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FOREWORD 

Concepts for the disposal of radioactive waste in geological formations place 
significant emphasis on acquiring extensive knowledge of the proposed host rock and 
the surrounding strata. For this reason, Nagra has, since May 1984, been operating 
the Grimsel Test Site (GTS) which is located at a depth of 450 m in the crystalline rock 
of the Aar Massif of the Central Swiss Alps. The general objectives of the research 
being carried out in this underground laboratory include 

- the build-up of know-how in planning, performing and interpreting 
field experiments in various scientific and technical disciplines and 

- the acquisition of practical experience in the development of 
investigation methodologies, measuring techniques and test 
equipment which will be of use during actual repository site 
explorations. 

The GTS is operated by Nagra and, on the basis of a German-Swiss cooperative 
agreement, various experiments are carried out by Nagra, the IIBundesanstalt fur 
Geowissenschaften und Rohstoffe, Hannoverll (BGR) and the IIForschungszentrum fur 
Umwelt und Gesundheit GmbH, Munchenll (GSF). The Grimsel projects of both GSF 
and BGR are supported by the German Federal Ministry for Research and Technology 
(BMFT). NTB 85-46 (German version NTB 85-47) provides an overview of the 
German-Swiss investigation programm~. In a special issue of the Nagra Bulletin 1988 
(German version IINagra informiert 1 +2/1988 11

), the status of the programme up to 
1988 is described.' 

* This report was produced in accordance with the cooperation agreement mentioned above. The authors 
have presented their own opinions and conclusions which do not necessarily coincide with those of Nagra 
or its participating partners. 
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VORWORT 

Bei Konzepten, welche die Endlagerung radioaktiver Abfälle in geologischen 
Formationen vorsehen, ist die Kenntnis des Wirtsgesteins und der angrenzenden 
Gesteinsschichten von grundlegender Bedeutung. Die Nagra betreibt deshalb seit Mai 
1984 das Felslabor Grimsel (FLG) in 450 m Tiefe im Kristallin des Aarmassivs. Die 
generelle Zielsetzung für die Arbeiten in diesem System von Versuchsstollen umfasst 

den Aufbau von Know-how in der Planung, Ausführung und Interpretation 
von Untergrundversuchen in verschiedenen wissenschaftlichen und 
technischen Fachgebieten und 

den Erwerb praktischer Erfahrung in der Entwicklung und der Anwendung 
von Untersuchungsmethoden, Messverfahren und Messgeräten, die für die 
Erkundung von potentiellen Endlagerstandorten in Frage kommen. 

Im Felslabor der Nagra werden, auf der Basis eines deutsch-schweizerischen 
Zusammenarbeitsvertrages, verschiedene Versuche von den beiden deutschen 
Partnern Bundesanstalt für Geowissenschaften und Rohstoffe, Hannover (BGR) und 
Forschungszentrum für Umwelt und Gesundheit GmbH, München (GSF) durchgeführt. 
Das Deutsche Bundesministerium für Forschung und Technologie (BMFT) fördert die 
Arbeitender BGR und der GSF im FLG. Der NTB 85-47 (englische Version NTB 85-
46) enthält eine Übersicht des FLG und die Zusammenfassung der 
Untersuchungsprogramme mit Status August 1985. In der Ausgabe 1 +2/1988 des 
Heftes IINagra informiertll bzw. der englischen Spezialausgabe IINagra Bulletin 1988" 
ist der Stand der Arbeiten anfangs 1988 beschrieben.* 
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AVANT-PROPOS 

Lors d'études de concepts de stockage de déchets radioactifs dans des formations 
géologiques, on attache une grande importance à l'acquisition d'informations étendues 
sur la roche d'accueil et les formations rocheuses environnantes. Clest pour cette 
raison que la Cédra exploite depuis mai 1984 son laboratoire souterrain du Grimsel 
(LSG) situé à 450 m de profondeur dans le cristallin du massif de l'Aar, situé au milieu 
des alpes centrales. Les principaux objectifs des recherches effectuées dans ce 
réseau de galeries comprennent: 

l'acquisition de savoir-faire dans diverses disciplines techniques et 
scientifiques en ce qui concerne la conception, la réalisation et l'inter
pretation d'expériences in situ, ainsi que 

l'accumulation d'expériences pratiques dans la mise au point et 
l'application de méthodes d'investigation, de techniques et d'appareillages 
de mesure, qui pourraient être utilisés lors de l'ex-ploration de sites 
potentiels de dépôts finals. 

Le LSG est exploité par la Cédra et diverses expériences y sont réalisées par celle-ci 
et deux institutions alle-mandes: la"Bundesanstalt für Geowissenschaften und Roh
stoffe, Hannover" (BGR) et le "Forschungszentrum für Umwelt und Gesundheit GmbH, 
München" (GSF) dans le cadre d'un traité de collaboration germano-suisse. Les 
projets pour-suivis au Grimsel par la BGR et le GSF sont financés par le Ministère 
fédéral allemand de la recherche et de la techno-Iogie (BMFT). Les rapports NTB 85-
46 (version anglaise) et NTB 85-47 (version allemande) présentent un aperçu du labo
ratoire souterrain et un résumé des programmes de recher-ches avec état au mois 
d'août 1985. L'état d'avancement de ce programme en 1988 est présenté dans la 
publication "Cédra informe 1 +2/1988" (version française) et "Nagra informiert 
1 +2/1988" (version allemande), ainsi que dans une édition spéciale en anglais (Nagra 

Bulletin 1988).* 

* Le présent rapport a été élaboré dans le cadre des collaboration mentionnés. Les auteurs ont présenté 
leurs vues et conclusions personnelles. Celles-ci ne doivent pas forcément correspondre à celles de 
Nagra ou ses partenaires participants. 



Reproduziert mit Bewilligung des Bundesamtes für Landestopographie vom 19.6.1991 

Location of Nagra's underground test facility at the Grimsel Pass in the Central 
Alps (Bernese Alps) of Switzerland (approximate scale 1 cm = 25 km). 

Geographische Lage des Nagra Felslabors am Grimselpass (Berner Oberland) 
in den schweizerischen Zentralalpen (Massstab: 1 cm = ca. 25 km) 
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Blick nach Westen View looking West 

1 Felslabor Test Site 
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3 Räterichsbodensee 3 Lake Raeterichsboden 
4 Grimselsee 4 Lake Grimsel 
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SUMMARY 

Since 1983 different methods are being tested in the Swiss Rock Laboratory Grimsel in 
order to investigate the hosting suitability of the crystalline rock with a view to the 
disposal of radioactive wastes. The activities are carried out in cooperation with the 
Federal Institute of Geosciences and Natural Resources (BGR) and the GSF-Institut 
fur Tieflagerung (GSF/lfT). 

Apart from investigating the transport of joint water, the evaluation of the influence of 
the gas phase on the hydraulic properties of the rock has become one of the major 
issues of the german/swiss analyses as of 1991. Focal point of the GSF work in this 
instance is to be seen in the interpretation of both the flow conditions for water and the 
mobility of a gas phase in the so-called desiccation zone in the near field of the 
ventilation test gallery. 

The measurement data and results, such as, e. g., amount of water and formation 
water pressures, mean permeability, relative gas and water permeabilities and capillary 
pressures are taken as basic parameters for the calibration of the hydraulic near field 
model. 

The influence of the gallery climate on the long-term, large-scale liberation of water 
and pressure development is determined by means of site-specific in situ 
investigations. For this purpose the surrounding temperature in an approximately 40 m 
long gallery section is increased stepwise under decreased relative air humidity from 
12°C to a temperature of 40 DC, which is to be expected in future underground 
repositories at 1000 m depth. The measurement results confirm the assumption that 
due to the occurrence of moisture gradients, which are to be attributed to the altered 
climatic conditions, additional water is liberated. The rock emits more moisture via 
vaporization than can be replaced by the hydraulic gradient. 

In laboratory investigations the decrease of relative permeability to water attributable to 
the desaturation of the rock in the near field of the gallery is determined on cores, 
while taking the corresponding capillary pressure curves into consideration. These 
measurements are carried out applying capillary pressures of up to 6 MPa. The high 
capillary pressures which already occur in the event of only slight changes of 
saturation are equally characteristic for the Grimsel granodiorite as is the high degree 
of residual water satuation. A completely water saturated core can only be desaturated 
to about 50 % by high gas injection pressures of more than 4 MPA. 

The preferred flow paths and storage cavities within the matrix area are - as can be 
seen by means of the UV-analysis of prepared thin sections - confined to the 
micrometer-sized intergranular pore spaces. 

The impact and extension of a derivable dual porosity and permeability system for the 
undisturbed granodiorite (cleft/matrix) are investigated via hydraulic packer tests in 
boreholes. Objective of these so-called Constant Rate Tests - apart from a description 
of the flow model - is to determine the transmissivities and to describe the boundary 
conditions of hydraulic flow. Particularly from the pressure interferences between the 
injection interval and the pressure observation intervals of altogether 32 borehole 
measurement sections, conclusions can be drawn on the flow geometries and flow 
boundaries. For instance, within a radius of about 25 m around the injection interval of 
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borehole BaVE 88.002/1, a hydraulic flow boundary designated as "shear zone" was 
perceived and the dual permeability system in the matrix areas with a mean 

permeability of 10-17 to 10-18 m2 was confirmed. Pressure test evaluation was carried 
out with up-to-date calculation programmes (such as INTERPRET or WEL TEST), 
which provide for an optimum adaptation of the test data to the test conditions and 
geometries and their corresponding simulation. 

The findings of the in situ and laboratory measurements are taken as basic and 
calibration parameters for the hydraulic modelling of the flow processes within the area 
of the ventilation test gallery. In a hydraulic block model, consisting of 8400 blocks, the 
assumable sensitive influences, such as anisotropic effects or the hydraulic 
desaturation versus time of the gallery near field, are simulated for an approximately 
50·50·80 sized rock mass. The 3-D-model calculations are carried out with the 
calculation programme ECLIPSE/INTERA, basing on a dual flow model and the two
phase flow. The model calculations are completed upon incorporation of diffusion 
processes. 

