the period 13 February 2015 – 16 February 2015. Heating 
of H1 at full power of 1'350 W commenced on 16 February 2015. 

• Heater H2 was tested for one day at 780 W on 12 February 2015 and heating at full power of 
1'350 W commenced on 17 February 2015. 
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• Heater H3 was tested between December 2014 and January 2015 at 250 W, on 12-14 January 
2015 at 9'700 W (not shown on Fig. 7-21), on 20 January 2015 at 760 W and 12 February 
2015 at 670 W, before heating at full power of 1'350 W commenced on 18 February 2015. 

The heaters are run power-controlled, meaning that the temperature at the heater surface is not 
fixed but depends on the evolution of the experiment. The resulting temperature distribution is 
influenced mainly by the thermal properties of the (at the beginning relatively dry and therefore 
poorly heat-conducting) bentonite backfill, but also by the thermal properties of the rock and the 
boundary conditions at the Mont Terri URL.  

According to current plans, the initial power level of 1'350 W per heater will be kept constant. 
Afterwards, it is currently planned to decrease the power according to a decay function typical 
for the SF expected in the Swiss geological repository (Tab. 7-1). The heating and monitoring 
phase of the FE Experiment is envisaged to last at least 10 – 15 years. 

Fig. 7-21: Power output applied in H1 (top), H2 (middle) and H3 (bottom) in the first 18 months 
of the experiment (15 December 2014 – 15 June 2016) 
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Tab. 7-1: Decay heat of MOX/UO2 canister, containing three pressurised water reactor UO2 
assemblies and one pressurised water reactor MOX assembly (after 55 years interim 
storage), all with a burnup of 48 GWd/tIHM 
Johnson et al. 2002 

 

Time 
(years) 

Heat Output MOX/UO2 
(W) 

0 1'500 

3 1'450 

10 1'330 

30 1'080 

100 696 

300 422 

1'000 177 

3'000 68 

10'000 39 

30'000 14 

100'000 3 

 

7.3.1 Temperature evolution 
The temperature evolution of the three heaters in response to the power input shown in Fig. 7-21 
is illustrated in Fig. 7-22. The corresponding temperatures reached at each heater after 18 months 
of heating (15 June 2016) are given in Tab. 7-2. Fig. 7-23 shows the temperature on the surface 
of Heater H2 on 26 January 2016. The data shown were acquired using the TERMYA thermo-
couple sensors placed on the surface of the heaters (see Appendix IV, Tab. IV-5). The data shown 
were acquired using the TERMYA thermocouple sensors placed on the of the heaters (see 
Appendix IV, Tab. IV-5). After approximately 18 months of heating, temperatures are only slowly 
increasing and are not expected to increase significantly further. The monitoring data plotted in 
Fig. 7-22 and peak temperatures in Tab. 7-2 illustrate that the temperatures and temperature 
distribution in all three heaters are similar, with highest temperatures at the top and lowest 
temperatures at the base of each heater, respectively. H1 is slightly hotter than H2 at the top (by 
approximately 4 °C) but has the same temperature at the base. H3 is the coolest heater, with 
temperatures approximately 1 °C lower than H2. 
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Fig. 7-22: Measured surface temperature on the top, side and bottom of H1 (top), H2 (middle) 
and H3 (bottom) during the first 18 months of the Experiment (15 December 2014 – 
15 June 2016) 
Locations of sensors are shown in the inset diagrams.  
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Fig. 7-23: Temperature on the surface of Heater H2 on 26 January 2016, as measured by the 
thermocouples on the heater surface 
Kriging was used to interpolate between the sensor locations. 

 

Tab. 7-2: Heater temperatures after the first 18 months of FE Experiment operation 
 

Location H1 H2 H3 

Top-right 132.4 °C 127.8 °C 126.8 °C 
Top-left 132.4 °C 128.3 °C 126.9 °C 
Left-side 129.9 °C 125.5 °C 124.4 °C 
Bottom 118.8 °C 118.8 °C 117.3 °C 
Right-side 129.3 °C 125.5 °C 124.7 °C 

 
The thermal evolution of the FE Experiment in the period 15 December 2014 – 15 June 2016 is 
illustrated in the following figures: 

• Fig. 7-24 is a time series plot of the temperatures measured in the bentonite at approximately 
10 cm from the heater surface, at the tunnel wall and in the Opalinus Clay for monitoring 
cross-section H2-2 at GM 27.9 (TERMYA thermocouple sensors). 

• Fig. 7-25 shows the temperatures in the bentonite measured at the end of the period (15 
June 2016) for monitoring cross-section H2-2 at GM 27.9 (TERMYA and PT1000 sensors). 

• Fig. 7-26 shows the temperatures in the rock measured at the end of the period (15 June 2016) 
for monitoring cross-section H2-2 at GM 27.9 (PT1000 sensors). 

• Fig. 7-27 shows the temperature profile along the FE tunnel axis in the bentonite close to the 
tunnel wall and in the rock measured at the end of the period (15 June 2016, PT1000 sensors). 
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• Fig. 7-28 shows a 3-D interpolation of the tunnel wall temperatures measured on 26 January 
2016 (FBG Smartfibers distributed sensor network). 

• Fig. 7-29 shows the time series of thermal conductivity measurements in the bentonite 
surrounding Heater H2 between 10 November 2014 and 11 February 2016. 

In the cross-section plots (Fig. 7-25 and 7.26), the idealised tunnel profile is shown by a buff 
coloured fill, and the actual tunnel shape is shown by grey survey points. The idealised tunnel 
profile is shown in the inset diagrams of Fig. 7-24, 7-27 and 7-29 showing sensor locations.  

In general, the temperature evolution of the experiment has been as expected. The temperature in 
the bentonite close to the heater is approaching a steady state value between 100 and 120 °C 
(Fig. 7-24 top plot). Slightly higher values are measured in the GBM (sensors T-BH2_230_1, 
T-BH2_230_2 and T-BH2_230_4), compared to the bentonite block pedestal (sensor 
T-BH2_230_3, show as the orange line in the top plot in Fig. 7-24). A similar pattern is seen in 
the bentonite close to the tunnel wall (Fig. 7-24 middle plot). Here temperatures are still increasing 
and have reached between 47 and 57 °C. The distribution of the temperature is mainly affected 
by the higher thermal conductivity of the bentonite block pedestal compared to the GBM backfill, 
which, in turn, is a result of the higher density and initial saturation of the blocks compared to the 
GBM. As shown in Fig. 7-25, temperatures are higher in the pedestal compared to the GBM but 
lower on the heater surface at the contact to the pedestal compared to the contact to the GBM, 
indicating the preferential conduction of heat through the bentonite blocks. The higher thermal 
conductivity in the bentonite blocks compared to the GBM is illustrated in Fig. 7-29 (note the 
different scales on the y-axis for these plots). It should also be noted that in other heating 
experiments (e.g. FEBEX), temperature distribution has been found to deviate slightly from an 
uniform distribution over the heater perimeter.  

Temperatures in the rock are still increasing at a significant rate after the first 18 months of heater 
operation (Fig. 7-24 bottom plot). In the rock, temperatures are affected by the orientation of the 
bedding which imparts an anisotropy in the thermal conductivity (bedding is oriented from the 
top right to the bottom left of the tunnel). Peak temperatures approximately 3 m from the tunnel 
wall are just below 32 °C parallel to bedding (sensors BFEB005_TEM_01 and 
BFEB007_TEM_01, shown in dark blue and red in Fig. 7-24 bottom plot), whereas peak 
temperatures are between 25 and 29 °C perpendicular to bedding. The impact of anisotropy is 
also illustrated in Fig. 7-26, which shows temperature measured on 15 June 2016 parallel to 
bedding (top right and bottom left of figure), perpendicular to bedding (bottom right and top left 
of figure) and directly above and below the tunnel. This figure also illustrates the impact of the 
thermal conductivity of the buffer. Temperatures in the rock below the pedestal are approximately 
10 °C higher than temperatures in the rock above the GBM, owing to the higher thermal 
conductivity in the pedestal.  

Temperatures in the region around the heaters are 10 – 15 °C higher than temperatures in the 
region between the heaters (Fig. 7.27 and 7.28). Temperatures in the GBM at the tunnel wall are 
approximately 1 °C higher in the region of Heater H2 compared to H1 and H3 (Fig. 7.27, top 
plot). In the rock, temperatures are overall uniform around the heaters and gaps, but once again, 
are approximately 1 °C higher in the region of Heater H2 (Fig. 7.27, lower plot).  

Monitoring of thermal conductivity (Fig. 7-29) shows that it is significantly lower in the GBM 
(0.2 – 0.3 W/mK) than in the bentonite block pedestal (~ 1.2 W/mK) as indicated by monitoring 
of temperature (as discussed above). Thermal conductivity remains relatively constant, indicating 
relatively small changes in bentonite saturation, with the exception of sensor location 5, which 
appears to be saturating faster than other parts of the bentonite. The hydraulic evolution of the FE 
Experiment is discussed in the next sub-section. 
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Fig. 7-24: Temperature in the bentonite (top), close to the tunnel wall (middle) and in the rock 
(bottom) during the first 18 months of the Experiment (15 December 2014 – 15 June 
2016), measured using TERMYA thermocouple sensors 
Location of sensors is shown in the inset diagrams.  
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Fig. 7-25: Temperature in the bentonite measured after 18 months of heater operation (15 June 

2016) for monitoring cross-section H2-2 at GM 27.9, using TERMYA and PT1000 
sensors 
The value at the bottom right tunnel wall on 15 June 2016 is estimated from measurements 
at that location on other dates. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7-26: Temperature in the rock measured after 18 months of heater operation (15 June 2016) 
for monitoring cross-section H2-2 at GM 27.9, using PT1000 sensors 
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Fig. 7-27: Temperature profile along the FE tunnel axis in the bentonite close to the tunnel wall 
(top) and in the rock (bottom), measured after 18 months (15 June 2016), using 
PT1000 sensors 
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Tab. 7-3: Sensors plotted in Fig. 7-27 

a) Sensors in the bentonite and close to the tunnel wall (Fig 7-27-top) 
 

Sensor group Sensor names FE_TEM_XXX Sensor positions 

P0 131,126,122,114,109,105,100,095,092 11:00 

P1 134,128,124,117,111,107,103,097,089 11:00 

P2 129,125,121,112,108,104,098,094,090 01:00 

P3 132,127,123,115,110,106,101,096,087 01:00 

 
b) Sensors in the rock (Fig 7-27-bottom) 
 

Sensor group Sensor names 
 

 BFEAXXX_TEM_[01-40] 

Red BFEA011_TEM_[01-40] 

Blue BFEA010_TEM_[01-40] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
Fig. 7-28: 3-D interpolation of tunnel wall temperatures as measured by the fibre-optic 

distributed temperature sensing on 17 November 2015 
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Fig. 7-29: Time series of thermal conductivity in the GBM (top) and bentonite blocks (bottom) 

surrounding Heater H2 measured in the period 10 November 2014 to 11 February 
2016 
Note the different scales used in the y axis. 
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7.3.2 Hydraulic evolution: relative humidity in bentonite, tunnel wall and 
Opalinus Clay 

The evolution of the relative humidity is driven by the balance between the drying of the bentonite 
owing to the heat produced by the heaters and suction owing to the unsaturated state, which will 
draw water into the bentonite from the Opalinus Clay rock. 

During the first 18 months of heater operation, heating is the predominant control on the hydraulic 
evolution in the bentonite. Water in the bentonite close to the heaters evaporates owing to the high 
temperatures and migrates towards the tunnel wall, condensing in the outer parts of the bentonite 
where temperatures are lower (Fig. 7-30). Initially (first 2-3 months), this results in an increase in 
the relative humidity in the bentonite 10 cm from the heaters. Relative humidity values in the 
bentonite blocks (sensor RH-H3-230_3 in Fig. 7-30) are initially higher than in the GBM (sensors 
RH-H3-230_1 and RH-H3-230_2 in Fig. 7-30) but are approaching similar values after 18 months 
of heater operation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
 

Fig. 7-30: Evolution of the measured relative humidity in the GBM and bentonite blocks 10 cm 
from the surface of Heater H3 in the period between 15 December 2014 and 15 June 
2016 
Locations of the sensors are shown in the inset diagrams. 
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Relative humidity in the GBM close to the tunnel wall shows a decrease from approximately 50 
to 35 % in the first month after emplacement (Fig. 7-31). As the temperature of the bentonite 
increases, water vapour migrating from the inner part of the bentonite is condensed at the tunnel 
wall and the relative humidity increases (Fig. 7-31). Differences in the relative humidity observed 
in different locations are thought to be related to variations in the density of the bentonite and in 
the inflow of water from the host rock, for example due to the presence of wet spots. 

In the Opalinus Clay, the impact of heating on the hydraulic evolution is monitored using pore 
water pressure sensors (Fig. 7-32). Heating results in differential thermal expansion of the pore 
water and the rock which increases the pore water pressure in the rock. Owing to anisotropy in 
both the thermal and hydraulic conductivity in the Opalinus Clay, pore water pressure increases 
more in the direction parallel to bedding (see data from boreholes BFEA002, BFEA003, 
BFEA004 in top plot of Fig. 7-32). Fig. 7-32 also shows that pore water pressures parallel to 
bedding are overall lower, initially due the higher hydraulic conductivity combined with the 
depressurization of the rock during tunnel ventilation (i.e., sensor BFEA002_PRE_3 in Fig. 7-32). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7-31: Evolution of the measured relative humidity in the GBM close to the tunnel wall in 
the region of Heater H3 in the period between 15 December 2014 and 15 June 2016 
Locations of the sensors are shown in the inset diagrams. 
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Fig. 7-32: Evolution of the measured pore water pressure in the Opalinus Clay both parallel 
and perpendicular to bedding in the period 15 December 2014 – 15 June 2016 
Location of sensors is illustrated in inset diagrams. 
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7.3.3 Mechanical evolution: deformations 
By 15 June 2016, the hydraulic evolution of the bentonite had been mainly controlled by the 
drying induced from heating. Therefore, no wetting-induced swelling pressure had developed, 
and the mechanical evolution of the FE Experiment components was mainly associated with 
deformation of the tunnel wall and displacement of the heaters. 