In view of the saturation conditions in the near field of the gallery and taking into 
consideration the investigation results from the Nagra, the interpretation of the current 
measurement data permits the conclusion that the water-saturated rock is merely 
partially desaturated within a very confined area through ventilation and that this 
process may be considered as being reversible. (Projected to a large-scale) Seen on a 
large scale, the partial desaturation of the gallery edge exerts no measurable influence 
on the hydraulic flow conditions in the rock. 
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ZUSAMMENFASSUNG 

Im Schweizer Felslabor Grimsel der Nagra werden seit 1984 Untersuchungsmethoden 
erprobt, mit denen die Eigenschaften des Kristallins als Wirtsgestein für die 
Endlagerung radioaktiver Abfälle untersucht werden können. Die Arbeiten werden von 
der Nagra unter Beteiligung weiterer internationaler Institutionen durchgeführt. 

Seit 1991 steht neben dem Kluftwassertransport auch die Bewertung des Einflusses 
der Gasphase auf den Wasserfluss in Matrixbereichen (Zweiphasenfluss) im 
Vordergrund der deutsch/schweizerischen Untersuchungen. Schwerpunkt der GSF
Arbeiten ist dabei die Interpretation der Fliessverhältnisse für die Wasser- und 
Gasphase in der Austrocknungszone im Nahbereich des Ventilationsteststollens. 

In Laboruntersuchungen wird an Kernen die Abnahme der relativen Permeabilität für 
Wasser unter Berücksichtigung der zugehörigen Kapillardruckkurven in Abhängigkeit 
vom Sättigungsgrad bestimmt. Die Messungen werden bis zu Kapillardrücken von 
6 MPa durchgeführt. Die bereits bei geringen· Sättigungsänderungen auftretenden 
hohen Kapillardrücke sind ebenso bezeichnend für den Grimsel-Granodiorit, wie die 
hohe Restwassersättigung. Ein wassergesättigter Kern lässt sich auch durch hohe 
Gaseinpressdrücke von über 4 MPa nur zu etwa 50% entsättigen. 

Die bevorzugten Fliesswege und Speicherräume innerhalb der Matrixbereiche sind -
wie die UV-Analyse präparierter Dünnschliffe zeigt - auf die mikrometergrossen inter
granularen Porenräume beschränkt. 

Mit diesen In-situ-Untersuchungen wird der Einfluss des Stollenklimas auf die 

langfristige, grossräumige (erfasster Gebirgsbereich ca. 300.000 m3) Wasser
freisetzung und Druckentwicklung ermittelt. Dazu wird in einem ca. 40 m langen 
Stollenabschnitt die Umgebungstemperatur schrittweise von 12°C bei verringerter 
relativer Luftfeuchtigkeit auf die in zukünftigen Untertage-Endlagern in 1000 Meter 
Tiefe zu erwartenden Temperaturbedingungen von 40°C erhöht. Die Messergebnisse 
bestätigen die Aussage, dass durch den im Zuge der veränderten Klimabedingungen 
auftretenden Feuchtegradienten zusätzlich Wasser freigesetzt wird. Das Gebirge gibt 
mehr Feuchtigkeit durch Verdunstung ab, als aufgrund der hydraulischen Randbe
dingungen nachfliessen kann, was zur Teilentsättigung stollennaher Bereiche führt. 

Die Wirkungsweise und Ausdehnung des angenommenen Porositäts- und 
Permeabilitätssystems für den ungestörten Granodiorit wird durch hydraulische 
Packertests in Bohrungen untersucht. Die Auswertung der Drucktests erfolgt mit 
numerischen Auswerteprogrammen (z. B. INTERPRET oder WEL TEST), mit denen in 
der Regel eine optimale Anpassung der Versuchsdaten an die Versuchsbedingungen 
und -geometrien vorgenommen und simuliert werden können. Ziel der als ·Constant
Rate-Tests· durchgeführten Versuche ist, neben der Beschreibung des Fliessmodells 
und der hydraulischen Fliessrandbedingungen, die Ermittlung von Transmissivitäten. 
Insbesondere aus einem ·Crosshole-Tese können Rückschlüsse auf die 
Fliessgeometrien und die Fliessgrenzen gezogen werden. Innerhalb eines Radius von 
etwa 25 m um das Injektionsintervall der Bohrung BOVE 88.002/1 wurde eine 
hydraulische Fliessgrenze (Scherzone) erkannt und eine mittlere Permeabilität für die 
Matrixbereiche von 1 E-17 bis 1 E-18 m2 festgestellt. 
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Die Ergebnisse der In-situ- und Labormessungen werden als Basis- und Kalibrierungs
parameter in der hydraulischen Modellierung der Fliessvorgänge im Bereich des 
Ventilationsteststollens verwendet. In einem 8400 Blöcke umfassenden hydraulischen 
Blockmodell werden für einen etwa 50x50x80 m grossen Gebirgskörper mögliche Ein
flüsse wie z. B. Anisotropieeffekte oder der zeitliche Ablauf einer hydraulischen Ent
sättigung des Stollennahbereiches simuliert. Durchgeführt werden die 3-D-Modell
rechnungen mit dem Rechenprogramm ECLIPSEIINTERA auf der Grundlage eines 
dualen Fliessmodells unter Berücksichtigung von Zweiphasenfluss- und Diffusions
vorgängen. 

Die I nterpretation der vorliegenden Resultate lässt unter Berücksichtigung der 
Untersuchungsergebnisse der Nagra (vgl. Kapitel 1.2 ) die Schlussfolgerung zu, dass 
durch die Stollenventilation das wassergesättigte Gebirge innerhalb einer sehr 
begrenzten Zone lediglich teilentsättigt wird, und dass dieser Prozess als reversibel 
anzusehen ist. Die Teilentsättigung des Stollennahbereiches (ca. 2 m) hat keine 
messbaren Auswirkungen auf die grossräumigen hydraulischen Fliessverhältnisse des 
umgebenden Gebirges gezeigt. 
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RESUME 

Dans le laboratoire de roche suisse du Grimsel depuis 1983 des méthodes de 
recherche sont expérimentées avec lesquelles les propriétés du cristallin comme 
roches encaissantes pour le stockage définitif de déchets radioactifs peuvent être 
analysées. Les travaux sont exécutés par la NAGRA avec la coopération de la 
Bundesanstalt für Geowissenschaften und Rohsteoffe (BGR) et de la GSF. 

Depuis 1991 à côté du transport des eaux par fissures l'évaluation de l'influence de la 
phase gazeuse sur les propriétés hydrauliques sont au premier plan des recherches 
suisses/allemandes (allemandes-suisses). Les travaux de la GSF se concentrent en 
premier lieu sur l'interprétation des conditions d'écoulement de l'eau et de la mobilité 
d'une phase gazeuse dans une zone supposée de déssèchement à proximité de la 
galerie de ventilation. Les données et les résultats de mesure comme p. ex. les 
quantités d'eau et les pressions des eaux de formation, les perméabilités moyennes, 
les perméabilités relatives du gaz et de l'eau ainsi que les pressions capillaires servent 
de paramètres de base pour la calibration du modèle hydraulique du champ proche. 

Avec les investigations in-situ relatives au site, l'influence du climat de la galerie sur 
l'émission de l'eau de longue durée et dans un grand espace ainsi que sur l'évolution 
de la pression est déterminée. Pour cela dans une section de 40 m de longueur à 
l'intérieur de la galerie la température environnante est élevée de 12°C avec une 
humidité réduite de l'air jusqu'aux conditions de température de 40°C attendues dans 
les stockages souterrains dans une profondeur de 1000 m. Les résultats de mesure 
confirment la thèse que par le gradient d'humidité qui advient par les changements des 
conditions climatiques, de l'eau supplémentaire est émise. La roche émet plus 
d'humidité par l'évaporation que d'eau pouvant être régénérée par le gradient 
hydraulique. 

Au laboratoire dans des analyses de carottes de forage la réduction de la perméabilité 
relative de l'eau dûe à la désaturation de la zone rocheuse près de la galerie est 
déterminée en tenant compte des courbes de pression capillaire relatives. Les 
mesures sont exécutées jusqu'à des pressions capillaires de 6 MPa. Les hautes 
pressions capillaires survenant déjà à de petits changements de saturation sont ausssi 
caractéristiques pour le granodiorite de Grimsel que l'est la haute saturation de l'eau 
restante. Une carotte complètement saturée d'eau ne se laisse désaturer que jusqu'à 
50 % même avec des hautes pressions d'injection de gaz surmontant 4 MPa. 

Les voies d'écoulement préférentielles et les réservoirs à l'intérieur des zones de 
matrix sont - comme le montrent l'analyse par rayons ultraviolets de lames minces 
préparées - sont limitées aux volumes des pores micromètriques intragranulaires. 

La manière d'opérer et l'extension d'un système double de porosité et de perméabilité 
résultant de cela pour le granodiorite (diaclase/matrix) non perturbé est analysé par 
des tests hydrauliques de packers dans des forages. Le but des essais performés 
comme tests à débit constant est d'obtenir à côté de la description du modèle 
d'écoulement la détermination de transmissivités et la description des conditions 
limites d'écoulement hydrauliques. C'est spécialement à partir des interférences de 
pression entre l'intervalle d'injection et les intervalles d'observation de la pression d'en 
tout 32 sections des mesures de forage que des conclusions sur les géomètries 
d'écoulement et les limites d'écoulement peuvent être tirées. Par exemple à l'intérieur 
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d'un rayon d'environ 25 m autour de l'intervalle d'injection du forage BaVE 88.002/1 
une limite d'écoulement hydraulique intitulée comme 'zone de cisaillement' fut 
reconnue et le système de perméabilité double dans les zone de matrix fut confirmé 

avec une perméabilité moyenne de 10-17 jusqu'à 10-18 m2• L'interprétation des tests 
de pression est effectuée avec des programmes d'interprétation numériques (p. ex. 
INTERPRET ou WEL TEST) avec lesquels en général une adaptation optimale des 
données de l'essai aux conditions et géomètries de l'essai peuvent être effectuées et 
simulées. 

Les résultats des mesures in-situ et de laboratoire sont utilisées comme paramètres de 
base et de calibration dans la modèlisation hydraulique des phénomènes d'écoulement 
dans la zone de la galerie du test de ventilation. Dans un modèle en bloc hydraulique 
comprenant 8400 blocs des influences sensitives possibles comme p. ex. des effets 
d'anisotropie ou le déroulement temporel d'une désaturation hydraulique de la zone 
proche de la galerie sont simulées dans un massif rocheux d'environ 50 x 50 x 80 m. 
Les caculs du modèle troisdimensionnel furent effectués avec le programme 
ECLIPSE/INTERA sur la base d'un modèle d'écoulement double et d'un écoulement à 
deux phases. Avec l'inclusion des phénomènes de diffusion ces calculs de modèle 
sont achevés. En se basant sur les conditions de saturation dans la zone proche de la 
galerie l'interprétation des données de mesure présentes permet la conclusion, en 
tenant compte des résultats de recherche de la Nagra, que par l'aération la roche 
saturée en eau à l'intérieur d'une zone très restreinte est seulement partiellement 
désaturée et que ce processus doit être considéré comme réversible. Considéré à une 
grande échelle la désaturation partielle de la marge de la galerie nia pas d'effets 
mesurables sur les conditions hydrauliques d'écoulement. 
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1 INTRODUCTION 

This report was produced as part of the research and development programme 
"Disposal of Hazardous Wastes - Concepts for Repositories and Underground 
Disposal Facilities in Various Geological Formations". The programme is funded by the 
BMFT (German Federal Ministry for Research and Technology, Bonn) under the 
project designation 02 E 8151 8. The subject of Project VE-3, which was managed by 
the GSF, was investigation of physical processes and parameters relating to fluid and 
gas transport in the near-field of repositories; this research was performed in the 
granitic formations of the Grimsel Test Site (Phase III). 

The aim of the GSF project was to determine, both in situ and in the laboratory, the 
rock parameters which are required for analysing and modelling two-phase flow in the 
matrix zone in the tunnel near-field. Hydraulic models of two-phase flow in crystalline 
rock were also developed and calibrated as part of the project. 

I n situ tests 
- ventilationtest 

- hydrotest in boreholes 
- hydraulic pressure studies 

" 
Modelling 
- 3-D Finite Difference 

Laboratory measurements 
- microscopy (thin section/ 

SEM) 
- petrophysical investigations 

Result: 

- water balance 
- hydraulic data on rock 
- hydraulic pressure distribution 

Result: 
::. - hydraulic flow model 

- vaporization model 

Result: 
- pore space in the matrix 
- relative permeability 
- capillary pressure 

,r 
Objective: 
- hydraulic analysis of a 
partially saturated zone 

Fig. 1: Programme structure for the GSF project GTS-VE 3. 

Figure 1 shows the programme structure for the project, with the in situ and laboratory 
studies providing the basic input for modelling the tunnel near-field. 

The Phase III investigations at the GTS (VE-3) were based on the results from Phases 
VE-1 and VE-2 (1984 - 1990); the objective of these two phases was to determine the 
large-scale permeability in an underground, low-permeability crystalline rock formation 
(BRASSER, 1986; BREWITZ et aI., 1984; BREWITZ & PAHL, 1986; BREWITZ et aI., 
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1988). The results from Phases VE-1 and VE-2 were documented jointly in the Nagra 
Technical Report (NTB) series (VOMVORIS & FRIEG, 1992) and by the GSF (KULL et 
aI., 1993). 

1.1.1 Further investigations in the VE area 

Within the framework of the GSF/Nagra joint research programme, Nagra also 
performed investigations in the ventilation test tunnel in Phase III (1991-1993). The 
laboratory experiments and in situ tests are documented and analysed in a separate 
report (FRIEG & VOMVORIS, 1994). The experiments concentrated on the partially 
saturated zone created by the ventilation process, which extends from the immediate 
vicinity of the tunnel to depth of approximately 1.6 m in the rock. A brief overview of the 
Nagra investigations is presented in the following paragraphs. 

The partially saturated zone can be described by point measurements of hydraulic 
potential and water content. The former is measured using a thermocouple 
psychrometer and the latter using time-domain reflectometry. These two techniques 
were specially adapted for use in the low-permeability crystalline rock. The 
measurements were performed under saturation and desaturation conditions and no 
irreversible effects due to tunnel ventilation were detected. 

A method was developed which uses discrete measurements to determine the water 
flow from low-permeability rock zones into the tunnel. Differential measurements of 
temperature and relative humidity using an evaporimeter were performed to determine 
vaporization at the tunnel surface. The results were then used to set up a water 
balance for the first section of the ventilation tunnel. Compared to the results of the 
classical ventilation test performed in Phase /I of the Grimsel investigations (KULL et 
aI., 1993), these measurements gave a water influx which was around a factor of two 
lower. 

In a first study, the possibility was investigated of measuring the average water influx 
into tunnel sections by means of discrete vaporization measurements and of 
estimating the variability in flux. The geostatistical characteristics derived from the 
discrete point measurements provided the background data for this study. The results 
showed that, based on a small number of regularly distributed measurements - the 
number being dependent on the structural units encountered in the tunnel section - it is 
possible to calculate the average water influx with an error of less than 200/0. 
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Schematic representation of a partially saturated zone adjacent to the 
tunnel wall. 
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2 PROBLEMS TO BE SOLVED 

Before the evolution with time of fluid movements in a rock can be calculated or 
estimated, it is necessary to determine the hydraulic properties of the rock formation in 
question. An understanding of the rock permeability as a constant parameter and the 
hydraulic pressure distribution is essential in this respect. 

The penetration of a second phase (gas) into water-saturated areas of rock alters the 
hydraulic properties of the rock as the drying-out process involves a change in the 
effective permeabilities for water and gas. Such two-phase flow conditions can be 
generated in the vicinity of drifts or tunnels by normal ventilation procedures. This also 
affects in situ measurements such as water balances and the transferability of rock 
parameters measured in the laboratory. 

In this connection (ct. Figure 2), the following questions arise: 

- is there a dessication zone or partially saturated zone in the tunnel near
field? 

- what is the long-term effect of ventilation on the water balance? 

to what extent do effective permeability values alter with changes in 
saturation? 

- what other petrophysical parameters are required for describing a partially 
saturated zone and what influence do they have on modelling of a partially 
saturated zone? 

- can the desiccation process be described by a numerical model? 
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3.1 Microscopy 

In order to interpret permeability tests on drillcores and to verify the hydraulic model 
concept of fluid transport in the crystalline matrix, thin sections were prepared from 
drillcore samples from the VE tunnel and then analysed (Figure 3). Impregnated thin 
sections were used to classify the pore space structures of the crystalline matrix (ct. 
Chapter 3.1.2) and, for some samples, matrix porosity was also investigated using a 
scanning electron microscope on both thin sections and small drillcores. Only those 
phenomena which are typical for the granodiorite in the VE area (ventilation tunnel) are 
discussed in the following sections. 

The mineralogical composition of the rock in the test area was determined by means of 
point-counting on thin sections. In the centre of the section, parallel to the longitudinal 
axis, approximately 1200 counts were registered in a traverse with a step size of 
0.0325 mm. The principal constituents of the rocks investigated are quartz, 
plagioclase, potassium feldspar and biotite. Auxilliary constituents include muscovite 
and epidote/clinozoisite, while chlorite, titanite, zircon/monazite, apatite and opaque 
constituents occur as accessories. The results of the modal analysis of 18 thin sections 
are presented in a STRECKEISEN diagram (Figure 4). It can be concluded from the 
feldspar-quartz-plagioclase ratios that the rock is granitic to granodioritic. The 
exceptions are one projection point each in the monzonite and monzodiorite fields. 

3.1.1 Structure and texture 

In all sections, a distinction can be drawn between the magmatic and synmetamorphic 
mineral component. The originally magmatic mineral component includes potassium 
feldspar phenocrysts, partly idiomorphic blastic plagioclase and, quartz and biotite. 
While plagioclase, quartz and biotite also occur as alpine metamorphic formations, 
potassium feldspar is of exclusively magmatic origin. 
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Fig. 4: Presentation of rocks in a STRECKEISEN diagram. 
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Plagioclase 

Potassium feldspar occurs as phenocrysts which are up to 20 x 10 mm in size and are 
often hypidiomorphic. In contrast with the plagioclase phenocrysts, the potassium 
feldspar usually has no retrograde metamorphic features. Idiomorphic plagioclase 
crystals and quartz grains also occur as isolated inclusions in potassium feldspar. The 
potassium feldspars contain extremely fine, opaque inclusions (size +/- 1 mm) which 
are distributed irregularly among the individual grains. Magmatically formed 
plagioclases also occur as hypidiomorphic phenocrysts and reach sizes up to approx. 
10 x 5 mm. In contrast with the potassium feldspar, the plagioclase phenocrysts are 
clearly to intensively saussuritized. Saussuritization is a neomineralization of albite, 
epidote/clinozoisite and muscovite in plagioclase - usually restricted to the core zone of 
the magmatic plagioclase grain. A remaining edge seam approximately 0.1 mm thick 
shows no trace of saussuritization. It is uncertain whether this outer, inclusion-free 
marginal zone of the plagioclase phenocrysts is an alpine metamorphic phenomenon 
or whether it reflects a chemically more stable plagioclase composition. Quartz grains 
of magmatic origin occur as xenoblasts up to 2 x 3 mm in size which differ from the 
recrystallised alpine metamorphic quartzes in showing undulatory extinction. 
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Fig. 5: Thin section image (polarised) of granodiorite (L493). Isolated biotite flakes 
(8) and plagioclase (P) occur in addition to recrystallised quartz grains (Q) 
and potassium feldspar (K). 

The magmatic quartzes contain fluid inclusions which are generally absent in the 
alpine metamorphic quartzes. The accessories titanite, zircon/monazite, apatite and 
the opaque mineral phases are interpreted as being magmatic in origin. 

Quartz (recrystallised magmatic quartzes) makes up the main constituent of the alpine 
metamorphic minerals, while biotite, muscovite, epidote/clinozoisite and albitic 
plagioclase occur as auxiliary constituents. The quartz has an average grain size of 
0.3 mm and occurs mainly as bands. The grain boundaries of these recrystallised 
quartzes are rectilinear. Small plagioclases occur together with the alpine metamorphic 
quartz; compared to the magmatic plagioclases these are only rarely saussuritized. 