Deformation of the tunnel wall was monitored using the potentiometric displacement sensors 
arranged in a cross-like configuration as shown in Fig. 7-20. Prior to heating a sudden sub-mm 
extension (i.e. inward movement of the tunnel wall) was recorded by the sensors in monitoring 
cross-section G2-3 (Fig. 7-33). Following the start of heater operation, the sensors have detected 
an ongoing and relatively linear compression of 0.12 mm/month for sensor FE_DEF_003 and 
0.16 mm/month for sensor FE_DEF_004, respectively. This deformation is considered to be the 
result of thermal expansion of the bentonite and pore water filling the tunnel. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7-33: Tunnel wall deformation following backfilling in cross-section G2-3 in the period 
between 15 December 2014 and 15 June 2016 

 

In addition, the mechanical evolution of the heaters and bentonite block pedestals has been 
monitored using the LVDT sensors visible in Fig. 7-19 and Fig. 7-20. Fig. 7-34 shows the position 
of heater H2 recorded with the LVDT sensor responses in the period between 15 December 2014 
and 15 June 2016. Negative values in sensors D-H2-000_1, D-H2-000_4, D H2 460_1 and 
D-H2-460_4, which are located below the heater, indicate upward movement of the heater.  

In the first four months after the onset of heating, the heater moves upwards by up to 2 mm 
(Fig. 7-34). This movement is currently interpreted to be the result of thermal expansion of the 
bentonite and water in the pedestal. The thermal expansion coefficient of the pedestal is greater 
than the GBM owing to the reduced porosity and higher dry density. This effect is also facilitated 
by the contrast in the thermal conductivity of the pedestal compared to the GBM, which causes 
the pedestal temperature to increase faster, accordingly. As the pedestal is not yet saturated, 
swelling pressure has not developed, and swelling of the bentonite block pedestal is not 
considered as a cause of the heater movement. 
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Following the initial period of uplift, the heater has been settling at a constant rate of approxi-
mately 0.5 – 1.0 mm/month (Fig. 7-33). The process by which this displacement is occurring is 
currently under investigation, although it is recognised that the lower density of the GBM allows 
expansion of the bentonite blocks, leading to homogenisation of the buffer. 

7.3.4 Chemical evolution: oxygen consumption and hydrogen generation 
The results of monitoring the gas concentration is illustrated in Fig. 7-34. At all locations (with 
the exception of directly behind the plug retaining wall), the oxygen concentrations drop to 
approximately 0 % within 2 – 3 months after backfilling (Fig. 7-34). This is consistent with 
observations in other URL experiments such as the LOT experiment in the Äspö hard rock 
laboratory in Sweden (Muurinen 2006).  

Fig. 7-34: Monitoring of the relative position of heater H2 in the periopd 15 December 2014 – 
15 June 2016 

Jan 15 Apr 15 Jul 15 Oct 15 Jan 16 Apr 16 Jul 16
Date

-10

-5

0

5

10

M
ov

em
en

t [
m

m
]

D-H2-000_1
D-H2-000_2
D-H2-000_3
D-H2-000_4
D-H2-460_1
D-H2-460_2
D-H2-460_3
D-H2-460_4

-2 -1 0 1 2
Width, X [m]

-2

-1

0

1

2

20 25 30 35 40 45
Length, Y [m]

-2

-1

0

1

2

H
ei

gh
t, 

Z 
[m

]



 115 NAGRA NTB 15-02 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7-35: Oxygen concentrations at different measurement locations along the FE tunnel in the 
period November 2014 (shortly after backfilling started) to July 2016, showing the 
rapid consumption of oxygen after backfilling 
Giroud et al. (2018) 

 

7.4 Summary of the heating phase 
The FE Experiment heaters were tested in December 2014, and January and February 2015, 
before being switched on sequentially between 16 and 18 February 2015. Since then, the three 
heaters have been operating successfully at a constant power of 1'350 W each.  

Prior to the heating phase of the FE Experiment, numerical models were developed using Code-
Bright, QPAC and TOUGH2 to evaluate the THM evolution of the buffer and surrounding rock. 
As the project moves forward, it is envisioned that these models will be calibrated against the 
early results of the Experiment, to support further interpretation of the monitored data and further 
development of current predictive capabilities. 

Heating has resulted in peak temperatures of approximately 130 °C at the top surface of the 
heaters. Temperature at the base of the heaters is lower owing to the higher thermal conductivity 
of the bentonite block pedestal associated with the higher density and initial saturation compared 
to the GBM backfill. Accordingly, temperatures in the bentonite block pedestal are higher than 
temperatures in the GBM. Temperatures at the tunnel wall range from ~ 50 to ~ 70 °C. Anisotropy 
in the thermal conductivity of the rock, which is controlled by bedding, results in overall higher 
temperatures in the rock parallel to bedding than perpendicular to bedding. Peak temperatures 
approximately 3 m from the tunnel wall are just below 32 °C parallel to bedding, whereas peak 
temperatures are between 25 and 29 °C perpendicular to bedding. 

The operation of the heaters and the associated temperature increase has led to drying of the 
bentonite. Vapour from water evaporation near the heater surface migrates towards the tunnel 
wall and condenses in the outer parts of the buffer, increasing the relative humidity. Variations of 
relative humidity are more pronounced near the tunnel wall due to heterogeneous saturation of 
the GBM, with some locations of saturation corresponding to locations of the wet spots identified 
during the ventilation phase. The temperature increase introduces differential thermal expansion 
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in the pore water and rock, resulting in an increase in pore water pressures. Owing to anisotropy 
in both the thermal and hydraulic conductivity in the Opalinus Clay, pore water pressure increases 
more in the direction parallel to bedding. 

During the first 18 months of heating, the tunnels walls are converging at a nearly constant rate. 
An upward movement of the heaters in the early heating phase is associated with the thermal 
expansion of the pedestal and is followed by a gradual downward movement of the heaters. 

Gas component monitoring along the FE tunnel shows that oxygen in all sections of the tunnel 
was almost immediately consumed following emplacement of the EBS materials. 
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8 Lessons learnt 
 
This chapter provides a discussion of the design, construction and preliminary results from the 
first 18 months of heater operation (i.e. up to 15 June 2016) for the FE Experiment, in order to 
identify the lessons learnt from the Experiment so far. Section 8.1 provides a summary of the 
lessons learnt from the design and construction of the Experiment, including the monitoring of 
tunnel excavation and the emplacement of the materials.  

Section 8.2 provides a discussion of the lessons learnt from the modelling and monitoring of the 
performance of the EBS and host rock during the first 18 months of heater operation. This includes 
the development and calibration of coupled THM models that can be used to predict the evolution 
of the FE Experiment moving forward and a synthesis of the THM processes occurring in the 
EBS materials and host rock. Section 8.3 describes how the FE Experiment has been used to 
provide feedback on the requirements on materials and processes included in the design of 
disposal tunnels in Nagra's reference concept for a DGR. Section 8.4 considers the feedback from 
the FE Experiment to reference disposal concept for SF/HLW by way of a TRL assessment. 

 

8.1 Design and construction of the FE Experiment 

8.1.1 Tunnel construction 
The technical feasibility of constructing an emplacement tunnel in an over-consolidated claystone 
using standard industrial equipment has been successfully verified at the Mont Terri URL. The 
tunnel dimensions are consistent with a minimum diameter of 2.48 m, and rock support was 
installed using low-pH shotcrete on the same day each section was excavated, consistent with a 
requirement for rapid installation of tunnel support. No free water was used in the construction of 
the tunnel. Although some issues occurred with the emplaced shotcrete, these were considered to 
be the result of the emplacement of the material rather than its composition. Therefore, further 
work on the method of shotcrete emplacement, including appropriate method descriptions will be 
required in the future. 

The excavation of the FE tunnel used standard mining techniques, other techniques might be 
applied in the repository. The tunnel shape is irregular, with a significant variation in the diameter. 
In the repository, the tunnel diameter needs to be sufficiently large to allow for emplacement of 
the disposal canister and pedestal, and the surrounding GBM. Therefore, a requirement on the 
exact shape of the tunnel may not be necessary from the perspective of post-closure performance. 

The tunnel also needs to be sufficiently stable to allow operations to be undertaken safely. It is 
currently envisaged that the disposal tunnels in the repository will be 800-m long and open for 
approximately two years. Although there were some issues with the structural performance of the 
shotcrete in the FE tunnel, these were remedied and the renovated tunnel support system allowed 
safe emplacement of the EBS materials. The experience gained demonstrated that sufficient 
operator experience and expertise is currently required for correct emplacement. There may also 
be some need to identify operational-related requirements on the excavation profile to ensure the 
profile does not impart shear and bending forces in the lining. 

The experience from the FE Experiment has built confidence that tunnel support can be provided 
by both mesh-reinforced shotcrete sections and sections with steel arches and reinforcement mesh 
at Mont Terri. This helps to demonstrate the feasibility of the ISS as part of the repository design. 
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The response of the construction of the FE tunnel has also demonstrated the impact of the bedding 
in the Opalinus Clay on development of the EDZ, with development of a buckling zone extending 
into the host rock perpendicular to bedding. This anisotropic response to excavation overprints a 
more regular EDZ fracture system that forms in response to stress relief as the tunnel is excavated. 
This conceptual model of EDZ development has been observed in other excavations in Mont 
Terri, providing a reasonably high level of confidence and acceptance. It provides a basis for 
tunnel support design in the repository, after suitable modifications to account for bedding plane 
orientation, and the orientation and magnitude of in situ stresses. 

8.1.2 Tunnel ventilation 
The ventilation phase was used to prepare for the emplacement of the EBS materials by 
constructing and testing the backfilling machine, producing the bentonite and installing the 
monitoring instrumentation. During this phase, the tunnel was successfully ventilated without 
significant problems. 

Monitoring of the response to ventilation showed that the shotcrete slowed the desaturation of the 
host rock. However, wet spots were found locally, mainly at the locations of rock bolts. 
Monitoring of GBM relative humidity during the subsequent heating phase showed that these wet 
spot locations are also associated with preferential saturation of the backfill. 

The operation of the ventilation system was flexible and responsive to operational issues. The rate 
of air flow could be readily adjusted depending on the operational requirements, for example 
during the emplacement of the concrete wall at the deep end of the FE tunnel. Maintaining 
flexibility in the control of tunnel climate is important for repository operations. 

8.1.3 Design, production and emplacement of bentonite blocks 
The experience gained on the design of the bentonite blocks has further demonstrated the reliance 
of block dry density and strength on material composition, water content and compaction 
pressure, previously identified during other large-scale tests such as the HE-E Experiment. At 
high water contents (~ 20 %), the dry density was shown to be independent of the compaction 
pressure. Production and emplacement of the bentonite back wall and bentonite block pedestals 
has demonstrated that the target dry density (1.45 g/cm3) can be easily achieved for compacted 
bentonite blocks. For the FE bentonite block production, an average block dry density of 
1.78 g/cm3 was achieved.  

Investigations undertaken as part of the experiment design have also demonstrated that the 
mechanical stability of the blocks prior to backfilling is particularly sensitive to the relationship 
between initial water content and ambient relative humidity. Bentonite blocks will be stable as 
long as the relative humidity of the ambient air does not exceed the equilibrium relative humidity 
of the bentonite blocks by more than 5 – 10 %. For production parameters suitable for the 
production of bentonite blocks, this means that a relative humidity in the repository higher than 
80 % might result in practical problems during the emplacement of bentonite blocks. 

Therefore, the dry density achieved for the FE Experiment bentonite blocks was the result of the 
adjustment of the water content of the raw material and of the compaction pressure to produce 
blocks as stable as possible against changing climatic conditions. It is possible to produce 
bentonite blocks with a higher dry density than those used in the FE Experiment, but this would 
result in a loss of resistance against climatic conditions. Lower dry density could also be achieved 
by increasing the water content, but this was not tested during the FE Experiment. The achieved 
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block dry density value is relatively low when compared to the results from previous Nagra 
RD&D experiments, but this is considered to be a positive feature for the disposal system as it 
results in a less heterogeneous distribution of dry density throughout the emplaced buffer (i.e. 
when considering the blocks and the GBM together). 

The production process for the bentonite blocks was successful with 3'000 blocks being produced 
at a rate of 60 blocks per hour. Only 20 blocks out of 3'000 had to be rejected and no significant 
outlier was detected; showing that compaction of bentonite blocks at the industrial scale can be 
achieved. However, the manual QC process used was slower than the block production rate and 
limited the production output. This indicates that an automated QC process should be considered 
in the future. In addition, the linear rebound coefficient had to be modified after the initial test 
production of the blocks, and the revised coefficient should be used in future work. 

Following production, the bentonite blocks were stored for one year prior to their emplacement 
in the FE tunnel, demonstrating that production and storage of bentonite blocks is not an issue for 
operational schedule of the repository. 

The bentonite blocks were installed manually in the FE Experiment. In the repository, it is 
expected that the bentonite block pedestal will be emplaced synchronously with the disposal 
container using remote methods. Therefore, there were no particular lessons learned with respect 
to the emplacement of the bentonite blocks during the FE Experiment. 

8.1.4 Design, production and emplacement of GBM 
Investigations undertaken as part of the experiment design have focused on demonstrating that 
GBM material can be emplaced with a dry density higher than 1.45 g/cm3. The dry density of the 
produced GBM is dependent upon the dry density of individual pellets, the grain size distribution 
of the different pellets, the particle shape of the pellets, and the emplacement method. 

Production of individual pellets with high dry density requires material with low water content. 
Commercially available bentonite materials are supplied with a water content of 10 – 15 %. 
Considering the challenges associated with drying bentonite on an industrial scale, a target water 
content of 5 % was selected for the FE Experiment. This was achieved by drying the supplied 
material at temperatures below 80 °C. Production of the pellets could then proceed using rollers 
with the resulting material being crushed and sieved before blending into the selected grain size 
distribution. 

Re-analysis of previous bentonite emplacement experiments was used to show that, for the grains 
produced using roller compaction, the optimal grain size distribution was a Fuller curve with a 
shape parameter of 0.4. Achieving this grain size distribution may require the rounding of grains 
and addition of fines to particle mixtures. 

Building on previous experience of GBM emplacement, a multiple-auger system was used to 
emplace the GBM in the FE tunnel. The augers were incorporated into a prototype backfilling 
machine that replicated the auger systems envisioned for emplacement of GBM in the repository. 
Design and construction of the prototype backfilling machine was based on a series of mock up 
trials at successively more realistic scales. 

Early tests using a single auger demonstrated the tendency for GBM to segregate on emplacement, 
especially if the material is allowed to settle on an uncovered slope. Covering the GBM slope and 
compacting the material after emplacement was considered impractical for the FE Experiment, 
although it remains an option for emplacement of the GBM in the repository. Therefore, it was 
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decided that the augers should be buried in the GBM and use a back pressure to force the GBM 
material upwards on emplacement. To minimise heterogeneity, a five-auger system was used in 
the FE Experiment. This system was optimised during two full-scale mock-up tests undertaken at 
the Grono surface facility. 

Various methods for local dry density assessment were applied, especially in pre-tests at a surface 
industrial facility where access from outside to a dummy tunnel tube was possible. The tests 
comprised dielectric and gamma-gamma probe measurements as well as horizontal cone penetra-
tion tests. The resulting profiles of local dry density indicate higher values near the roof section 
and in the close vicinity of the screw conveyors' positions. Lower density was observed near the 
invert. Although certain open questions remain, e.g. regarding boundary effects with dielectric 
measurements of density, the results are overall consistent with the average dry density derived 
from sectional mass-volume balance calculations (1.48 – 1.55 g/cm3 in the pre-test). 

The sectional dry density values in the FE tunnel assessed by mass-volume balance varied 
between 1.444 g/cm3 (where low quality material was backfilled) and 1.555 g/cm38. With an 
average dry density of 1.489 g/cm3, the target dry density of 1.45 g/cm3 for the entire backfill was 
met under conditions that were challenging compared to a representative repository environment, 
owing to the presence of the extensive monitoring instrumentation. 

Although the design of the GBM and the prototype backfilling machine minimised the segregation 
of the material there was inevitable segregation during emplacement with a series of fining 
upwards sequences identified in the mixture upon emplacement. Heterogeneity of the buffer is 
further introduced by the difference in the dry density of the GBM and the bentonite block 
pedestal. Understanding the impact of this heterogeneity on THM processes will be a feature of 
the further work on the FE Experiment. 

8.2 Processes occurring during the heating phases 

8.2.1 Modelling 
Three 3-D models were developed to assess the THM evolution of the FE Experiment using the 
codes Code_Bright, QPAC and TOUGH2. At this stage of the Experiment, a full comparison of 
modelling results to the monitoring data has not been undertaken. It is however possible to 
identify lessons learnt from the existing modelling activities. 

Model predictions have been shown to be particularly sensitive to the method and parameters 
used to model unsaturated flow under non-isothermal conditions. Constitutive relationships 
describing the material behaviour (i.e. between suction and saturation, hydraulic conductivity and 
saturation, and thermal conductivity and saturation), are material-specific, and need to be fully 
characterised for the model to provide reliable predictions. Ultimately, models require calibration 
against data to represent realistically the physical problem being modelled. However, the purpose 
of the modelling undertaken as part of the FE Experiment was be used to support the development 
of understanding of the THM processes occurring and to help demonstrate that performance is 
within the bounds considered in the safety case and support the further improvement of current 
modelling capabilities. 

                                                           
8  The last section of bentonite emplaced in the tunnel was affected by the proximity of the concrete plug and the 

associated modification of the emplacement method. The density of the GBM in this section, which was 
1.403 g/cm3, has not, therefore, been included in the discussion here. 
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Modelling of the FE Experiment requires some level of conceptualisation and simplification of 
the experiment to produce a model representation that is realistic but also computationally 
feasible. This includes the representation of the tunnel geometry as a cylinder despite the 
irregularities in the real shape of the tunnel. Similarly, the precise locations of the heaters in the 
models deviates from their location in the tunnel, especially as these change during the heating 
phase of the Experiment. Further challenges are posed by areas of high gradients, such as the 
interface between the EBS materials and the rock, and areas of heterogeneity, including hetero-
geneity in the bentonite materials and areas of heterogeneous saturation associated with wet spots 
on the tunnel wall. 

8.2.2 Monitoring system 
The implementation of the FE Experiment has been monitored in detail from the start of 
construction of the FE tunnel. Monitoring results are stored in, and can be accessed through, the 
FEIS (Firat Lüthi, 2018), which contains nearly 2 billion measurements as of April 2019. 

The design of the monitoring programme allowed the THM evolution of the EBS and host rock 
to be monitored on both a temporal and spatial basis. The temporal aspects included monitoring 
of the baseline prior to construction, and monitoring of the construction, ventilation and heating 
phases. In terms of spatial discretisation, the heating phase was monitored using a series of 
monitoring cross-sections that allowed THM profiles to be developed to track the response to 
heater operation in each section of the Experiment. Similarities in the monitoring sensors used in 
each cross-section allowed the generation of profiles along the axis of the FE tunnel. The cross-
section sensor data supplements the data from longitudinal monitoring provided by boreholes 
drilled sub-parallel to the tunnel, geophysical measurements and the results from the fibre-optic 
cable systems. 

The monitoring strategy was underpinned by THM scoping calculations made using Code_Bright. 
Integration of the monitoring programme design with scoping calculations supported the 
definition of the operating range required of the sensors. 

Installation of the monitoring instrumentation was challenging and had an impact on the emplace-
ment of the EBS materials. The experience gained provides valuable insight into the possibilities 
and practical limitations of installing a monitoring system in the pilot repository required in the 
Swiss repository concept. 

8.2.3 Experiment evolution 
The first 18 months of heater operation has led to significant THM changes in the FE Experiment 
materials. A schematic cross-section of the FE Experiment (Fig. 8-1) has been developed in order 
to develop summary illustrations of the main THM processes (greater detail on these processes is 
provided earlier in this report). These are provided in Fig. 8-2 to 8-5, with separate diagrams for 
the period following excavation and support installation, during ventilation, in the first two 
months after the start of heating and in the subsequent period of the Experiment to date. 

In the THM illustrations, thermal evolution (temperature) is illustrated by the red shading on the 
right half of the figure, hydraulic evolution (saturation in the rock and relative humidity in the 
tunnel and bentonite) by the blue shading and mechanical evolution (displacement) by green 
arrows. The magnitude of processes is approximately scaled with darker colours and larger arrows 
indicating processes with greater magnitude, but the representation is schematic. 
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Fig. 8-1: Schematic cross-section of the FE Experiment used as a basis for illustrating the 
main THM processes occurring following excavation and support installation, 
during ventilation, in the first two months after the start of heating and in the 
subsequent period of the Experiment to date (Fig. 8-2 to 8-5) 

 
The main response to excavation and support installation is mechanical, with development of the 
EDZ, including development of a fracture system around the tunnel walls, and convergence of 
the tunnel wall inwards at an average rate approaching 1 mm per day. At this time, the rock is 
fully saturated, the tunnel has an ambient relative humidity of approximately 90 %, the host rock 
has a temperature of approximately 18 °C and the tunnel has a temperature of approximately 
30 °C. 

During the ventilation phase there is on-going creep of the host rock inwards, but at significantly 
lower rates. The air in the tunnel is controlled by the ventilation system at approximately 60 % 
relative humidity and 20 °C. There is minor desaturation of the shotcrete and the host rock closest 
to the tunnel wall. The rock temperature is unchanged. 

Following emplacement of the heaters and EBS, processes are mainly controlled by heat 
conduction and water movement away from the heaters. During the first few months, heater 
temperatures rapidly increase to values in the region of ranging between 100 °C and 120 °C. The 
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bentonite is gradually heated, with higher temperatures observed in the GBM compared to the 
bentonite blocks close to the heater surface. However, temperatures in the GBM near the tunnel 
wall are lower than the corresponding temperatures in the bentonite blocks. In this initial phase, 
vapour from water evaporation close to the heater surface migrates to the outer parts of the buffer 
where it condenses, increasing the relative humidity. The relative humidity of the bentonite at any 
specific location first increases and then decreases as vapour moves away from the heaters. 
Relative humidity remains overall higher in the bentonite blocks, which were emplaced with a 
higher water content than the GBM. In response to heating, the bentonite block pedestal expands 
resulting in an uplift of the heater of 1 – 2 mm. 

In later stages of the experiment (12 – 18 months after heating operation started), the rock begins 
to heat up, with higher temperatures observed in the direction parallel to bedding compared to 
perpendicular to bedding. This results in an overall greater increase in the pore pressure in the 
rock parallel to bedding than perpendicular to bedding. However, this affect is offset by the greater 
hydraulic conductivity parallel to bedding which allows pressure dissipation through water 
movement into the tunnel. At the same time, the heaters begin to subside slightly, owing to 
homogenisation of the buffer. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8-2: Illustration of the THM processes occurring in the FE Experiment following 
excavation and support installation 
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Fig. 8-3: Illustration of the THM processes occurring in the FE Experiment during ventilation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8-4: Illustration of the THM processes occurring in the FE Experiment during the initial 
heating phase, i.e. approximately the first two months of heater operation 
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Fig. 8-5: Illustration of the THM processes occurring in the FE Experiment during late-stage 
heating, i.e. up to 18 months after heater operation 

 

8.3 Feedback on requirements 
The FE Experiment has provided an opportunity for development of the requirements on specific 
elements of the disposal system. Requirements at the start of the FE Experiment were identified 
earlier in the report in Section 3.1 (requirements on construction), Section 4.1 (requirements on 
the ventilation period), Section 5.1 (requirements on the buffer) and Section 6.1 (requirements on 
emplacement technology). An evaluation of the performance of the FE Experiment with respect 
to these requirements is provided in Section 8.3.1. The evaluation of the requirements and the 
RD&D work undertaken throughout the Experiment has allowed identification of new require-
ments that might be adopted within Nagra's requirements management system at a later date. 
These requirements are identified in Section 8.3.2. 

8.3.1 Evaluation of FE Experiment Performance against Requirements 
The evaluation of the performance of the FE Experiment against the requirements identified 
earlier in the report is presented as a series of tables: 

• Tab. 8-1 presents the evaluation of requirements on construction identified in Section 3.1. 

• Tab. 8-2 presents the evaluation of requirements on the ventilation period identified in 
Section 4.1. 

• Tab. 8-3 presents the evaluation of requirements on the buffer identified in Section 5.1. 

• Tab. 8-2 presents the evaluation of requirements on ventilation identified in Section 6.1. 

In preparing the evaluation of the requirements, the required attributes of the buffer presented in 
Tab. 5-1 have been reformulated as requirements statements in Tab. 8-3. The evaluation includes 
consideration of the implications for further RD&D on the requirement. This further RD&D will 
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be undertaken at a relevant time in the further development of the repository design, which may 
be closer to the time of operation. 

The focus of the evaluation is on the aspects of the FE Experiment related to the reference disposal 
concept. Therefore, requirements on components of the Experiment that do not form part of the 
current reference concept, such as the heaters or the concrete plug (the design of which was 
specific to the Experiment), are not discussed. 

Tab. 8-1: Evaluation of the performance of the FE Experiment against requirements on 
construction 

 

Requirement Evaluation Implications  

The diameter of the FE tunnel shall 
be greater than or equal to 2.48 m 

Requirement Met: Scanning of the 
tunnel walls following shotcrete 
installation and monitoring of 
convergence has demonstrated that 
the tunnel inner diameter was 2.48 
– 2.68 m. 

Further elaboration of the 
requirement will be needed to 
define the constraints under which 
this requirement operates, e.g. the 
host rock mechanical properties and 
design of the buffer. 

No free water shall be used during 
the excavation progress, including 
drilling or cleaning work 

Requirement Met: Excavation was 
undertaken using a spade chisel and 
Simex TF 100 cutter, both of which 
operated without water. See 
Section 3.3.1. The "dry application" 
method was used for shotcrete 
installation, but this does involve 
adding water at the spray nozzle. 

Further elaboration of this 
requirement is needed to define the 
acceptable use of water during 
excavation and emplacement of 
support (including, for example 
grouting activities following 
shotcrete installation). 

Excavation lengths shall be short to 
allow for rapid installation of tunnel 
support 

Requirement Met: Shotcrete was 
installed after every 1.5 m of 
excavation. Steel arches were 
installed after a maximum of 1 m of 
tunnel excavation. See discussion in 
Section 3.3.2.2. 

Further elaboration of this 
requirement is needed to define the 
rate of emplacement of support for 
site-specific conditions. 

Shotcrete used as tunnel support 
shall be of a composition that will 
generate a low-pH leachate when 
interacting with Opalinus Clay 
groundwater 

Requirement Met: This 
requirement was met through use of 
the ESDRED mixture. See Section 
3.3.2.3. 