There is no clear understanding of the formation of epidote/clinzoisite. Different forms -
small idiomorphic crystals around 30 mm in size and, rarely, large xenomorphic grains 
up to 300 mm in size - indicate that their genesis occurred in several phases. 

The parallel texture of the granodiorite can be recognised easily on a macroscopic 
scale and is due to 1 - 10 mm thick mica bands. Chloritized biotite is observed only 
rarely in the rocks under investigation. It can be seen in thin section that the main 
components of the mica bands are fine crystalline quartz and epidote/clinozoisite. 

Typical zoning consists of epidote/clinozoisite crystals 1 - 2 mm in size in the central 
part of these parallel textures. On both sides there is then a zone with muscovite, 
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followed by microcrystalline biotite. This is often followed by fine crystalline quartz 
bands. These deformation bands often branch to flow sigmoidally around rotated 
phenocrysts. 

3.1.2 Pore space types in the crystalline matrix 

In crystalline rocks, there are four types of potential water flowpaths in the matrix 
besides regional fracture systems (ct. BOSSART & MAZUREK, 1991): 

- Grain boundary porosity: connected, web-like pore space system 
along the grain boundaries of the individual mineral grains. 

- Mica porosity: pore space running parallel to the orientation of the 
cieavage plane of sheet silicates. 

- Transgranular pores: fractures and fissures (brittle deformation). 

- Solution pores: pores with finely branching cavities extending from 
both sides of the pore channel into the mineral grain. 

Pore spaces in granitic rocks are defined largely by mineralogy, mineral morphology 
and the degree of deformation. 

Figure 6 shows a section (5 x 3 mm) of slightly deformed Grimsel Granodiorite which is 
typical for the ventilation tunnel; the rock shows fine, connected grain boundary pores 
along the various mineral grains.These pores have an average width of +/- 1 mm. At 
the contact between quartz and feldspar, the occurrence of larger grain boundary 
pores indicate the action of solution processes due to active fluid transport. 
Transgranular pores are almost completely absent. 

Figure 7 shows the porosity of a mylonitized Grimsel Granodiorite. In this example 
also, the grain boundary pores of the quartz grains form a connected pore space. In 
areas with ductile deformation, the pore space is not clearly formed and is not linked to 
the matrix zone. The effective porosity in rock which has undergone ductile 
deformation is estimated to be lower than in non-defor'med Grimsel Granodiorite, with 
an average porosity of 0.6% (ct. Chapter 3.2.3). The form of the transgranular and 
solution pores is easily recognisable; they are mostly short, branching and end in fine 
dead-end pores. 
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Fig. 6: Matrix porosity in a slightly deformed Grimsel Granodiorite (picture 2.5 x 
1.3 mm; polarised). 
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Fig. 7: Matrix porosity in a mylonitized Grimsel Granodiorite (polarised). 
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The porosity types described previously were identified in all the Grimsel Granodiorites 
investigated. The relative proportions of the different porosities occurring in the rock 
depend largely on mineral composition and fabric of the rock. 

The intergranular pore space or the grain boundary porosity makes up by far the 
largest component of the matrix porosity and is particularly clear along the quartzes. 
Preferred orientation of the pore spaces occurs in deformed areas of rock. 

Fig. 8: Intergranular pore space (SEM image). Quartz matrix with fluid inclusions 
(F). The open matrix pore space is formed by connected grain boundary 
surfaces. 

In a slightly deformed rock matrix, the direction-dependence of the pores is generally 
not clear. The pore size (distance between grain boundaries) is in the order of 1 mm 
and, in exceptional cases at the contact between quartz and feldspar, reaches up to 5 
mm. The SEM image (Figure 8) shows the structure of the intergranular pore space 
between recrystallised quartz grains. Similar structures are described by STUNITZ & 
FITZGERALD (1993) for quartz-rich granodiorites, also for rock formations near the 
surface. 

Fine-crystalline mica-rich layers (Fig . 9) have much smaller pore sizes and the grain 
boundaries between quartz and mica appear to be (water-) tight; the mica porosity is 
low. At the same time the grain boundary surfaces along fine-crystalline quartz grains 
are smaller than those of recrystallised quartzes. 
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Clearly rounded edges of quartz grains at triple pOints, different thicknesses of grain 
boundary pores and different surface phenomena such as striation and scratching 
(Figure 10) are all evidence of intensive interaction between minerals and circulating 
porewater. The mostly isolated surface pores form regular patterns in a few cases; the 
number and size of such pores decreases with increasing distance from 
communicating grain boundaries. 

The SEM image in Figure 11 clearly shows the typical interweaving within a fine
crystalline mica layer. Figure 12 shows the contact between a mica layer and a quartz 
band. The pore channels are almost all parallel to the orientation of the mica. 

Transgranular porosity is observed fairly infrequently in the Grimsel Granodiorite; it 
occurs mainly in coarse quartz grains and in feldspars and can be interpreted as the 
result of mechanical stressing'. These unhealed fractures penetrate irregularly through 
the quartz grain. The feldspars often have relatively IIwidell transgranular pores with 
fine branching which were formed by solution processes. It is possible to some extent 
to distinguish the transgranular pore component from the solution pores. The majority 
of transgranular pores in the feldspars are oriented along crystallographic elements 
such as twinnings, cleavage planes and/or zoning of plagioclases. In quartz grains the 
transgranular pores generally pass through the mineral grain, while in feldspars they 
generally end within the grain. Figures 13 and 14 show the structure of transgranular 
pores in quartz and feldspar. 



NTB 94-04E - 14 -

Fig. 9: 

Fig. 10: 

Mica porosity (SEM image). Recrystallised quartzes (Q) and muscovite (M) 
and biotite (B). 

Traces on a quartz surface indicating fluid circulation (SEM image of a 
quartz grain boundary). 



Fig. 11: 

Fig. 12: 
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SEM image of an extremely fine-grained rock matrix with tightly interwoven 
grain boundaries with no recognisable open pore spaces. 

Contact between a quartz band and a sealing mica layer on both sides 
(SEM image). 
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Fig. 13: Transgranular pore space (transmitted light image/ polarised) in a coarse 
quartz grain (Q), plagioclase (P) and potassium feldspar (K); (picture size 
0.82 x 0.56 mm). 

Fig. 14: Transgranular pores (Ip) in quartz and feldspars; grain boundary pores 
(Kp) and solution pores (Lp) are also present (incident light image of the 
same section as in Fig. 13 in UV light; the pore space is impregnated). 
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Solution pores occur frequently in feldspars and particularly in potassium feldspars. 
These are connected with the intergranular pore space as dead-end ' pores. The pore 
spaces of the fluid inclusions, on the other hand, are to be interpreted as being 
completely cut-off (ct. Fig. 15). 

Fig. 15: 

3.2 

SEM image with solution pores (Lp) in feldspar (F) and clear grain 
boundary pores (Kp) and isolated cut-off pores in the quartz grain. The 
fracture (B) was presumably caused by sample preparation. 

Petrophysical investigations 

The petrophysical parameters which characterise a rock include porosity, permeability, 
relative permeabilities, capillary pressure, electrical conductivity and inner surface 
(PUSCH, 1980; AMYX & BASS, 1960). 

Measuring apparatus developed at the "Institut fOr Tiefbohrtechnik, Erd61- und 
Erdgasgewinnung/TU Clausthal (ITEr (WEBER & PUSCH, 1991) was used to 
determine petrophysical parameters (relative permeability and capillary pressure) on 
drillcores from the ventilation test tunnel. 
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3.2.1 Relative permeability and capillary pressure 

Relative permeability can be used to describe the multiphase flow of immiscible fluids 
in a permeable medium and is defined as the ratio of effective permeability to absolute 
permeability (AMYX & BASS, 1960). In the ideal case, the absolute permeability is 
dependent only on pore geometry and number of capillaries. 

kef!" 
k =-' 

r k 

= 
= 
= 

relative permeability 
effective permeability 
absolute permeability 

Absolute permeability is generally taken to signify the permeability of a rock whose 
pore space is 100% saturated with a phase and there are no interactions between 
flowing fluid and the rock. In the present project, all measurements of relative 
permeability used the permeability for gas measured in each case for a completely 
dried core and corrected aft~r Klinkenberg. 

For viscous single-phase flow, the permeability of a porous rock is determined using 
Darcy's Law (DARCY, 1856). 

k- q·J1·L 
- A· (PI - P2) 

k = permeabilty [m2
] 

q = flow rate [m3s-1
] 

/.l = viscosity [Pas] 

L = core length [m] 

A = core cross-sectional area [m2
] 

P1 = injection pressure [Pal 
P2 = pressure at core exit [PaJ 

If the porous rock is flowed through by a compressible medium, then the Darcy formula 
as modified for gas is used for the analysis (AMYX & BASS, 1960). 

kg = 
2· qo . J1 . L· Po 

A· (P( - pi) 

kg = gas permeability [m2] 
qo = flow rate [m3s-1J 

m = viscosity [Pas] 

L = core length [m] 

A = core cross-sectional area [m2] 
Po = atmospheric pressure [PaJ 

P1 = injection pressure [PaJ 

P2 = pressure at core exit [PaJ 
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In order to take into account the influence of slip flow in low-permeability rocks, the 
permeability is corrected after Klinkenberg (KLINKENBERG, 1941) 

kg 
k =--

DO b 
1+= 

p 

k= .- calculated permeability extrapolated to infinite pressure [m2
] 

kg = gas permeability [m2
] 

b = Klinkenberg constant [Pa] 

P = (PI + P2) / 2 = average pressure over sample [Pa] 

Relative permeability indicates the extent to which a fluid participates in flow for a given 
saturation state. The shape of the curves for relative permeabilities is influenced to 
only a limited extent (for wetting phases) by the characteristics of the phases involved 
in flow. As is the case for capillary pressure, it is much more dependent on the 
properties of the rock. 

Fig. 16: 
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Relative permeabilities of a sandstone (BOTSET, 1940; AMYX & BASS, 
1960). 