Further elaboration of this 
requirement is needed to specify the 
time when the leachate shall be low 
pH, and include the definition of 
low pH. 

 
 

Tab. 8-2: Evaluation of the performance of the FE Experiment against requirements on the 
ventilation period 

 

Requirement Evaluation Implications  

The relative humidity of the tunnel 
shall be greater than zero 

Requirement Met: Relative 
humidity in the FE tunnel varied 
between 50 and 80 % during the 
ventilation period. See Section 
4.4.1. 

Further elaboration of this 
requirement is needed so that a 
specification can be developed for 
the ventilation system to be used in 
the repository. 

The temperature in the tunnel shall 
be as high as possible taking into 
account health and safety 
considerations 

Requirement Met: Temperature in 
the FE tunnel varied between 15 
and 25 °C during the ventilation 
period. See Section 4.4.1. 

Further elaboration of this 
requirement is needed so that a 
specification can be developed for 
the ventilation system to be used in 
the repository. 
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Tab. 8-3: Evaluation of the performance of the FE Experiment against requirements on the 
buffer 

 

Requirement Evaluation Implications  

The density of the emplaced buffer 
shall be greater than 1.45 g/cm3 

Requirement Met: The average dry 
density of the bentonite blocks 
1.78 g/cm3 (see Section 6.3.1). The 
global dry density of the emplaced 
GBM was 1.49 g/cm3 (see Section 
6.5.2). 

Further elaboration of this 
requirement is needed to express 
the maximum emplaced dry density 
and to define the allowable 
heterogeneity of the emplaced 
buffer. 

The buffer shall be sufficiently 
dense to avoid downward 
movement of the canister  

Requirement Needs to be Followed 
Up: Monitoring of displacement 
has shown that, following an initial 
period of uplift, the heater has been 
moving downward. See Section 
7.3.3. 

The process through which the 
heater is settling is under 
investigation, which will include 
consideration of the impact of the 
mass of the heater (which is lower 
than a disposal canister) and the 
likely performance of a disposal 
canister in the repository. Further 
elaboration of this requirement is 
needed to express the extent to 
which heater movement is 
acceptable (both uplift and 
settlement), as the FE Experiment 
has demonstrated that vertical 
movement is possible in the 
repository. 

The thermal conductivity of the 
buffer shall be 0.4 < Tc < 2 W/m K 

Requirement Met: Following 
measurement of initial values of 
thermal conductivity of < 0.2 W/m 
K in the GBM above Heater 2 (up 
to and including 24 November 
2014), monitoring has shown that 
the thermal conductivity of the 
buffer lies between 0.4 < Tc 
< 2 W/m K. See Section 7.3.1. 

Further elaboration of this 
requirement is needed to express 
the timeframe and saturation 
conditions over which the thermal 
conductivity shall meet the required 
values. 

 
 
 

Tab. 8-4: Evaluation of the performance of the FE Experiment against requirements on the 
emplacement technology 

 

Requirement Evaluation Implications  

Emplace the GBM with an overall 
dry density of 1.45 g/cm3 

Requirement Met: The global dry 
density of the emplaced GBM was 
1.49 g/cm3 (see Section 6.5.2). 

Further elaboration of this 
requirement is needed to express 
the maximum emplaced dry density 
and to define the allowable 
heterogeneity of the emplaced 
GBM. 

Minimise the segregation of the 
GBM 

Requirement Met: Segregation of 
the GBM was minimised by placing 
the tips of the screw conveyors in 
the GBM. See Section 6.6 for a 
discussion of segregation. 

None at present. 
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8.3.2 Development of requirements 
Development of requirements on the disposal system is an iterative process that considers lessons 
learned from different activities in the context of Nagra's RD&D programme. The FE Experiment 
is a major step in developing requirements on several elements of the disposal system. Most 
significant are new requirements on the bentonite blocks, on the GBM and on the emplacement 
machine, listed in Tabs. 8.5 – 8.7, respectively. 

The requirements presented in Tabs. 8.5 – 8.7 are limited to those that were used in the FE 
Experiment and might be adopted in Nagra's requirements management system as a result of the 
FE Experiment investigations. Additional requirements were identified and utilised in the 
production of the bentonite buffer and in the construction of the prototype emplacement machine, 
but it is too early in the design process to adopt these requirements formally. 

Tab. 8-5: New requirements on bentonite blocks identified during the FE Experiment to date 
The reference identifies the section where the background to the requirement is discussed. 

 

Statement Justification and Comments Reference 

The bentonite material shall be sodium 
bentonite. 

Sodium-rich bentonite is compatible with the 
sodium chloride dominated Opalinus Clay 
pore water and swells through the operation 
of two swelling mechanisms (hydration of the 
interlayer cation and osmotic water uptake). 

Section 5.1 

Ambient relative humidity in the disposal 
tunnel shall not exceed the equilibrium 
relative humidity of the bentonite blocks by 
more than 10 %. 

This requirement is based on testing of 
bentonite block stability in the BLL test 
(Garitte et al. 2015), for blocks produced 
from bentonite with a water content of 
19 ± 1 % at a compaction pressure of 130 
MPa. 

Section 5.3.1, 
Fig. 5-1 

 
 

Tab. 8-6:  New requirements on the GBM identified during the FE Experiment to date 
The reference identifies the section where the background to the requirement is discussed. 

 

Statement Justification Reference 

The grain size distribution shall be a Fuller 
curve with the largest possible maximum 
particle size and a shape parameter of 0.4. 

This requirement is based on analysis of 
multiple bentonite experiments reviewed by 
Garitte et al. (2015). 

Section 5.5 

The water content of the bentonite grains 
shall be 4 – 6 %. 

Production of a GBM with a high dry density 
on emplacement requires material with a low 
water content. The value chosen for this 
requirement is based on expert knowledge of 
the practicalities of drying raw bentonite at 
industrial scale and represents a balance 
between optimum density and optimum 
production rate (Garitte et al. 2015), and is 
based on pellets with a dry density greater 
than 2 g/cm3. 

Section 5.5 

Drying temperatures experienced by the 
bentonite prior to compaction shall not 
exceed 80 °C. 

Limiting the temperature to below 80 °C 
avoids the potential for mineralogical 
alteration during the drying process. 

Section 5.5 
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Tab. 8-7: New requirements on the emplacement machine identified during the FE Experiment 
to date 
The reference identifies the section where the background to the requirement is discussed. 

 

Statement Justification Reference 

Augers used to emplace the GBM shall 
remain in the GBM slope during material 
emplacement. 

If the augers remain in the GBM slope dust 
production is minimised and backfill pressure 
is increased, which results in increased 
emplacement dry density for the GBM. 

Section 6.6.1 

Multiple augers shall be aligned in a 
staggered manner with respect to the material 
slope in the backfilled tunnel. 

Emplaced GBM material will form a slope 
and, in order for each auger to be buried in 
the slope, they need to be aligned in a 
staggered manner. In the FE Experiment, the 
augers were staggered at approximately 35°, 
and a similar angle is expected to be required 
for the emplacement machine used in the 
repository. However, it is too early to adopt 
this value as a requirement in Nagra's 
requirements management system. 

Section 6.6.1 

The backfilling machine shall withstand a 
high backfilling pressure imparted on the 
emplaced GBM material. 

The backfilling machine must emplace the 
GBM at high pressure to ensure that the 
emplaced material is pushed upwards and for 
a high emplaced dry density to be achieved. 
In the FE Experiment, the prototype 
backfilling machine was held in place by 
hydraulic brakes until a repulsive force of 
32 kN was reached. However, it is too early 
to adopt this solution and the value applied in 
the FE Experiment as a requirement in 
Nagra's requirements management system. 

Section 6.6.1 

 
 

8.4 Feedback to reference design – TRL assessment 
The FE Experiment has demonstrated the technical feasibility of disposing of radioactive waste 
in a DGR in the Opalinus Clay using Nagra's reference conceptual design. According to current 
planning, HLW and SF emplacement operations are currently foreseen to begin in 2060 
(Nagra 2016). There is, therefore, significant time available to further develop the disposal 
concept, repository system design and QC procedures to be applied during implementation.  

In order to demonstrate the contribution that the FE Experiment has made to the readiness of 
Nagra to implement geological disposal of SF/HLW in the Opalinus Clay, a TRL assessment has 
been conducted.  

TRLs are scored on a scale of 1-9 where a score of 1 is the lowest level of readiness and a score 
of 9 represents a technology that has been proven through operations (European Commission 
(EC) 2017). The TRL scale is shown in Tab. 8-8. The TRL scheme defined by the EC (2017) is 
generic. Consequently, it is useful to provide a definition of each TRL with respect to the design 
process and terminology used in projects related to geological disposal of radioactive waste. This 
geological disposal-specific definition is provided in the third column of Tab. 8-8. 
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The TRL assessment of the FE Experiment has considered the main technology elements of the 
repository design addressed in the FE Experiment and assigned a TRL for each of three stages: 
prior to the FE Experiment (Tab. 8-9), after the first 18 months of heater operation (Tab. 8-10), 
and at the end of the Experiment (Tab. 8-11). The TRL assessment made for the end of the 
Experiment is an expected score based on the future plans for the Experiment. The repository 
design elements considered are: 

• disposal tunnel excavation 

• mesh-reinforced low-pH shotcrete tunnel support 

• steel arch tunnel support 

• GBM design 

• GBM production 

• GBM emplacement 

• bentonite block pedestal design 

• bentonite block wall design 

• bentonite block production 

• bentonite block emplacement 

• THMC monitoring technology 

Other elements of the FE Experiment relate more to scientific knowledge and understanding than 
technology, for example the readiness level of THM modelling and THM understanding. These 
elements are more appropriately assessed using scientific readiness levels. However, such an 
analysis will not be undertaken for the FE Experiment until a comprehensive comparison of the 
modelling studies and associated THM predictions to monitoring results has been completed. 

A summary of the TRL assessment allowing comparison of the changes in the TRL as a result of 
the FE Experiment is provided in Fig. 8-1. The FE Experiment is being undertaken in the Mont 
Terri URL. This location is a relevant environment as the host rock is the Opalinus Clay. How-
ever, this is not the operational environment as the Opalinus Clay in the Jura is more tectonised 
than the Opalinus Clay in the candidate siting areas. In addition, the FE Experiment is being used 
to develop requirements on the detailed design (cf. Section 8.4), so the maximum TRL score 
assigned in the assessment is TRL 5. 

For several disposal system elements (e.g. shotcrete, arches, GBM design and GBM emplace-
ment) the FE Experiment provides an increase in the TRL from 4 to 5, reflecting the assessment 
that requirements on the element can now be defined and the Experiment has provided under-
standing of how the element performs in an integrated setting.  

For pedestal design the increase is from 3 to 5. For GBM production, block wall design and block 
production, the corresponding TRLs have increased from 3 to 4, reflecting the assessment that 
industrial production has been validated but not yet fully tested. Moreover, there is currently no 
defined plan for testing of the block wall hydraulic or radionuclide retention function within the 
FE Experiment. The TRLs for excavation, block emplacement and monitoring technology have 
not changed as a result of the FE Experiment. 
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Fig. 8-6: Summary of the contribution of the FE Experiment to the TRL of the Swiss disposal 

system for SF/HLW 
Scores in blue provide the TRL prior to the FE Experiment (see Tab. 8-9), scores in orange 
are the TRL after the first 18 months of heater operation (see Tab. 8-10), and scores in grey 
are the TRL expected to be achieved at the end of the Experiment (see Tab. 8-11). 
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Tab. 8-8: Definition of TRLs based on EC (2017) with an interpretation of each level to allow 
assessment of TRL for disposal system design elements 

 

TRL level Description Definition 

TRL 1 Basic principles 
observed. 

At TRL 1, basic science and engineering is applied to describe a 
design concept to meet the necessary safety functions. 

TRL 2 Technology concept 
formulated. 

At TRL 2, the design concept is developed further, e.g. through 
development of conceptual design drawings, supported by scoping 
calculations using analytical tools, and identification of the main 
THMC processes through expert judgement. 

TRL 3 Experimental proof of 
concept. 

At TRL 3, targeted research and development is undertaken using 
desk-based, analytical and surface laboratory studies, using 
representative data, which provides the basis for a preliminary design. 
This may include, for example, identification of material options for 
each element of the conceptual design. 

TRL 4 Technology validated in 
the laboratory. 

At TRL 4, testing of candidate materials or prototype machinery is 
undertaken in the laboratory or in mock-ups at standalone facilities. 

TRL 5 Technology validated in 
relevant environment 
(industrially relevant 
environment in the case 
of key enabling 
technologies). 

At TRL 5, thorough testing of the candidate materials or prototype 
machinery is undertaken in a relevant environment (e.g. a URL in a 
representative geological environment) in order to develop detailed 
requirements and understanding of how the individual components 
perform in an integrated setting. 

TRL 6 Technology 
demonstrated in relevant 
environment 
(industrially relevant 
environment in the case 
of key enabling 
technologies). 

At TRL 6, full-scale testing is undertaken in a relevant environment 
(e.g. a URL in a representative geological environment) to 
demonstrate that requirements can be met using an initial version of 
the detailed design. This full-scale test is used to develop construction 
procedures and QC requirements to be applied in the repository. 

TRL 7 System prototype 
demonstration in 
operational environment. 

At TRL 7, commissioning tests are undertaken in the operational 
environment (e.g. the repository) to demonstrate compliance of the 
detailed design with construction procedures and QC requirements. 

TRL 8 System complete and 
qualified. 

At TRL 8, the results of a successful commissioning test would be 
translated into documentation and operating procedures in preparation 
for implementation. 