Figure 16 shows the typical shape of relative permeability curves for a sandstone, 
which is dependent mainly on the saturation history of the rock. Based on the 
equations of Darcy (DARCY, 1856) and Hagen-Poiseuille (HAGEN & POISEUILLE, 
1839), various authors have suggested relationships for capillary bundle models which 
allow relative permeabilities to be estimated from capillary pressure curves. 
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The equation formulated by Purcell (PURCELL, 1949) represents the first and most 
simple approach. For the relative permeability of the wetting phase the following 
applies: 

ST __ d_S __ 

s=o ( pc) 2 

k rwl = ------T __ d_S __ 

s=o ( pc) 2 

For the non-wetting phase the following applies: 

dS 

s=s WI 

k mwt T __ dS __ 

s=o ( pc) 2 

where 

krwt = relative permeability of wetting phase 
krnwt = relative permeability of non-wetting phase 
S = saturation 
dS = change in saturation 

Swt = saturation of wetting phase 

Swi = residual water saturation 

[-] 

[-] 

[-] 

[-] 
[-] 

[-] 

By including tortuosity, FATT & DYKSTRA (1951) were able to achieve a further 
assimilation between the relative permeabilities calculated from capillary pressure 
measurements and the measured permeabilities. Taking into account the dependence 
of tortuosity on saturation, BURDINE et al. (1950) defined a tortuosity factor which was 
included in the calculation of relative permeabilities according to PURCELL. The 
calculation was performed using the formulae for the wetting and non-wetting phase 
(AMYX & BASS, 1960; PURCELL, 1949; TIMMERMANN, 1982). 

Swt 

f dS 

(

1-S 

k mwt = 1-$: SWi(PC )2 

dS 
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krwt 

Some features of the rock which are important for flow processes can be determined 
from capillary pressure measurements. In addition to the distribution of effective pore 
entry radii and the residual phase saturation, there is also the possibility to estimate the 
relative permeabilities of the flowing phases. 

Capillary pressure is caused by the operation of cohesive and adhesive forces. 
Cohesive forces operate between similar atoms or molecules of a substance. If 
attractive forces operate between the molecules of two different materials, these are 
termed adhesive forces. These can operate between solid bodies, solid bodies and 
fluids and solid bodies and gases. The forces cause interfacial surface tension in the 
pore space (oriented parallel to interfaces) which can be interpreted mechanically as 
tangential stress. These forces work to maintain the form of the phase boundary. In the 
case of two immiscible fluid phases, the surface tension results from the phase with 
the greater cohesive forces compared to the other phase and from the adhesion 
between the molecules of the participating phases. The greater the adhesive forces, 
the smaller the surface tension. If an interface forms at the gas-fluid phase boundary, 
this is termed surface tension. 
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Fig. 17: Wetting properties of fluids according to HERING (1989). 

The cohesive forces operating between the molecules of the fluid cancel each other 
out since each molecule is surrounded on all sides by the same molecules. At the 
surface, the reactive force (outer boundary force) which is directed outwards and 
operates normal to the boundary phase is absent. Work has to be performed to bring a 
molecule to the surface against this force. If the work to be performed (dW) is related 
to the resulting change in surface area (dA), then the surface tension (s) is obtained as 
follows: 

s 
dW 
dA 

dW 
(j=--

dA 

= 
= 
= 

surface tension 
work to be performed 
change in surface area 

It can be seen from this that the surface tension is a force related to the external 
surface (AMYX & BASS, 1960; BRDICKA, 1952; HERING, 1989). 
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Wetting is a phenomenon occurring between the surface of a solid body and at least 
one fluid. It is determined by the surface energy or tension of the fluid and the surface 
tension of the fluid in relation to the solid body. When a drop of fluid comes into contact 
with a solid phase, two extreme situations can occur: 

- complete wetting: the adhesive forces are significantly greater than the 
cohesive forces and the fluid spreads over the surface (a = 0°) 

- incomplete wetting: the adhesive forces are significantly smaller than the 
cohesive forces. The fluid draws together in drops (a = 180°C). 

In the equilibrium state, the surface tensions are s13 between the gaseous (1) and 
solid (3) phase, s12 between the gaseous (1) and the fluid (2) phase and s23 between 
the fluid (2) and the solid (3) phase. The angle between the solid phase and the fluid 
surface is called the wetting angle a. It follows from the equilibrium of forces at the 
solid phase surface (BRDICKA, 1952; HERING, 1989) that: 

s 
a 

0'12 . coso. = 0'13 - 0'23 

= surface tension 
= wetting angle 

With regard to wetting (Figure 17), the following can therefore be said: 
- the fluid is wetting if a < 90° 

- the fluid is indifferent if a = 90° 

- the fluid is non-wetting if a > 90° 

If a capillary is immersed perpendicularly into a fluid, then the fluid in the capillary is 
higher (capillary ascension or capillary rise) or lower (capillary depression or capillary 
sinking) than the surface of the fluid by height (h). This phenomenon is called 
capillarity. It is also conceivable that the fluid in the capillary will neither rise nor fall; 
this corresponds to the case of an indifferent fluid. 

If the force originating from surface tension and the gravitational force of the fluid 
column in the capillary are equated, then the following relationship results for capillary 
rise (h) with a symmetric meniscus (BRDICKA, 1952; HERING, 1989): 

h= 
2· 0"12 . COSa 

p. g' r 

h = capillary rise [m] 
s = surface tension [N/m] 
a = wetting angle [0] 
r = density [kg/m 3

] 

g = gravitational acceleration [9.81 ms-2
] 

r = radius of capillaries [m] 
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Converting the above gives the following equation for the capillary pressure (Pc) of 
wetting fluids: 

Pc 
s 
a 
r 

2· (j'12 . cosu 
Pc = -----=-='-----

r 
= capillary pressure 
= surface tension 

= wetting angle 
= radius of capillaries 

[Pal 
[N/m] 

[0] 

[m] 

In rocks, r is the pore radius. The equation therefore forms the basis for calculating the 
effective pore radius distribution. A non-wetting phase is injected into an evacuated 
rock pore space. The differential volume increase on increasing the injection pressure 
can then be used to determine the pore volume component of a specific pore radius 
class. For two-phase flow of immiscible materials in the pore space, a different type 
of capillary pressure measurement is required. The wetting phase is displaced by a 
non-wetting phase and the pore entry pressure is measured against the saturation of 
the wetting phase in the pore space (AMYX & BASS, 1960). 

3.2.2 Test apparatus and procedures 

Specially 'developed measuring apparatus was used to determine relative 
permeabilities and capillary pressures (PUSCH et aI., 1990; PUSCH & BORGMEIER, 
1991; WEBER & PUSCH, 1991). The overview in Figure 18 shows the autoclave into 
which the core is inserted, the pressure cell for saturation of the gas with water and the 
supply tank for flooding with water. The carbon dioxide gas in these experiments is 
used exclusively to improve the saturation of the crystalline core with water by altering 
the wetting properties. 

The maximum pressure of the high-pressure pump is 4 MPa with a minimum pumping 
rate of 0.1 10-6 m3/h. For higher pressures (> 8 MPa), a displacement pump driven by a 
pulse motor was used. 

Figure 18 shows the pressure cell and measuring equipment, together with the various 
connecting lines. The pressure cell has an outer diameter of 100 mm and an inner 
diameter of 60 mm. It is designed for a maximum radial pressure of 20 MPa. A 
pressure transducer (wire strain gauge) with a range of 0 - 20 MPa is installed in the 
ingoing line to the pressure cell and, in the outgoing line from the cell, there is a 
transducer with a pressure range of 0 - 2 MPa. The facility is designed for core 
material with a diameter of 30 or 50 mm and a maximum core length of 100 mm. 

The following data were registered during the experiments: 

- Pressure of the measuring gas and the fluid at the entry and exit side of 
the core (Pinj.max = 15 MPa) 

- Radial pressure in the pressure cell (Pradial.max = 20 MPa) 
- Flow rate of measuring gas up to min. 0.1 10-6m3/h 
- Flow rate of fluid up to min. 0.1 10-8m3/h 
- Weight of cores, before and after measurement 
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Fig. 18: Schematic representation of the test facility (PUSCH & BORGMEIER, 
1991 ). 

In order to determine the water permeability and the permeabilities and porosities for 
gases, both phases can be injected into the core simultaneously. 

Two procedures have to be distinguished: 

- Constant pressure 

i.e. water-saturated gas and water are injected simultaneously at constant pressure. 

- Constant rate 

i.e. water with a constant flow rate is injected into a core under a range of saturation 
conditions. 

The test facility described above was used to record capillary pressure curves and 
curves of relative permeabilities for a gas-water system for 13 drillcores from the test 
zone (ct. Chapter 3.1). 

When the capillary pressure curve is recorded, the wetting phase in the rock is 
displaced by nitrogen up to an equilibrium saturation. The injection pressure required 
for displacement is plotted as a function of saturation of the wetting phase. Beginning 
with the larger pores, progressively smaller pores are desaturated with increasing 
pressure until residual phase saturation has been reached and no further desaturation 



NTB 94-04E - 26 -

is possible. The gas permeability is then determined for the equilibrium saturation state 
in question at a low injection pressure. Once the capillary desaturation curve has been 
registered, the core is flooded with water. 

During performance of the test, capillary pressure and relative permeabilities are 
measured together in the different saturation stages. 

The initial gas permeability (nitrogen) of the untreated weighed and measured cores 
was determined for a mantle pressure of 2 MPa and a low injection pressure Pi < 1 
MPa using the stationary method. The original water saturation of the core is 
determined by weighing the core after removal from the apparatus and comparing the 
weight of the core in the dried and saturated state. After the core has been measured 
in its initial state, it is desaturated in a vacuum drying cupboard for approx. 3 days at 
soae and the weight is then determined. 

The gas porosity and permeability are then measured with nitrogen using the 
"integrated measurement method" (PUSCH et aI., 1986; PUSCH, 1991). The gas 
porosity is measured by means of a flow-through test with a duration of several weeks. 
The gas permeability measured for the dried core and corrected after Klinkenberg is 
used as a reference permeability when determining the relative permeabilities. 

In order to measure the porosity and permeability for water, the core is first saturated 
and then evacuated using a vacuum pump. Water-saturated CO2 is then passed 
through the core to displace trapped air and thus ensure better saturation. The core is 
then flooded with water in order to dissolve the free carbon dioxide under an increased 
pressure of approx. 0.7 MPa and replace it with gas-free water. 