TRL 9 Actual system proven in 
operational environment 
(competitive 
manufacturing in the 
case of key enabling 
technologies; or in 
space). 

TRL 9 corresponds to the system being operational and successful 
operational experience being gained. 
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Tab. 8-9: TRL assessment for disposal tunnel elements of the Nagra disposal concept prior to 
the FE Experiment 

 

Component/process TRL Justification 

Disposal tunnel 
excavation 

1 The preferred excavation method for disposal tunnels has not been defined 
within the Nagra programme to date although generic knowledge of tunnelling 
methods is available to the programme. 

Mesh-reinforced low-
pH shotcrete tunnel 
support 

4 Experience of the use of mesh-reinforced shotcrete for tunnel support is 
widespread in Switzerland and has been applied in the support for tunnels in the 
Mont Terri URL. However, the low-pH shotcrete recipe to be used in the FE 
Experiment had not been tested for support of a disposal tunnel at full scale and 
with the additives used in the FE Experiment. 

Steel arch tunnel 
support 

4 Experience of the use of steel arches for tunnel support is widespread in 
Switzerland and has been applied in the support for tunnels in the Mont Terri 
URL. However, the specific set up to be used in the FE Experiment (e.g. with 
Bullflex hoses) had not been tested for support of a disposal tunnel at full scale 
prior to the Experiment. 

GBM design 4 GBM had been tested previously in experiments in Mont Terri, such as the 
HE-E Experiment, the ESDRED emplacement test and the EB Experiment. 
However, these experiments did not focus on the GBM specification, which has 
been developed in the FE Experiment and is expected to form the basis for the 
GBM specification applied in the detailed design of the repository buffer. 

GBM production 3 GBM used in experiments undertaken prior to the FE Experiment had not 
focused specifically on preparing for the industrial-scale production of the 
material. 

GBM emplacement 4 Emplacement of the GBM in the ESDRED emplacement test can be regarded 
as validation of the screw auger technology for GBM emplacement, but this 
does not represent testing of the prototype machinery as the emplacement 
machine to be used in the repository will be of a significantly different design. 

Bentonite block 
pedestal design 

3 Prior to the FE Experiment, testing of bentonite block performance to 
determine production parameters as carried out, for example, in the BLL test, 
had not been undertaken. 

Bentonite block wall 
design 

3 Prior to the FE Experiment, testing of bentonite block performance to 
determine production parameters as undertaken, for example, in the BLL test, 
had not been undertaken. 

Bentonite block 
production 

3 Bentonite blocks used in experiments undertaken prior to the FE Experiment 
had not focused specifically on preparing for the industrial-scale production of 
the material. 

Bentonite block 
emplacement 

2 Prior to the FE Experiment the design of bentonite block pedestal emplacement 
was at the conceptual level. Design drawings for the emplacement machine 
(including 3-D simulations of the machine operation) had been developed as 
part of the Entsorgungsnachweis but were yet to be developed further. 

THMC monitoring 
technology 

5 Technology for monitoring THMC evolution of EBS materials and host rock 
was available and had been used in experiments in the Mont Terri URL prior to 
the FE Experiment. 

  



NAGRA NTB 15-02 134 

Tab. 8-10: TRL assessment for disposal tunnel elements of the Nagra disposal concept after the 
first 18 months of heater operation in the FE Experiment 

 

Component/process TRL Justification 

Disposal tunnel 
excavation 

1 The FE Experiment tunnels were constructed with standard existing excavation 
machinery, without specific regard to the development of the EDZ or with 
respect to requirements on tolerance to theoretical tunnel profile. Alternative 
methods such as use of tunnel boring machines might be considered for 
excavation of the tunnels. Therefore, the preferred excavation method for 
disposal tunnels has not been defined or tested in the FE Experiment. 

Mesh-reinforced 
low-pH shotcrete 
tunnel support 

5 A low-pH recipe for the shotcrete as well as mesh-reinforcement was used in 
the FE Experiment. They might remain as part of the reference concept. The 
experience in the FE Experiment allows the development of detailed 
requirements, including requirements on QC during implementation to avoid 
potential failures. 

Steel arch tunnel 
support 

5 It is expected that steel arches will be used in the disposal tunnels to provide 
operational safety during operations. The arches used in the FE Experiment are 
expected to remain as part of the reference concept. The experience in the FE 
Experiment allows the development of detailed requirements, including 
requirements on QC during implementation to avoid potential failures. 

GBM design 5 The FE Experiment has demonstrated that appropriate density can be achieved, 
and background science programme and previous URL experiments provide 
evidence of suitability. Detailed requirements need to be developed from the 
results of the FE Experiment. 

GBM production 4 The GBM used in the FE Experiment has been produced only as a one-off order 
from the manufacturer, industrial scale production would require significant 
more effort, even though the technology for industrial scale production has been 
validated. 

GBM emplacement 5 Technology has been tested in relevant environment using the prototype 
backfilling machine sufficient to develop detailed requirements. 

Bentonite block 
pedestal design 

4 Currently, the long term performance of the pedestal with respect to movement 
of the heater remains to be evaluated as the FE Experiment progresses, but 
development of production parameters has increased the TRL assessment from 
3 prior to the FE Experiment to 4. 

Bentonite block wall 
design 

4 To date, there has been no testing or modelling of the hydraulic/radionuclide 
retention function of the bentonite block wall design within the FE Experiment, 
but development of production parameters has increased the TRL assessment 
from 3 prior to the FE Experiment to 4. 

Bentonite block 
production 

4 The bentonite blocks used in the FE Experiment have been produced only as a 
one-off order from the manufacturer. Industrial scale production would require 
significant more effort, even though the technology for industrial scale 
production has been validated. 

Bentonite block 
emplacement 

2 The FE Experiment has not addressed the reference concept for bentonite block 
emplacement so the TRL for this element remains at 2. 

THMC monitoring 
technology 

5 The work in the FE Experiment has extended the options available for 
monitoring the THMC evolution of the near-field, for example through work on 
fibre-optic cables and dielectric probes for density measurement. However, this 
work does not affect the overall TRL assessment of monitoring technology, 
which remains at 5. 
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Tab. 8-11: Expected TRL for disposal tunnel elements of the Nagra disposal concept as a result 
of completion of the FE Experiment 

 

Component/Process TRL Justification 

Disposal tunnel 
excavation 

1 No further work on disposal tunnel excavation is expected as part of the FE 
Experiment, so the TRL is expected to remain at 1. 

Mesh-reinforced low-
pH shotcrete tunnel 
support 

5 No further work on mesh-reinforced low-pH shotcrete tunnel support is 
expected as part of the FE Experiment, so the TRL is expected to remain at 5. 

Steel arch tunnel 
support 

5 No further work on steel arch tunnel support is expected as part of the FE 
Experiment, so the TRL is expected to remain at 5. 

GBM design 5 Further monitoring of the THM response of the GBM to heating will be fed 
back into refinement of the GBM design, but this will not increase the TRL 
beyond 5. 

GBM production 4 No further work on GBM production is expected as part of the FE Experiment, 
so the TRL is expected to remain at 4. 

GBM emplacement 5 No further work on GBM emplacement is expected as part of the FE 
Experiment, so the TRL is expected to remain at 5. 

Bentonite block 
pedestal design 

5 Further monitoring of the displacement of the heaters will inform the 
refinement of the block pedestal design such that detailed requirements and 
understanding of how the pedestal performs in an integrated setting can be 
developed by the end of the Experiment. Therefore, the TRL is expected to 
increase to 5. 

Bentonite block wall 
design 

4 - 5 At the present time, it is uncertain if the hydraulic/radionuclide retention 
function of the bentonite block wall will be investigated or tested as part of the 
FE Experiment. If further work is undertaken, the TRL should be raised to 5 by 
the end of the Experiment, but if not, it will remain at 4. 

Bentonite block 
production 

4 No further work on bentonite block production is expected as part of the FE 
Experiment, so the TRL is expected to remain at 4. 

Bentonite block 
emplacement 

2 No further work on bentonite block emplacement is expected as part of the FE 
Experiment, so the TRL is expected to remain at 2. 

THMC monitoring 
technology 

5 The continued operation of the monitoring system will improve knowledge of 
the monitoring TRL, but this work will not affect the overall TRL assessment 
of monitoring technology, which is expected to remain at 5. 

 
 
 





 137 NAGRA NTB 15-02 

9 Conclusions and outlook 

9.1 Conclusions 
The FE Experiment at the Mont Terri URL simulates aspects of the construction, waste emplace-
ment, backfilling and early-stage evolution of a SF/HLW emplacement tunnel in a clay-rich 
formation (Opalinus Clay), using heaters in place of SF/HLW disposal canisters. The Experiment 
has been successfully constructed and the heaters have been operating for 18 months without 
problems. 

Within the framework of the FE Experiment, the construction of a disposal tunnel with standard 
industrial equipment in Opalinus Clay, horizontal canister emplacement and tunnel backfilling 
were successfully tested. During the production of the GBM, the material treatment, pelletisation, 
grinding and mixing were studied in a systematic way and optimised in order to obtain properties 
that fulfil all requirements. The resistance of the bentonite blocks to varying tunnel climate condi-
tions was improved by an optimisation of the production parameters. 

Experience from previous experiments led to the prototype backfilling machine being designed 
with five screw conveyors, allowing the horizontal backfilling of disposal tunnels with GBM as 
densely and homogeneously as possible. After construction, this machine underwent intensive 
testing. The minimum bulk dry density of 1.45 g/cm3, as targeted for the bentonite backfill 
according to the Swiss repository concept, was exceeded in the MBTs and in the FE tunnel 
without any break-downs or accidents. The optimisation, industrialisation and automation of these 
processes can be completed in the decades remaining until the start of repository operation. 

The main aim of the FE Experiment at the Mont Terri URL is the investigation of repository-
induced effects and validation of existing coupled THM models. Three electrical heaters with 
dimensions similar to those of future canisters were emplaced in the FE tunnel before backfilling. 
All heaters were turned on between December 2014 and February 2015, and are planned to 
constantly emit 1'350 W each, at least for the first three years. Afterwards, it is planned to decrease 
the power according to a decay function typical for SF. 

For monitoring the effects of this full-scale heating on the backfill and the host rock, several 
hundred sensors were installed in and around the FE tunnel. These sensors measure various para-
meters, including temperature, pressure, deformation, humidity/water content and gas composi-
tion. After 18 months of heater operation, temperatures on the surface of the heaters are 
approximately 117 - 132 °C, and approximately 45 – 70 °C at the rock surface. At the end of the 
continuous heating period, temperatures of approximately 130 – 150 °C on the surface of the 
middle heater and approximately 60 – 80 °C at the rock surface are expected.  

In the general, the THM response observed over the first 18 months of heating are in line with 
expectations based on the experience from previous heating experiments and the scoping and 
predictive calculations made prior to the FE Experiment. 

The FE Experiment can be considered a very important step with a potentially significant outcome 
for the Swiss disposal concept. It could have a direct influence on the design of future disposal 
tunnels and also on the loading of the future disposal canisters in the repository. 



NAGRA NTB 15-02 138 

This report covers the design, construction and first 18 months of heater operation for the FE 
Experiment. During this period, significant progress has been made with respect to the overall 
Experiment objectives. 

• With respect to the objective "to investigate SF/HLW repository-induced THM coupled 
effects on the host rock at full scale and to validate existing coupled THM models", the first 
18 months of heater operation has provided information to improve the understanding of early 
post-emplacement performance of the EBS and near-field rock prior to saturation. The 
monitoring instrumentation is operating successfully and is providing detailed information on 
the THM response of the system to heating. 3-D models have been developed of the evolution 
of the host rock and the engineered barriers. The modelling has included calibration and 
validation using measured data, which is ongoing. 

• With respect to the objective "to verify the technical feasibility of constructing an emplace-
ment tunnel using standard industrial equipment", the tunnel has been constructed and tunnel 
support has been installed consistent with requirements on construction related to the long-
term performance of the disposal system. These include requirements on the tunnel dimen-
sions, the rate of support installation and the composition of materials (e.g. shotcrete), and a 
requirement that no water shall be used during the excavation process. Therefore, the 
technical feasibility of constructing an emplacement tunnel in an over-consolidated claystone 
using standard industrial equipment has been successfully verified at the Mont Terri URL. 

• With respect to the objective "to optimise the bentonite buffer material design and production, 
in particular to produce bentonite blocks that are capable of resisting the ambient conditions 
during the storage and operation phases", detailed investigations have been undertaken of 
bentonite block and bentonite pellet production and production parameters determined. The 
impact of bentonite water content and tunnel relative humidity has been identified. The 
associated parameter ranges have been determined to ensure that bentonite block pedestals 
perform to the standards required during the emplacement and backfilling of disposal tunnels. 
Production parameters for GBM have been determined, including water content, compaction 
process and grain size distribution. 

• With respect to the objective "to investigate (horizontal) canister and buffer emplacement 
procedures for underground conditions", work has focused on the horizontal emplacement of 
the GBM. A prototype backfilling machine has been designed, tested and utilised to install 
GBM at the required density. Continued monitoring of the THM performance of the FE 
Experiment will provide further insights into the influence of the heterogeneity of the buffer 
on its performance. 

9.2 Next steps 
Operation of the FE Experiment heaters is planned to continue for the next 10 – 15 years. 
Monitoring of the THMC evolution of the EBS materials and surrounding rock will continue 
throughout that period.  

The increasingly extensive dataset acquired from the FE Experiment will allow significant model 
validation and improvement and will provide additional data supporting the description of the 
evolution of the SF/HLW near field in the transitional phase, after the peak temperature at the 
canister surface has been reached. However, saturation of the bentonite buffer is slow and is only 
starting to occur 18 months after emplacement of the EBS materials. It will require some years of 
monitoring to adequately validate models. 



 139 NAGRA NTB 15-02 

In the future, it is expected that THM modelling will focus on improving the predictions of the 
thermal and hydraulic evolution incorporating assessment of uncertainties and calibration to data 
from the early heating phase, followed by evaluations of the mechanical response to heating. In 
particular, the improved models can be used to assess the early saturation process, the develop-
ment of swelling pressure, and the homogenization of the buffer. Moreover, modelling assump-
tions and tools used in the assessment of repository induced effects will be evaluated based on the 
FE Experiment findings. 

As part of the Mont Terri programme and international modelling networks, expert modelling 
teams incorporating new approaches in their models will contribute to the interpretation of the FE 
Experiment monitoring results. For example, the information in the FEIS might be supplied to 
international modelling task forces, allowing further model development and model validation. 

Based on the outcome of the modelling of the FE Experiment, a smaller scale experiment aimed 
at characterising the thermal impact of multiple emplacement drifts (rather than one as represented 
by the FE Experiment) may be considered at the Mont Terri URL if required. 

As evidenced by the TRL assessment of the disposal concept following the FE Experiment, 
additional work is required on excavation methods. However much of this work can only be 
undertaken when access is available for tunnelling and construction tests at the repository depth 
(500 – 800 m). 

The successful emplacement of the buffer in the FE Experiment demonstrated a good level of 
readiness with regard to emplacement technology. No major activities are foreseen in the near 
future apart from refinement and optimisation of the current methods. 

The technology for producing high density bentonite blocks and GBM has been advanced in the 
FE Experiment and considerable success has been achieved in emplacing GBM at full scale using 
the type of backfilling machine envisaged for the repository. Specific issues will be addressed in 
future activities (in anticipation of the construction licence): 

• Additional investigations will be undertaken to evaluate the potential of producing bentonite 
blocks with lower dry density by changing the water content and compaction pressure. This 
could benefit the disposal system through the reduction in dry density heterogeneity between 
the bentonite blocks and the GBM. 

• Further work might be undertaken to understand the influence of the grain size distribution 
of raw bentonite (including the influence of the wetting process on the grain size distribution) 
on the results of the compaction process used to produce the bentonite blocks. 

• Additional investigations are required to assess the impact of producing bentonite blocks 
close to saturation on the swelling potential of the blocks. 

• The experience from production of the GBM has demonstrated that MX-80 is not the only 
natural sodium bentonite from Wyoming that can be used as a raw material. Additional 
investigations could extend the comparison between different bentonite types and identify the 
preferred type for the repository. 

• During the production of the GBM, a one-stage heating process was used to dry the bentonite 
to reduce the initial water content of the raw material. A second passage through the dryer 
could decrease the water content further and provide a more optimised GBM (i.e. a GBM 
with greater dry density). 
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• Precise and systematic determination of the optimum water content at high compaction 
pressures for different types of bentonite and also different raw material grain size distribu-
tions would help to optimise the industrial production of the GBM. This could be carried out 
by performing laboratory compaction experiments. Determination of optimum water content 
on the industrial scale would also contribute to the industrialisation of the GBM production 
process. 

• With respect to the grain size distribution of the GBM, an increase in the maximum grain size 
could increase the dry density upon emplacement. This would however depend on the 
prevention of breakages of larger diameter particles during emplacement. 

Since the emplacement of GBM in the FE Experiment has been successful, no further large-scale 
GBM emplacement experiments are planned in anticipation of the general licence. Nonetheless, 
further development of QC measures for local density determination is being considered to 
identify the influence of segregation and the impact of countermeasures. The level of activities 
regarding this and the need for further activities to optimise the emplacement density is strongly 
related to work that will be undertaken on refining the requirements on the as-built properties of 
the bentonite buffer. 

The continued operation of the FE Experiment will provide valuable information for the 
monitoring concept of the repository pilot facility, based on comparison and evaluation of the 
performance under repository-like conditions of the different monitoring technologies that have 
been implemented in the Experiment. Valuable experience has already been obtained during 
tunnel excavation, sensor installation, ventilation, emplacement and backfilling.  

A potential development in the FE Experiment in the long-term (15 years or more) is the removal 
of the buffer and heater in order to assess the long-term evolution of the bentonite, shotcrete liner, 
and rock surrounding the FE tunnel. Removal of the EBS materials would also allow examination 
of the corrosion coupons installed on the heaters and close to the tunnel wall to examine the 
influence of the evolution of temperature and humidity on corrosion at full scale. Examination of 
the surface of the heaters would also allow investigation of localised corrosion phenomena at the 
interface between compacted blocks and granular bentonite. These findings will be integrated 
again for the construction licence. Further emplacement testing with the remote handling techno-
logy to be developed will also take place then. 

In anticipation of the operational licence full scale subsurface emplacement demonstration is 
foreseen. 
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Appendix I: Tunnel lengths and component installation dates  
 
The tunnel lengths and installation period for each section of the FE Experiment are provided in 
Fig. I-1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. I-1: Tunnel lengths and installation period for each section of the FE Experiment 

Ite
m

D
ur

at
io

n
St

ar
t d

at
e

En
d 

da
te

Pl
ug

1 
da

y
17

/0
3/

20
15

17
/0

3/
20

15
R

et
ai

ni
ng

 w
al

l
18

 d
ay

s
26

/0
1/

20
15

12
/0

2/
20

15
Ba

ck
fill

 H
3

3 
da

ys
21

/0
1/

20
15

23
/0

1/
20

15
Em

pl
ac

e 
H3

8 
da

ys
12

/0
1/

20
15

20
/0

1/
20

15
Ba

ck
fill

 H
2

5 
da

ys
20

/1
1/

20
14

24
/1

1/
20

14
Em

pl
ac

e 
H2

9 
da

ys
10

/1
1/

20
14

19
/1

1/
20

14
Ba

ck
fill

 H
1

5 
da

ys
23

/1
0/

20
14

27
/1

0/
20

14
Em

pl
ac

e 
H1

13
 d

ay
s

09
/1

0/
20

14
22

/1
0/

20
14

Ba
ck

fill
 IS

S
4 

da
ys

22
/0

9/
20

14
25

/0
9/

20
14

BB
W

9 
da

ys
04

/0
9/

20
14

12
/0

9/
20

14
Po

ro
us

 c
on

cr
et

e
1 

da
y

04
/0

7/
20

14
04

/0
7/

20
14

10
11

12
13

C
on

cr
et

e 
pl

ug

20
21

22
23

18
19

43
32

33
34

35
36

37
26

27
28

29
30

31
50

GM 10.0

GM 14.8

GM 15.0

44
45

46
47

48
49

38
39

40
41

42
24

25
14

15
16

17

GM 50.1

GM 44.5

GM 37.8

GM 38.5

GM 30.2

GM 46.5

GM 33.2

GM 22.6

GM 25.6

GM 18.0
Po

ro
us

 c
on

cr
et

e
BB

W
IS

S
H1

-P
1,

 in
cl

ud
es

 
H 

de
liv

er
y,

D
AS

 in
st

al
la

tio
n

&
In

st
ru

m
en

ta
tio

n

G
0

H2
-P

2,
 in

cl
ud

es
:

In
st

ru
m

en
ta

tio
n

G
1-

2

G
2-

3
H3

-P
3,

 in
cl

ud
es

 
In

st
ru

m
en

ta
tio

n

G
3-

P

Retaining wall





 II-1 NAGRA NTB 15-02 

Appendix II: Requirements on the FE Experiment 
 
Listing of requirements for the following aspects of the FE Experiment: 

• construction of the tunnel (including support) 

• bentonite 

II.1 Requirements on construction 
The requirements and conditions for the implementation of the FE tunnel were defined by the 
principal investigator (PI) in parallel with construction. These requirements were translated into 
drawings, plans and implementation conditions in the tendering process for the contractors. The 
following points were emphasised: 

• Location of the FE Tunnel within the extension of MB and FE caverns 

• Length of the FE Tunnel shall be 50 m, working diameter shall be 2.48 m. These dimensions 
are required for the installation of the experimentation equipment 

• The FE Tunnel shall be horizontal with zero dip (for excavation safety reasons). 

• Length of the access section A shall be 9.00 m 

• Length of the plug section B shall be 6.00 m 

• Length of the THM test section C shall be 17.40 m 

• Length of the THM test section D shall be 5.40 m 

• Length of the interjacent sealing section E shall be 7.30 m 

• Length of the filter section F shall be 4.90 m 

• Tight tolerances are required for the excavation profile to preserve a favourable circular 
geometrical shape. The tolerances shall be from +5 cm to -3 cm in relation to the tunnel 
profile. 

• The following lengths are established for the different work sectors : L1: 1.5 m; L2: 15 m; 
L3: the remainder. 

• The Project Manager wishes to limit the rock fracturing around the tunnel profile caused by 
the excavation. Accordingly, the excavation lengths shall be reduced to ensure the fast 
implementation of the temporary support. 

• The installation of the tunnel support sets the pace of the advance of excavation; this has to 
be executed in different phases. The rock has to be protected rapidly after the excavation, so 
as to undergo as little alteration as possible. 
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• Progress method with roadheader for the excavation of the Tunnel. From GM 10.00 onwards, 
profile smoothing with a small roadheader shall be carried out to improve the circular shape 
of the tunnel profile. 

• The use of water is prohibited during the excavation progress and drilling or cleaning work. 

• Rock cleaning shall be done with air. 

• After every excavation cycle, the excavation contractor must allow a break for geological 
mapping. 

• The excavation contractor must allow the installation of geodetic equipment and periodic 
convergence measurements when required. 

• Tunnel support section types requested by the principal investigator are taken into 
consideration. 

• In sections A, E and F, installation of TH25 arches mounted with bolted and tightened splice 
bars with a torque spanner (300 Nm) on half the lining length. The other half is welded 
directly after assembly. Bullflex hose installed between the arches and the rock massif and 
filled with a grouting mortar to a pressure between 3 and 5 bars shall ensure the correct 
interaction between the massif and the tunnel support. 

• Two 50-cm-long deformation zones per arch were anticipated in L1 in sections A and D. They 
were positioned at 8h and 15h in order to allow the FE Tunnel to converge. They shall be 
blocked with shotcrete, on the decision of Groupe Grands Travaux (GGT)9, as long as there 
is significant convergence. In Section A where TH25 arches are mounted, the sliding part of 
the splice bars is positioned in the deformation zones. 

• In Sections A and D, wire mesh K 196 shall be installed over the whole section before the 
application of the first shotcrete layer. 

• In Sections E and F, without shotcrete, a K196 double wire steel mesh with 5 cm offset shall 
be fitted to the crown. The steel mesh serves as protection during the construction and 
installation work. 

• Application in Sections A to D of a first 5 cm layer of low-pH shotcrete with 40 % silica fume 
in L1 after every excavation cycle. 

• Application of a second layer of shotcrete of 14 cm for Section A and 11 cm for Sections B 
to D (type low-pH with 40 % silica fume) in L1 or L2 by decision of GGT. 

• The application method of the shotcrete shall be dry-mix type. The accelerators used in the 
shotcrete are alkali-free type. 

• The construction requirements listed above are beyond the usual standards for tunnels. The 
excavation contractor had to agree specifically to these requirements. 

                                                           
9  GGT were the company mandated with management of work during the excavation of the FE Tunnel. 
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• Work must be organised so as not to disturb: 

- the operations in the existing rock laboratory 

- the operation of the Safety Gallery of the Mont Terri motorway tunnel (any obstruction 
in the Safety Gallery is prohibited; there has to be permanent free access by any kind of 
vehicle along the Safety Gallery) 

• Protection of existing measuring equipment in the FE-A niche 

• Removal of excavated Opalinus Clay to the main cavern of the former lime quarries of 
St-Ursanne 

• Removal of concrete waste to the inert waste controlled landfill (DCMI) 

• Only the 16-kV electrical connection located in the C niche is authorised for electricity 
supply. 

• Use of water throughout the laboratory is strictly limited to a minimum in the working area 
(e.g. for the application of in situ shotcrete and for grouting of Bullflex pipes). 

• Dry drilling for all boreholes (anchoring rods and extensometers) 

• Dust limitation in the Safety Gallery and the rock laboratory (installation of a functioning 
ventilation and dust control system is required) 

• Compliance and safety monitoring of the laboratory during excavation 
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II.2 Requirements on bentonite 
Tab. II-1 summarises the raw material specification that needed to be fulfilled in order to be 
considered as backfill material in the FE Experiment.  

Tab. II-1: Raw material specification for the bentonite used in the FE Experiment 
 

Criterion Requirement 

Material Natural (non-activated) sodium bentonite 

Smectite content by dried weight (measured by 
X-ray diffraction using a dried sample) 

> 75 % 

Additives (such as magnetite, baryte, binders or 
others) 

No additives allowed 

Cation exchange capacity (measured by 
Cu(II)- triethylenetetramine method) 

> 70 meq/100 g 

Pyrite content by dried weight (measured by 
X-ray diffraction using a dried sample) 

< 1 % 

Sulphur content by dried weight (measured by 
emission or mass spectroscopy) 

< 0.5 % (corresponds to approx. 1 % of pyrite) 

Organic carbon by dried weight (measured by 
emission or mass spectroscopy) 

< 1 % 

 
Additional requirements on the bentonite, including water content and grain size distribution were 
derived as part of the Experiment and are therefore considered as outputs from, rather than inputs 
to, the project. 
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Appendix III: The FE Experiment data base (FEIS) 
 
FE Experiment technical data and information, particularly that related to the geometry of the 
Experiment and monitoring of the performance of the engineering materials and host rock, 
includes construction drawings and tables, data from the automatic monitoring systems installed 
by Nagra and by contractors (Aitemin, Soldata and Solexperts), manually measured data, 
laboratory analyses, geophysical logs and documents.  