After the core has been flooded with water for a period of 24 hours, it is removed from 
the apparatus and weighed. The weight difference between the water-saturated and 
the dry core allows the maximum volume of water to be displaced (pore volume for 
water), and thus the water porosity, to be calculated. 
After the core has been re-installed in the test apparatus, the capillary pressure curve 
is measured by subjecting the fully water-saturated core sample to increasing 
(nitrogen) gas pressure in small steps. Once the threshold pressure is exceeded, the 
water is displaced from the largest pores and a measurable gas flux occurs. The core 
is then removed from the cell and weighed. The weight difference between the 
completely saturated and partially desaturated core (after exceeding the threshold 
pressure) is then used to determine the water saturation. 

The gas permeability is then measured using the "stationary method" with constant 
gas flux and gas injection steps. In order to standardise the influence of the mantle 
pressure dependence, all permeability measurements were performed with an average 
applied pressure of 2 MPa (PUSCH et aI., 1990). 

Once maximum desaturation of the core sample has been achieved, the core is then 
reflooded with water under two different pressures. Beginning with the lower injection 
pressure, the permeabilities and the associated water saturations are then determined. 

The formulae for the capillary pressure (Pc) are based on a capillary bundle model 
which assumes a small core length and a relatively large core cross-section. If the 
capillary pressure curve is recorded using the diaphragm method (ct. Chapter 3.2.2), 
there is no pressure gradient over the core length and the end-effects are negligible. 
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However, this method does not provide any usable results in the case of investigation 
of crystalline rock material. With the applied method of IIcapillary desaturation ll

, the 
core is desaturated due to a pressure gradient along its length and saturation is 
measured only after a steady state has been reached. It therefore seems more correct 
in the present context to speak of a IIcapiliary desaturation pressurell

, termed (Pc·), 
rather than of capillary pressure (Pc). In the course of this work, the capillary 
desaturation curves will nevertheless be referred to as capillary pressure curves. 

3.2.3 Measurement results 

Table 1 gives the initial gas permeabilities and the associated water saturations as 
measured directly after sample delivery. 

Tab. 1: Drillcore parameters 

Core Number Eff. Porosity Saturation k~aS/initial krinitial 

(water) 
[0/0] [%] [x10-18m2

] [-] 

L493 0.57 76 0.22 0.28 
L501,1 0.68 78 0.36 0.21 
L506 0.75 72 1.15 0.25 
L512 0.62 72 1.92 0.32 
L519 0.61 63 0.50 0.20 
L487 0.63 43 1.67 0.57 
L491 0.58 30 2.05 0.81 
L500 0.46 17 6.20 0.95 
L508 0.70 30 1.11 0.79 
L514 0.67 16 1.45 0.57 
L483 0.48 - - -
L481 0.69 - - -
L504 0.66 30 1.30 0.20 

Figure 19 shows the measured relative gas permeabilities plotted against initial water 
saturation. The differences in initial water saturation of the drillcore samples can be 
explained by desiccation processes during and after sampling. 

The initial water saturation of the samples dropped with increasing duration of storage 
from 70% to around 16%. This reduction in saturation as a result of desiccation results 
in the expectedly high relative gas permeabilities. A general correlation between 
relative gas permeability and water saturation can be recognised in Figure 19; this 
indicates the presence of a uniform type of pore space. The only exceptions to this are 
cores L 514 and 504. 
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When measuring porosity, the measurements with gas gave consistently higher values 
than those performed with water; the porosity values obtained with water were around 
80% of those obtained with gas. The reason for this could be either a residual gas 
saturation in the core, which was not reduced further despite flooding with water
saturated CO2 , or the presence of pores which are inaccessible to water.The values for 
porosity were between 0.46 and 0.75%

• The gas permeabilities corrected after 
Klinkenberg were between 0.55 and 6.5 10-18m2 and the water permeabilities were 
between 0.49 and 5.41 10-18m2. 

Figure 20 shows the water permeability plotted against porosity determined using 
water. While the water permeability values have a relatively wide bandwidth of an order 
of magnitude around 10-18m2

, the porosity is consistently low with n = 0.6. As is the 
case with the permeabilities, the corresponding gas porosities are somewhat higher. 

Figure 21 shows the influence of pore saturation on the relative permeabilities (single 
values) measured for gas and water after complete saturation of the cores. The 
incomplete curve for relative water permeability is an indication of the poor resaturation 
behaviour of crystalline rocks (residual gas saturation). Only from a desaturation of 
around 150/0 is there a clear increase in the relative gas permeability - simultaneously 
with a decrease in the relative water permeability by an order of magnitude. The shape 
of the permeability curve for gas below a water saturation of 50% is uncertain as the 
absolute perm'eability of kr = 1 is normally only expected on complete desaturation. 
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The evolution of capillary pressure as a function of saturation is shown in Figure 22. 
The gas injection pressure must first exceed a threshold pressure of 0.5 to 0.8 MPa to 
allow the largest capillaries to be desaturated. 

The capillary pressure curve rises steeply with increasing pressure; a plateau, such as 
is frequently encountered in the case of homogeneous sandstones, is completely 
absent. This can be taken as an indication of a wide scatter of fracture aperture 
distribution. For technical reasons, the end value of the measurements was reached at 
6 - 8 MPa. The relevant theoretical pore entry size is 17.5 nm. No end value can be 
recognised for water saturation which cannot be reduced further. Since these are 
single measurements, it is not possible to show a bandwidth for the measured values. 

3.3 Results of laboratory investigations 

In the undisturbed, mechanically intact crystalline matrix zones, the pore space which 
is available for fluid transport is made up predominantly of connected intergranular 
pores. Together with the pores which are oriented parallel to the mica foliation and a 
few transgranular and solution pores, the web-like pore space system of the grain 
boundaries forms a tightly branching network. Isolated, hydraulically impermeable 
matrix zones are almost completely absent, as are microfractures and pore channels 
with large apertures. The pore size determined from thin section investigations is in the 
order of 1 mm. 

The formation water which is initially present in the intergranular pore space between 
the grain boundaries is difficult to displace hydraulically. Draining of the pores begins 
only above an average threshold pressure (gas injection pressure, equated here with 
capillary pressure) of 0.5 to 0.8 MPa.The steep rise of capillary pressure curve and the 
absence of a pressure plateau with increasing drainage indicate an even distribution 
with no maximum in the pore entry size. The smallest pore hydraulically active pore 
size was calculated to be 17.5 nm for a capillary pressure over 6 MPa. The residual 
water saturation of around 500/0, which cannot be reduced further even at such high 
pressures, is explained by even smaller pore widths and the high connate water 
component in the mica. A significantly higher degree of desaturation with a residual 
water saturation « 500/0 can be achieved by drying the rock (draining as a result of 
diffusion of water vapor). However, this is not realistic for the present consideration of 
hydraulic two-phase flow. Measurement of the so-called reference permeability carried 
out on such completely dried cores confirms the low absolute permeability of the 
Grimsel Granodiorite observed in previous experiments (KULL et aI., 1993). With 
permeability values between 0.5 and 6.5 10.18 m2 and a porosity of 0.4 to 0.8 vol-% 
(exceptionally> 10/0), the matrix zones can be considered as being hydraulically very 
tight. Depending on the saturation state in each case, the corresponding relative 
permeabilities decrease considerably. With 30% drainage, the relative permeability 
drops by around 1 order of magnitude for water. Below a saturation level of around 
50%, the hydra.ulic flux breaks down. For the near-tunnel rock zone which has been 
partially desaturated by the ventilation process, this means that only very little moisture 
can reach the tunnel via the impermeable matrix zones. 
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4 IN SITU MEASUREMENTS 

4.1 Geological situation 

The ventilation test tunnel is approx. 80 m long (see Figure 23) and was excavated in 
1983 in the southern section of the Test Site (west of the KWO main access tunnel) in 
a virtually undisturbed area of rock of the Juchlistock. It is divided by two mining 
cushions into a forward (450 - 480 m) and a rear (480 - 521 m) chamber. 

Fig. 23: 
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Besides matrix zones, the geological situation in the vicinity of the forward chamber is 
characterised by an 8 to 14 m wide, strongly textured shear zone (tunnel metres 465 -
475 m). The orientation of the fractures in the shear zone is more or less parallel to the 
cleavage planes. The dip of the shear zone is subvertical - the same as that of the 
cleavage plane in the Grimsel crystalline rock. Lamprophyre dykes cross the tunnel at 
461 m and 502 m. Open, communicating fracture systems are either absent in the 
vicinity of the ventilation test tunnel or have not been identified in investigations to date 
(KEUSEN et a!., 1989; VOMVORIS & FRIEG, 1992; KULL et a!., 1993). 



- 33 - NTB 94-04E 

4.2 Locations of the boreholes 

The tunnel cross-section is more or less circular, with a diameter of 3.5 m; the cross
sectional area is 9.6 m2

• The total volume of the cylindrical tunnel is 722 m3
• The tunnel 

surface area or cylindrical mantle surface area is approx. 825 m2
• Depending on the 

topography, the overburden up to ground surface is around 400 m. Other tunnel 
systems are located at a distance of 40 m (migration) and 75 m (main access tunnel) 
from the ventilation tunnel. There are no tunnels to the west of the test location. An 
extended cavern has been blasted at the entrance to the tunnel to house technical 
installations (air-conditioning plant, data acquisition system). 

Eight observation boreholes cover a volume of rock of approx. 320,000 m3 (80 m x 80 
m x 50 m; Figure 44). 

The two exploratory boreholes drilled from the KWO tunnel cross the roof of the VE 
tunnel at a distance of approx. 6 - 7 m and the packed-off zone extends a maximum of 
40 m to the west and 45 m to the east of the VE tunnel. The boreholes running parallel 
to the VE tunnel (SOVE 84.011 and 84.018) are at a distance of 1.3 and 3.5 m 
respectively, while the boreholes which are normal to the shear zone (SOVE 88.001 to 
88.003) extend up to 30 m into the overlying rock and 20 m into the underlying rock. 
The borehole SOVE 88.004 was drilled at an acute angle to the shear zone and 
reaches a maximum radial distance of 41 m. All the boreholes have a diameter of 86 
mm and were equipped with packers directly after completion. The borehole network 
with the packer positions in the individual boreholes is shown shcematically in Figure 
23 in a horizontal projection. The spatial arrangement of the boreholes in vertical 
sections is shown in Figures 25 and 26. 

The locations, lengths and measurement intervals of the boreholes are listed in Table 
2. The individual measurement intervals are also allocated to matrix zones and to the 
shear zone. The polygonal points in the VE cavern (PP 437) and at the end of the VE 
tunnel (PP 520) were used to calculate the borehole coordinates. 
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Appendices 1, 2 and 3 give the information required for evaluating the measured 
hydraulic data, namely the spatial locations of the packers, the interval positions 
(Figure 23), the pressure and flow measurement positions (near, middle and far) and 
the radial and vertical distances of the measurement intervals. 

In order to determine the radial distances of the measurement positions in the borehole 
intervals from the VE tunnel, the tunnel axis was taken as a reference point. As was 
the case for the coordinate data, the data on the positions assume a viewing direction 
towards the deepest point of the borehole. 

Fig. 26: 
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Schematic representation of the radial distance of the measurement points 
to the tunnel axis. 

When calculating hydraulic potentials from measured pressure values, the overlying 
and underlying water column (with altitude correction) has to be taken into account 
(Fig. 27), since the measurement of formation water pressures is performed outside 
the borehole intervals in the VE cavern. The openings of the pressure measurement 
lines (DM) in the boreholes are always located on the end of the interval facing the 
mouth of the borehole, while those for the flow lines (Q) are always towards the bottom 
of the borehole. The centre of the measurement interval (M) represents a general 
reference point. 



NTB 94-04E - 36 -
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The greatest distance is between the measurement inteNals of borehole SB 80.005 
and borehole SS 83.001 with L = 86 m (M1/M6) and L = 87 m (M5/M1) respectively. 
The distances between the measurement intervals which delimit the shear zone are 
between L = 2 m (SaVE 84.011/4 and BaVE 84.018/2) and L = 50 m (SB 80.005/4 
and BaVE 84.011/2). 
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4.3 Ventilation experiments 

The concept for the ventilation test is based on measuring the volumes of moisture 
taken up by a ventilation current in largely homogeneous sections of rock (KULL et aI., 
1993). Moisture balancing is performed in tunnel sections which are isolated from the 
remainder of the tunnel system (ct. Chapter 4.3.1, vaporization principle). Taken 
together with measurements of hydraulic pressure distribution in the rock in the tunnel 
near-field, this allows the permeability of the rock formation to be calculated. 

A basic prerequisite for performing a ventilation test are defined climatic conditions in 
the isolated tunnel sections which cannot be influenced by external climatic 
fluctuations. In order to ensure that this is the case, constant volumes of air with known 
humidity and temperature are blown into the measurement section in question using a 
closed circulation system. 

The moisture entering the tunnel from the rock formation is taken up by the ventilation 
current and then condensed out in the cooling trap of the air-conditioning plant. The 
resulting amounts of water are measured using a volumetric system. 

At the same time, the hydraulic pressure distribution in the rock is measured in 
observation boreholes which are oriented parallel and perpendicular to the test tunnel. 

4.3.1 The vaporization principle 

The description of release of water from the rock during various climatic states in the 
ventilation test tunnel is based on the working hypothesis of the so-called IIvaporization 
principlell which is shown schematically in Figure 28. 

According to this hypothesis, the process of phase transition from fluid water to 
gaseous water vapor, i.e. vaporization at the free water surface, follows the partial 
pressure differences in the air, which can be described by the ideal gas law equation 
(after BOYLE & MARIOTTE): 

p·V=n·R·T 
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Fig. 28: Vaporization principle. 

For the problem in hand, the behaviour of water vapor which deviates from the gas law 
is ignored. 

with: 

p 

V 

m 
M 
T 

= 

= 

water vapor partial pressure 
(saturation pressure) 
molar volume of water vapor 
(1 mole water vapor == 22,413 litres 
or 0.022413 m3

) 

m mass 
n = mole· watervapor = -- = -----

M lnolecularweight 

= 
= 
= 

mass of water vapor 
molecular weight H20 
absolute temperature 

[-] 

[kg] 
[kg] 

[Kelvin] 



- 39 -

If the equation for the ideal gas law is adapted for n, there results: 

m p·V 
n=-=--

M R·T 

and 

p·V·M 
m = :=:} water vapor content 

R·T 
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In the modelling Chapter, the water content is also given in molar fractions. What is 
meant by this is the water vapor component of a reference volume - the reference 
volume in the Chapter in question being a cubic metre of air. A cubic metre of air 

1000 
corresponds to = 44,616 moles of a gas. The dynamic process of mass 

22,413 
balancing follows FICK's 1 st. law: 

with: 

m 
A 
0 
~p 

~x 

• ~p 
m=-D·A·

Ax 

= mass flux 

= vaporization surface 

= diffusion coefficient in air 

= density 

= layer thickness 

[kgs-1
] 

[m2
] 

[m2s-1
] 

[kgm-3
] 

[m] 

The literature value for the diffusion of water vapor in air is 10-2 m2/day (LANDOL T
BORNSTEIN, 1969). 

In order to calculate a mass flux over a surface A = 1 m2 and a layer thickness of 1 
m M 

metre, ~p is replaced by.~ -=--. ~p, where Dp - the partial pressure difference -
V R·T 

is the controlling parameter. 
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Fig. 29: Schematic illustration of the ventilation test procedure. 

Tab. 2: Ventilation phases with climatic conditions. 

Phase Beginning End Type Expected 

T(OC) r.H. 

Null Nov. 1991 02.06.92 Calibration 12-13 99.9% 

la 02.06.92 03.07.92 Warming I 20 99.9% 

Ib 03.07.92 03.08.92 Drying I 20 70% 

lIa 03.08.92 28.09.92 Warming II 30 70% 

lib 28.09.92 09.11.92 Drying II 30 60% 

lila 09.11.92 14.12.92 Warming III 40 99.9% 

Ilib 14.12.92 14.01.93 Drying III 40 10(0.0)% 

IV 14.01.93 12.02.93 Warming with 50 10% 
drying 

V 12.02.93 09.03.93 Warming 50 99.9% 
without drying 

VI 09.03.93 22.03.93 Cooling >10 99.9% 

*29.12.92 

, .. ... , 

Actual Values 

T(OC) r.H. 

14 94% 

19 84% 

18 67% 

29 70% 

29 62% 

39 43% 

40* 15% 

42 14% 

42 34% 

20 37% 
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4.3.2 Experimental procedure 

The dependence of the rate of water influx into the rear measuring chamber on air 
temperature and relative humidity was investigated in five ventilation phases. Table 2 
gives data on climate for the different phases, as well as the time periods assumed as 
boundary conditions for the water inflow measurements. The air temperature was 
increased gradually over several phases (la-V) from approx. 13°C (normal rock 
temperature) to over 42°C. The relative humidity was then lowered (drying phases Ib
IV) once a temperature equilibrium had been reached between the tunnel air and the 
rock. 

Fig. 30 shows the evolution of saturation pressure (water vapor partial pressure) during 
the heating and drying phases. The corresponding evolution of relative humidity and air 
temperature - measured in the exit air flow - is given in Figures 31 and 32. 
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Fig. 30: Water vapor saturation pressure during the ventilation phases. 
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Fig. 31: Relative humidity of exit air (ventilation phases I-VI; 6.4.92 - 11.5.93). 
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Fig. 32: Temperature of exit air (ventilation phases I-VI; 6.4.92 - 11.5.93). 
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4.3.3 Measurement results and analysis 

The inflowing water volumes measured during the various ventilation phases are 
shown in Figure 33. For comparison purposes, the corresponding gradients (a in I/day) 
are also given. During the calibration phase, i.e. no ventilation of the measuring 
chamber, the inflowing water volume was approx. 0.08 I/h. 

Due to the shift in saturation temperatures, no water inflow was measured in the 
subsequent warming phases (la, lIa, Ilia and V). 
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Inflowing water volumes as a function of ventilation conditions (6.4.92 -
11.5.93). 

The inflowing water volume during drying phase Ib was 0.58 I/h, which corresponds to 
a diffusion coefficient of approx. D = 0.2 m2/d. The measured rate decreased during 
drying phase lib from 0.29 to 0.08 I/h, which is equivalent to the free water inflow 
without vaporization component measured during the calibration phase. 

During drying phases IIlb and IV, water releases of 0.7 I and 0.751/h respectively were 
measured, corresponding to a diffusion coefficient of D = 0.02 m2/d. 

No free water inflow was measured during cooling phase VI. The rise in relative 
humidity is not proportional to air temperature, which indicates a decrease in absolute 
water content; this can be explained by the onset of resaturation in the rock, which can 
already be seen in the shape of the curve at the end of heating phase Ilia. 
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Besides determining the long-term pressure evolution, the purpose of the pressure 
measurements performed in over borehole 30 intervals was also to determine pressure 
distribution and the effective hydraulic gradient in the tunnel near-field, and to analyse 
periodically recurring pressure fluctuations and pressure interference caused by 
packer tests. 

The highest formation water pressures of over 22 bars were measured in intervals 
(matrix zones) of boreholes SS 83.001/1, SS 80.005/1 and SOVE 88.004/1. In terms of 
the radial distance of these intervals (centre-point), they are the furthest away (more 
than 30 m) from the VE tunnel (ct. Figure 34). 

The formation water pressures in the intervals nearer to the tunnel (closer than 5 m) 
are somewhere between atmospheric pressure and 6.6 bars (SOVE 84.018/1). The 
maximum pressures in the near-tunnel shear zone intervals vary between 1.6 bars and 
3.4 bars. 

In the shear zone intervals located between 14 and 27 m from the VE tunnel, formation 
water pressures of up to 13 bars (SOVE 88.004/2) were measured. 

With average annual pressure fluctuations of 0.04 and 0.8 bars (influences from 
ventilation of the rear chamber excluded), there appears to be no tendency of a 
continuing drop in pressure and the pressure distribution can thus be considered to be 
quasi-stationary. 