This information and data can be reviewed, analysed and reported using the FE Information 
System (FEIS), an Internet browser application. The FEIS uses the open source object relational 
PostgreSQL database with PostGIS and the statistical R language extensions. The FEIS extends 
the typical functions of an information database by spatially representing the FE Experiment in 
3-D space and uses geometric objects and custom linear algebra operators to calculate spatial 
relationships between objects and work with the data. This separates the FEIS from conventional 
Graphical Info Systems which are primarily based on mapped data. 

Determining spatial relationships using a standard information database would involve complex 
mathematics and complex database queries. The FEIS 3-D model and custom spatial operators 
allow simple database queries which helps to avoid errors. There is no need to store information 
like "sensor A is in borehole B" in the FEIS. Instead the FEIS simply calculates that sensor A is 
within borehole B. This makes the FEIS dynamic. When there is a change in the project (for 
example a sensor is moved) only the sensor coordinates need to be updated. The FEIS calculates 
all spatial relationships at run time (on the fly). As a result, data in tables, plots, calculations and 
even drawings are automatically updated whenever data is updated. 

As of January 2017, approximately 0.5 billion measurements had been added to the FEIS. More 
than 1 million new measurements are acquired daily. The FEIS will be used to store the results of 
monitoring the performance of the EBS and host rock throughout the Experiment's lifetime. 

The FEIS allows the plotting of time-series (measurement versus time) and profile plots 
(measurement versus sensor distance from an axis). Examples include Fig. 7-21, 7-22, 7-23, 7-24, 
7-25, 7-26, 7-28, 7-29, 7-30 and 7-31. Sensors to be plotted can be selected from tables or from 
2-D and 3-D plots by viewing tunnel cross-sections (Fig. III-1), by viewing the three FE tunnel 
heaters (Fig. III-2) and by viewing boreholes (Fig. III-3). Methods used to access data from the 
system can be stored as Workflows so that plots can be readily recreated (e.g. following data 
updates). The FEIS also includes an archive of FE Experiment reports in a document content 
management system with both upload and download options. It features both complex and 
complete text search functionality with keyword and full text searches that are independent of 
grammatical structure. 

Access to the FEIS is password controlled. The FEIS provides a security management system that 
allows the FEIS administrator to restrict access to specific menu options and confidential 
documents to appropriate personnel by security levels. A user name and password can be obtained 
by contacting the FEIS administrator (email: fe_data_admin@nagra.ch). 
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Fig. III-1: An example of the visualisation of a tunnel cross-section showing the sensors and 
boreholes contained in the selected range and the sensor selection box on the right 
hand side of the figure 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. III-2: An example of the a 3-D heater view in the FEIS 
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Fig. III-3: 3-D visualisation of FE Experiment boreholes in the FEIS 
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Appendix IV: Sensor listing  
 
This appendix provides a listing of the sensors used in the FE Experiment monitoring system. 
One table is provided for each phase of monitoring: More detailed information on the sensors lists 
can be found in work report of Nagra (2018). 

• Tab. IV-1 provides the sensor listing for Phase 1: Borehole instrumentation from the cavern 
before tunnel construction (see Section 3.2.1). 

• Tab. IV-2 provides the sensor listing for Phase 2a: Monitoring of tunnel construction (see 
Section 3.2.2). 

• Tab. IV-3 provides the sensor listing for Phase 2b: Monitoring of the ventilation phase (see 
Section 4.2). 

• Tab. IV-4 provides the sensor listing for Phase 2c: Long-term instrumentation of the EDZ for 
the heating phase (see Section 6.2.1). 

• Tab. IV-5 provides the sensor listing for Phase 3a and 3c: Tunnel wall, and heater and pedestal 
instrumentation (see Section 6.2.2). 

• Tab. IV-6 provides the sensor listing for Phase 3b: Fibre-optic cables on the tunnel wall (see 
Section 6.2.3). 
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Tab. IV-1: Sensor listing for Phase 1 of the monitoring system – borehole instrumentation from 
the cavern before tunnel construction (location of boreholes shown in Fig. 3-1 
Grava et al. 2012a, 2012b, 2012c, 2012d, 2012e, Grava & Achtziger 2012, Morel 2013a  
2014, Komischke & Vogt 2013 

 

Location Sensor Parameter Number 

Boreholes 
BFEA002 
BFEA003 
BFEA004 
BFEA005 
BFEA006 
BFEA007 

IST AG PT1000 Temperature (°C) 6 sensors in each 
borehole 

Boreholes  
BFEA002 
BFEA003 
BFEA004 
BFEA005 
BFEA006  
BFEA007 

Keller PAA-33X Interval Pressure (kPa) 6 sensors in each 
borehole 

Boreholes  
BFEA002 
BFEA003 
BFEA004 
BFEA005 
BFEA006  
BFEA007 

Keller PAA-33X Packer Pressure (kPa) 6 sensors in each 
borehole 

Boreholes  
BFEA008  
BFEA009 

TCSA PT1000 Temperature (°C) 1 sensor in each borehole 

Boreholes  
BFEA008  
BFEA009 

Keller PAA-33X Interval Pressure (kPa) 1 sensor in each borehole 

Boreholes  
BFEA008  
BFEA009 

Keller PAA-33X Packer Pressure (kPa) 1 sensor in each borehole 

Boreholes  
BFEA010  
BFEA011 

Geokon Model 6155 
MEMS In-Place 
Inclinometer 

Tilt (m) 80 in each borehole 

Boreholes  
BFEA010  
BFEA011 

Smartec DiTemp 
Temperature Sensing 
Cables 

Temperature (°C) 2 fibre-optic cables, 40 
measurement locations in 
each borehole 

Boreholes  
BFEA012 
BFEA013 
BFEA014  
BFEA015 

Keller PAA23 and 
Solexperts, PT1000 

Interval Pressure (kPa) 
and Temperature (°C) 

1 sensor at the end of 
each borehole 
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Tab. IV-2: Sensor listing for Phase 2a of the monitoring system – monitoring of tunnel 
construction (location of measurements shown in Fig. 3-2) 
Keller 2012 

 

Location Sensor Parameter Number 

Boreholes  
BFEC001 
BFEC002 
BFEC003 
BFEC004 
BFEC005 

4-points modular 
extensometer 

Displacement (mm) Total of 20 

GM15 (shotcrete) CRZ PT1000 Temperature (°C) 4 

GM15 (shotcrete) Geokon 4850-1 
N.A.T.M vibrating 
wire stress cells 

Pressure (MPa) and 
Temperature (°C) 

6 

GM43 (shotcrete) Solexperts 
displacement 
transducer 

Displacement (mm) 4 
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Tab. IV-3: Sensor listing for Phase 2b of the monitoring system – monitoring of the ventilation 
phase 
Francois 2012, Morel 2013b, Gräfe et al. 2013 

 

Location Sensor Parameter Number 

MB niche Ultrasonic 
Anemometer 1D Thies 
Climat 

Wind speed (m/s) 1 

MB niche cs215 CSI relative 
humidity and 
Temperature Sensor 

Relative humidity (%) 
and temperature (°C) 

1 

FE cavern setra CS100 CSI 
Barometer 

Air pressure (hPa) 1 

FE cavern cs215 CSI relative 
humidity and 
Temperature Sensor 

Relative humidity (%) 
and temperature (°C) 

1 

FE tunnel: end of 
ventilation pipe at  
GM 49.5 
GM 47.0 (9h) 
GM 26.0 (9h30) 
GM 6.0 (4h) 
GM 6.0 (8h) 
GM 6.0 (12h) 

cs215 CSI relative 
humidity and 
Temperature Sensor 

Relative humidity (%) 
and temperature (°C) 

6 

FE tunnel: end of 
ventilation pipe at  
GM 49.5 

Hotwire Anemometer 
(FVAD 35 TH5K2) 

Wind speed (m/s) 1 

FE tunnel  
GM 7.0 (12h) 

Ultrasonic 
Anemometer 2D Thies 
Climat 

Wind speed (m/s) and 
wind direction (°) 

1 

Boreholes 
BFEC006 
BFEC007  
BFEC008  
at  
GM 44.8 
GM 45.9  
GM 46.1  
respectively 

Delta-T Devices 
frequency domain 
reflectometer (FDR) 
PR2/6 profile probe 

Water content (%) One probe with six 
sensors in each 
borehole 

Boreholes BFEC009  
BFEC010  
at  
GM 37.7  
GM 44.9 

Delta-T Devices EQ2 
Equitensiometer 

Suction (kPa) One probe in each 
borehole 

Boreholes BFEC011  
BFEC012 
at  
GM 45.2  
GM 45.0 

IST AG LinPicco Basic 
A01-G Capacitive 
humidity sensor 
combined with a 
Solexperts PT1000 
temperature sensor 

Relative humidity (%) 
and temperature (°C) 

One sensor in each 
borehole 
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Tab. IV-3: Cont. 
 

Location Sensor Parameter Number 

Boreholes BFEC013  
BFEC014  
at  
GM 44.2  
GM 44.3 

IMKO 
Mikromodultechnik 
GmbH TRIME-ES3 
T3/22 TDR sensor 

Water content (%) One sensor in each 
borehole 
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Tab. IV-4: Sensor listing for Phase 2c of the monitoring system – long-term instrumentation of 
the EDZ for the heating phase 
Posenato 2014, Rösli et al. 2016, Wieczorek & Komischke 2014, Zbinden 2016 

 

Location Sensor Parameter Number 

Boreholes  
BFEB001 
BFEB002 
BFEB003 
BFEB004 
BFEB005 
BFEB006 
BFEB007  
BFEB008  
at  
GM 20.0  
GM 27.0 

Keller PAA-23SY 
piezo resistive pressure 
transmitters and IST 
AG PT1000 

Interval pressure (bar 
abs) and temperature 
(° C) 

Four pressure sensors 
and one temperature 
sensor per borehole, 
two intervals per 
borehole 

Boreholes  
BFEB009 
BFEB010 
BFEB011 
BFEB012 
BFEB013  
BFEB014  
at  
GM 19.0 
GM 26.0  
GM 45.0 

Potentiometric 
displacement sensor 
(four-point 
extensometer) 

Displacement (mm) Four per borehole 

Boreholes  
BFEB009 
BFEB010 
BFEB011 
BFEB012 
BFEB013  
BFEB014  
at  
GM 19.0 
GM 26.0  
GM 45.0 

IST AG PT1000 Temperature (° C) Five per borehole 

Boreholes  
BFEB015 
BFEB016  
at  
GM 20.0  
GM 27.0 

IST AG PT1000 Temperature (° C) Seven per borehole 
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Tab. IV-4: Cont. 
 

Location Sensor Parameter Number 

Boreholes  
BFEB017 
BFEB018 
BFEB019 
BFEB020 
BFEB021  
BFEB022  
at  
GM 21.0  
GM 29.0 

Solexperts TDR and 
IST AG PT1000 

Volumetric water 
content (m3/m3) and 
temperature (° C) 

Four pressure sensors 
and three temperature 
sensors per borehole 

Boreholes BFEB023 
BFEB024 BFEB025 
BFEB026 BFEB027 
BFEB028 BFEB029 
BFEB031 BFEB033 
BFEB035 BFEB036 
BFEB037  
at  
GM 22.0 
GM 29.0  
GM 41.0 

IST HYT-939 
capacitive relative 
humidity sensor, and 
IST AG PT1000 

Relative humidity (%) 
and temperature (C) 

One relative humidity 
sensor and two 
temperature sensors per 
borehole 

Boreholes  
BFEB030  
BFEB032 
BFEB034  
at  
GM 29.0 

E+E Elektronik EE33 
monolithic humidity 
sensor and IST AG 
PT1000 

Relative humidity (%) 
and temperature (C) 

One relative humidity 
sensor and two 
temperature sensors per 
borehole 

Borehole  
BFEB038  
BFEB040  
BFEB041 BFEB042  
BFEB043  
at  
GM 24.0  
GM 31.0 

SMARTEC SOFO 
sensors and 
thermocouple 
temperature sensor 

Displacement (mm) 
and temperature (°C) 

Four SOFO and two 
thermocouples in each 
borehole 

Boreholes  
BFEB044  
BFEB045  
BFEB046  
BFEB047  
BFEB048  
at  
GM 48.0  
GM 50.0  
(ISS Section) 

Keller PAA23 
analogue and 
Solexperts, PT1000 

Interval temperature 
(kPa) and temperature 
(°C) 

Two interval 
temperature and one 
temperature per 
borehole 
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Tab. IV-4: Cont. 
 

Location Sensor Parameter Number 

Boreholes  
BFEB049  
BFEB050  
BFEB051  
at  
GM 4.0 
GM 15.0  
GM 40.0 

Delta-T Devices FDR 
PR2/6 profile probe 

Water content (%) Six sensors per 
borehole 

Boreholes  
BFEB052  
BFEB053  
at  
GM 24.0  
GM 31.0 

SMARTEC SOFO 
sensors and 
thermocouple 
temperature sensor 

Displacement (mm) 
and temperature (°C) 

One SOFO and one 
thermocouple in each 
borehole 

Boreholes  
BFEB054  
BFEB055  
at  
GM 24.0  
GM 32.0 

PA-27XW Pressure (kPa) and 
temperature (° C) 

One per borehole 
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Tab. IV-5: Sensor listing for Phase 3 of the monitoring system – tunnel wall, bentonite and 
heater surface instrumentation 
Rösli & Gysiger 2015, García-Siñeriz 2014 

 

Location Sensor Parameter Number 

Tunnel wall at GM 
24.0 
GM 42.0 

Solexperts 
potentiometric 
displacement sensor 

Displacement (mm) Two at each GM 
location 

Direct on tunnel wall 
or on sensor carriers at 
all monitoring cross-
sections 

Solexperts PT1000 Temperature (° C) 53 sensors 

Mounted on 
extensometers 

TERMYA Type T 
thermocouple 
temperature sensor  

Temperature (° C) 10 sensors 

GBM and bentonite 
blocks 

TERMYA Type T 
thermocouple 
temperature sensor  

Temperature (° C) 47 sensors 

Interface between 
concrete plug and 
GBM 

TERMYA Type T 
thermocouple 
temperature sensor  

Temperature (° C) 2 sensors 

Interface between 
bentonite block wall 
and GBM 

TERMYA Type T 
thermocouple 
temperature sensor  

Temperature (° C) 3 sensors 

H1 inner surface  TERMYA Type T 
thermocouple 
temperature sensor  

Temperature (° C) 6 sensors 

H1 outer surface  TERMYA Type T 
thermocouple 
temperature sensor  

Temperature (° C) 18 sensors 

H2 inner surface  TERMYA Type T 
thermocouple 
temperature sensor  

Temperature (° C) 6 sensors 

H2 outer surface  TERMYA Type T 
thermocouple 
temperature sensor  

Temperature (° C) 18 sensors 

H3 inner surface  TERMYA Type T 
thermocouple 
temperature sensor  

Temperature (° C) 6 sensors 

H3 outer surface  TERMYA Type T 
thermocouple 
temperature sensor  

Temperature (° C) 17 sensors 
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Tab. IV-5: Cont. 
 

Location Sensor Parameter Number 

Bentonite (GBM, 
bentonite block 
pedestal and bentonite 
block wall) close to 
heater in  
Monitoring 
cross-section H1 
Monitoring 
cross-section H2-1 
Monitoring 
cross-section H2-2 
Monitoring 
cross-section H3-1 
Monitoring 
cross-section H3-2 

Aitemin/SHT75 V6 
(2014) combined 
relative humidity and 
temperature sensor 

Relative humidity (%) 
and temperature (° C) 

37 sensors 

Bentonite close to 
heater in  
Monitoring  
cross-section H1 
Monitoring  
cross-section H2-2  
Monitoring  
cross-section H3-2 

E+E Elektronik/ EE99-
1 capacitive relative 
humidity sensor 
combined with E+E 
Elektronik/ EE99-16 & 
Pt100 (class A) 
temperature sensor 

Relative humidity (%) 
and temperature (° C) 

15 sensors 

20 on sensor carriers, 
17 on shotcrete and 4 
on Opalinus Clay 
tunnel wall 

IST AG combined 
capacitive HYT-939 
relative humidity and 
PTAT silicon bandgap 
temperature sensor 

Relative humidity (%) 
and temperature (° C) 

41 sensors 

Monitoring  
cross-section G2-3 
Monitoring  
cross-section H3-2  
Monitoring  
cross-section GP  
(2 on sensor carriers 
and 4 on shotcrete 
wall) 

E+E Elektronik EE33 
monolithic humidity 
and temperature sensor 

Relative humidity (%) 
and temperature (° C) 

6 sensors 

On tunnel-wall-
mounted sensor carrier 
at H2-1, G2-3 and 
H3-1 

Solexperts TDR Volumetric water 
content (m3/m3) 

6 sensors 

Monitoring  
cross-section Plug 
Monitoring  
cross-section GP  
Monitoring  
cross-section bentonite 
block wall 

Combined Delta-T, 
Thetaprobe ML3 and 
Thermistor 
type10K3A1B 

Volumetric water 
content (m3/m3) and 
temperature (° C) 

9 sensors 
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Tab. IV-5: Cont. 
 

Location Sensor Parameter Number 

Shotcrete or Opalinus 
Clay tunnel wall and 
plug/GBM interface 

Geokon 4810 or 
custom-built (titanium) 
pressure cell, with 
integrated Thermistor 
YSI 44005 and 
Solexperts PT1000 

Total pressure (MPa) 
and temperature (° C) 

18 sensors 

Bentonite close to 
heater in  
Monitoring  
cross-section H1 
Monitoring  
cross-section H2-2  
Monitoring  
cross-section H3-2 

Geokon, custom made 
version of 3500-1x-
5MPa 

Total pressure (MPa) 6 sensors 

Bentonite close to 
heater in  
Monitoring  
cross-section H1 
Monitoring  
cross-section H2-2  
Monitoring  
cross-section H3-2  
and at bentonite block 
wall-GBM interface 

Combined Geokon 
3500-3 – 5MPa and 
YSI 44005 Thermistor  

Total pressure (MPa) 
and temperature (° C) 

6 sensors 

Each end of H1, H2 
and H3 

LVDT Displacement (mm) 19 sensors 

Monitoring  
cross-section G0 
(GM 43.0)  
Monitoring  
cross-section G1-2 
(GM 31.7)  
in cross-like 
configuration 

Solexperts 
potentiometric 
displacement sensor 

Displacement (mm) 4 sensors 

Tunnel wall at 
GM 16.3 (×2) 
GM 20.3 
GM 25.6 
GM 28.2 
GM 42.8 

Hamilton Visiferm Oxygen concentration 
(%) 

6 sensors 

Tunnel wall at  
GM 15.0 (×2) 
GM 16.0 
GM 18.0 
GM 25.0 (×2) 
GM 28.0 (×2) 
GM 48.0 (×2) 

Gas sampling port for 
Neroxis MTCS 2204 
hydrogen sensor, SH25 
humidity and 
temperature sensor and 
MS5803-01BA 
integrated digital 
pressure sensor  

Hydrogen 
concentration (%), 
relative humidity (%), 
temperature (° C) and 
air pressure (MPa) 

10 sensors 

Concrete plug Geokon 3500-3-5 MPa Total pressure (MPa) 7 sensors 
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Tab. IV-5: Cont. 
 

Location Sensor Parameter Number 

Concrete plug TERMYA Type T 
thermocouple 
temperature sensor  

Temperature (° C) 8 sensors 

Concrete plug KL-250-SE 
displacement sensor 

Displacement (mm) 2 sensors 

GBM and Bentonite 
Blocks at  
GM 22.5 (H3: three on 
tunnel wall), 
GM 24.5 (monitoring 
cross-section G2-3: 
four on tunnel wall) 
GM 24.0 (monitoring 
cross-section G2-3: 
three on cross-like 
displacement sensors) 
GM 26.3 (H2: three on 
tunnel wall and two in 
bentonite pedestal) 

Decagon KD2pro  Thermal conductivity 
(W/mK) 

15 sensors 

GM 17.5 (tunnel wall) GMuG acoustic 
sources and receivers 

Seismic velocity (m/s) Three sources and five 
receivers 

Tunnel wall GM 15.5 – 
GM 22.5 

Borehole acoustic 
sensor array in 
geophysical pipe GP2 
and borehole source in 
GP2 

Seismic velocity (m/s) One borehole source 
and a chain of eight 
borehole receivers (1 m 
nominal spacing) 

Tunnel wall and upper 
and lower parts of H2 
at monitoring cross-
section H2-2 
(GM 27.9) 

Sample holders with 
carbon steel, wrought 
copper, electro-
deposited copper and 
cold-sprayed copper 

None, corrosion to be 
detected by gas 
sampling 

Five corrosion coupons 
from each metal were 
installed at each 
position 
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Tab. IV-6: Sensor listing for Phase 3b of the monitoring system - fibre-optic cables on the tunnel 
wall (Brugg Kabel AG, 2016) and on the heaters 
García-Siñeriz et al. 2016 

 

Location Sensor Parameter Number 

On the tunnel wall at 
05:00 and 07:00 o'clock 
positions 

AFL FO cable Temperature (°C) and 
strain 

Along 2 sections 

On the tunnel wall at 
11:30 and 00:30 o'clock 
positions + loops at Gap 
2 Gap 4 and Gap 6 at 
ISS 

Brugg Heatable FO 
cable 

Temperature (°C) Along 2 sections and 3 
loops at ISS 

On the tunnel wall at 
07:00, 08:30, 10:00, 
10:30, 01:30, 02:00, 
04:30 and 05:00 o'clock 
positions 

Brugg Standard FO 
cable 

Temperature (°C) Along 8 sections 

On the tunnel wall at 
05:00 and 07:00 o'clock 
positions loops at Gap 3 
Gap 5 and Gap 8 at ISS 

Brugg V3 Strain Along 2 sections and 3 
loops at ISS 

H1, H2 and H3 Smartfibers Fibre Bragg 
Grating (FBG) for H2 
and H3, and Draw 
Tower Grating for H1 
(SmartTemp STLT 
connected to 
SmartScope) 

Temperature (° C) Two 12-sensor arrays 
on each heater, total of 
72 sensors 
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Appendix V: List of Materials in the FE Tunnel 
 
This appendix provides a listing of the main materials used in the FE Experiment. For each 
material a summary of the composition and an estimate of the quantity is provided in Tab. V-1. 
The table also provides a cross reference to the section in the report where the material is discussed 
in greater detail. 

Tab. V-1 provides information on the main materials used in the FE Experiment. Other materials 
used in small quantities and, therefore, not detailed in the table, included: 

• monitoring system 

• reinforced, heat resistant (to 150 °C) nylon ties used to link wire mesh sections 

• bullflex hoses 

• sealing of rock bolts: Carbothix silicate resin, volume per hole unknown 

• steel dowels in concrete plug (5.8/M16/165 mm), fixed using Sormat Vinylester ITH VE resin 
mortar 

• sealant on the front of the permanent retaining wall for the concrete plug 

• resin on concrete retaining wall (BASF MasterSeal 345, an ethylene-vinyl acetate polymer) 

• resin injected following settlement and shrinkage of concrete plug  
(74.5 kg of Sika®Injection-201). 

• steel used in fixing rails to concrete plots 

• concrete used for concrete retaining wall between plug and GBM 
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Tab. V-1: Composition and quantity of the main materials used in the FE Experiment 
The reference is the section of this report in which the material is discussed. 

 

Material Composition Quantity Reference 

Shotcrete ESDRED mixture 
(Tab. 3-1) with 
400 g/m3 of super-
plasticiser added and 
no accelerator used 

 Section 3.3.2.3 

Wire mesh 
reinforcement 

K 196 steel (BSt 500 
A), 5-mm diameter, 
with 100-mm aperture 

2'041 kg Section 3.3.2.2 

Steel rock bolts Steel 79 7.5-m long bolts, 
total mass 2'718 kg 

Section 3.3.2.2 

Fibreglass rock bolts Fibreglass (GFK K60-
25) 

49 2.5-m long bolts Section 3.3.2.2 

Steel arches TH 25 steel (31 Mn 4 
and AR) 

25 arches, 9'928 kg Section 3.3.2.2 

Concrete plots for rail 
installation 

Weber Ton 908 
concrete 

94 plots; total of 66 
30-kg bags of concrete, 
each mixed with 15-18 
litres of water. 

Section 6.2 

Rails Steel 214.2 kg per 6-m-long 
section, total mass of 
rails ~ 3'427.2kg 

Section 6.2 

Gravel (concrete wall) Water: 67 kg/m3; 
Portland limestone 
cement (CEM II A-LL 
42.5N): 200 kg/m3; 
Silica gravel (8-16 
mm): 1692 kg/m3 

29 m3 Section 6.3 

Bentonite blocks Bentosund WH2 
bentonite 

39'000 kg Section 6.4 

Concrete bases for 
bentonite block 
pedestals 

  Section 6.4.3 

GBM National ® Standard 
bentonite 

255'000 kg Section 6.6 

Concrete plug Self-compacting 
concrete with 50 % of 
cement replaced with 
fly ash, see Tab. 6-2 

31 m3 Section 6.7 
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Appendix VI: List of Acronyms 
 
ANDRA: Agence Nationale pour la Gestion des Déchets Radioactifs 

BeLLT: Bentonite Large-scale Load Test 

BGR: The Federal Institute for Geosciences and Natural Resources 

BLL: Bentonite Long-term Load 

DACS: data acquisition and control system 

DAS: data acquisition system 

DGR: deep geological repository 

DTG: Draw Tower Grating 

EB: Engineered Barrier Emplacement 

EBS: engineered barrier system 

EC: European Commission 

EDZ: excavation disturbed zone 

ESDRED: Engineering Studies and Demonstration of Repository Designs 

FANC: The Federal Agency for Nuclear Control 

FBG: Fibre Bragg Grating 

FE: Full-scale Emplacement 

FEBEX: Full-scale Engineered Barriers Experiment 

FEM: finite element method 

GA08: Gallery 08 

GAST: Gas-permeable Seal Test 

GBM: granulated bentonite mixture 

GRS: Gesellschaft für Anlagen und Reaktorsicherheit 

Gx:  gapsection  

HLW: high-level waste 

Hx: heatersection 

ILW: intermediate-level waste 

ISS: Interjacent Sealing Section 

LUCOEX: Large Underground Concept Experiments 

MB: Mine-by  

MBT: mock-up backfilling test 

NWMO: The Nuclear Waste Management Organization 

PEEK: polyether ether ketone 

PVDF: polyvinylidene fluoride 

QC: quality control 
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RD&D: research, development and demonstration 

SF: spent fuel 

SIA: Association of Swiss Engineers and Architects 

SKB: The Swedish Nuclear Fuel and Waste Management Company 

STUVA: Research Association for Underground Transportation Facilities 

TDR: time-domain reflectometry 

THM: thermo-hydro-mechanical 

THMC: thermal, hydro, mechanical and chemical 

GM: gallery metre 

TRL: technological readiness level 

UCS: uniaxial compressive strength 

URL: underground research laboratory 

US DOE: United States Department of Energy 
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