Fig. 34: 
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With only a few exceptions, tidal effects, i.e. periodically occurring pressure 
fluctuations, were detected in all the measurement intervals. On average, the 
gravitational effects of sun and moon cause pressure fluctuations of 5 to 10 mbars in 
the intervals. These typical fluctuations are absent in near-tunnel intervals of borehole 
saVE 84.011 (forward chamber) and frequently in the intervals close to the mouths of 
the other boreholes. An example of a typical tidal event and the pressure evolution 
without tidal effect is given in Figure 35. 

According to current understanding, the water level fluctuations in the nearby Grimsel 
and Raterichsboden reservoirs exert the greatest influence on the pressure evolution in 
the individual intervals. The pressure resonance in the intervals is generally temporally 
offset, which indicates that it is dependent on the particular location of the interval. The 
water level fluctuations shown in Figure 36 for the time period April 1992 to July 1993 
correspond to around 50 m of water column. By way of comparison: the corresponding 
pressure resonances in the boreholes are 0.2 to 0.8 bars. 

C? 
a.. 

1.5 GTS I BOVE 84.018/M2 

~ 
Q) :s 1.0 
en 
en 
Q) 
l0-

a.. 

0.5 GTS I BOVE 84.011/M4 

0.0L----------L----------~--------~----------~--~~--~ 

Time period [days] 

Fig. 35: Pressure evolution in BaVE 84.018/M2 (tidal effect) and BaVE 84.011 IM4 
(partially saturated) from 25. - 30.6.1992. 
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Fig. 36: Water level fluctuations of the Grimsel and Raterichsboden reservoirs. 

The temperature increases during the ventilation phases in the rear chamber exerted 
an influence on the pressure distribution of the nearest measurement intervals. This is 
very clear for the example of pressure evolution in interval M3 of the exploratory 
borehole 83.001 (cf. Figure 37). The interval pressure increases at the beginning of a 
heating phase, while the drying phases are characterised by a slight drop in pressure. 
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Pressure evolution in borehole SB 83.001/3 during the ventilation phases 
(6.4.92 - 11.5.93). 

Stopping ventilation in the rear chamber caused pressure fluctuations in the nearby 
measurement intervals of up to 2.5 bars. The pressure level reached in these intervals 
at the end of 1993 was well below the starting level for the ventilation phases. 

In the near-tunnel intervals in the area of the forward measuring chamber, the effects 
of the atmospheric pressure fluctuations occurring in the tunnel system of the GTS 
were particularly marked. No tidal effects could be observed in the intervals in 
question. Setting up the Nagra experiment in the forward chamber presumably led to 
the pressure fluctuations which were observed in the adjacent measuring intervals. 

During the series of constant rate tests in measurement interval M1 in borehole BOVE 
88.001, positive pressure interferences of 0.005 to 0.15 bars occurred only in isolated 
intervals in boreholes BOVE 88.002 and SB 80.005. The new instrumentation installed 
in borehole 84.011 caused higher negative pressure resonances of 0.7 to 1.6 bars in 
adjacent borehole intervals. Regrouping of the packers resulted in a higher pressure 
level being reached in some borehole intervals. 

The reason for the sudden jumps in pressure which occurred at the beginning of 1993 
in intervals M1 and M4 of borehole 84.011 and M1 in borehole 88.004, and in October 
1993 remains the subject of speculation. At the times in question, the only activity was 
to switch the air conditioning off and on. 
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To summarise, the following can be concluded: 

Water inflow from the rock was measured in a 40 m long tunnel section at 
temperatures of 13 to 42°C and relative humidities of 94 to 14%. 

- During the individual ventilation phases, the measured water inflow rates rose from 
0.08 I/h to 0.75 I/h. Calculated over the tunnel surface area, this corresponds to 
rates of 0.05 10-3 ml/(s m2

) and 0.5 10-3 ml/(s m2
) respectively. The rise in water 

inflow rate is explained by vaporization of porewater being released as a result of 
diffusion of water vapor. 

- The decisive parameter is taken to be the water vapor partial pressure (ratio of 
saturation pressure of tunnel air to the partially saturated pore space in the rock). 
This leads to drying-out and desaturation of the rock. 

- The drying-out process slows down as the extent of the partially saturated zone 
increases. It is assumed that the non-linear increase in the water inflow rates can 
be explained by the longer path-lengths of the pore channels (intergranular pore 
space) and the acting capillary pressures. The reduction 'in the apparent diffusion 
coefficient (calculated according to the vaporization principle) from 0.2 m2/d to 0.02 
m2/d also appears to confirm this assumption. 

- Although the hydraulic gradient is increased by the warming in the tunnel (rise in 
pressure level), it is still not sufficient to prevent desaturation. 

- The pressure fluctuations in the rock - particularly the tidal effects - indicate that the 
rock is at least partially desaturated to a depth of around 2 metres. 

4.4 Hydraulic packer tests 

Two hydrotests (constant rate) were performed in order to determine the model flow 
conditions and flow boundaries in the matrix zone and in the adjacent shear zone, as 
well as the rock permeability. 

In the first test, water was injected into interval M1 of. borehole 88.002 with an initial 
flow rate of 15 ml min-1

• Pressure measurements were carried out in boreholes 
88.001/1, 80.005/1 and 80.005/2 in order to identify interference effects. Because of 
influences from the rock which could not be fully explained, there was an abrupt rise in 
pressure after only a short time (3.3 h), which meant that the flow rate had to be 
reduced to 10 ml min-1 and then to 5 ml min-1 (Figure 38). 

After around 215 hours, the borehole was closed and the drop in pressure recorded. 
During this static pressure recovery period, pressure increases were observed in all 
boreholes; these were presumably caused by variations in the water levels in the 
reservoirs and, from this point on, the measured pressure values cannot be included in 
the analysis. The program Interpret/2 was used to analyse the test results. 

The second packer test was performed in borehole 88.001/1 with a constant injection 
rate of 1 ml min-1 (Figure 39). 

Injection phases 1 and 2 were abandoned due to fluctuations in the flow rate. Only 
during the third phase could a sufficiently constant flow rate be ensured for the results 
to be included in the analysis. 
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Fig. 38: Pressure evolution in injection borehole SaVE 88.002/1. 
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Fig. 39: Pressure evolution in injection borehole SaVE 88.001/1. 

4.4.1 Analysis 

The final phase (pressure recovery) in borehole 88.002/1 was interpreted first. Models 
1 to 3 below were used for analysing the test results; all three models contain borehole 
storage and skin effects as internal boundary conditions (ct. Figure 40). 

Model 1 Model 2 Model 3 Model 4 ModelS 
- dual porosity - composite - dual porosity & - homogeneous - dual porosity 
- wellbore - wellbore composite - line source - line source 

storage & skin storage & skin - wellbore - infinite - infinite 
- constant - infinite storage & skin 

pressure - constant pressure 
boundary boundary 

For models 1 and 3, a simple constant pressure boundary was assumed as the 
external boundary condition. Model 2 was considered to be infinite and composite 
behaviour is assumed as the flow geometry. The characteristic of this geometry is that 
changes in formation properties such as permeability and storativity occur at a certain 
distance from the borehole. Dual porosity conditions were assumed as flow geometry 
for models 1 and 3, but composite properties were also considered in model 3. 
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Analysis of the final phase showed that, when fitting the measured pressure data to the 
modelled curves, the agreement is very good for models 1 and 3 in particular, with 
model 3 giving the better agreement (Figure 41). 

Simulation of the whole test procedure, i.e. taking the injection phase into 
consideration, was not possible with any of the three models. The simulated pressures 
for the injection phase were clearly above the measured values, which can be 
explained by changes in hydraulic properties during injection. Changes in the formation 
properties mean that no consistent parameter sets can be obtained. 

Fig. 40: Schematic representation of the composite model. 
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Simulation and comparison of pressure evolution in borehole SaVE 
88.002/1 (composite model). 

The high skin factors in all three models are taken as an indication of the deviation of 
the actual from the theoretical flow model. The same is true for the unrealistically high 
radius of influence. 

The permeabilities of 1.8-17 m2 and 3.3-17 m2 obtained from models 1 and 2 
respectively are around an order of magnitude higher than the value of 4.1 10-18 m2 

obtained from model 3. The composite radius of 1 m in model 3, i.e. the distance from 
the borehole in which the formation properties (particularly permeability) change, lies in 
the area of the shear zone evidenced from geological core logging and considered in 
the model as a constant pressure boundary. None of the models indicates the 
presence of more highly permeable elements such as fractures in the area of rock 
under consideration (radius of investigation approx. 2 m). 

Because of the changes in h¥draulic properties during injection and the associated 
change in rate from 15 ml min- through 10 ml min-1 to 5 ml min-\ the injection process 
had to be divided into three flow phases. Each of the three phases was analysed 
individually; because of the changes in rate, phases 2 and 3 are each influenced by the 
preceeding phase. 

The rise in pressure during constant injection is explained by a change in the flow 
resistance. Model 3 was selected for simulating this behaviour. Considered for each 
individual flow phase, the fitting of the model curves to the measured data was 
satisfactory. A comparison of the simulations based on the parameters of the individual 
phases shows clear discrepancies for the complete test duration. The final phase in 
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particular cannot be reproduced even approximately with any of the parameters. This 
can also be taken as an indication of the change in the flow properties in the area of 
rock formation under investigation. 

For the given conditions, the skin factors, with values between 54.6 and 72.7, and the 
large radii of influence of 174m to 201 m are too high, which indicates a deviation from 
the theoretical flow geometry. The permeabilities measured for all three flow phases 
are within the same order of magnitude - between 2.4-16 m2 and 5.0-16 m2 

- and are 
thus clearly higher than the values obtainf3d from the final phase. 

Interference effects caused by injection in the active borehole 88.002/1 were measured 
in boreholes 88.001/1, 80.005/1 and 80.005/2. The largest influence was recorded in 
88.001/1, with a rise in pressure to 821 kPa at a rate of approx. 10 kPa per day. The 
other two boreholes showed a rise in pressure at a rate of approx. 3 kPa/day. 
Compared with borehole 88.001/1, in which the pressure dropped again after reaching 
a maximum, the pressure in boreholes 80.005/1 and 80.005/2 continued to rise 
slightly. This behaviour can only be explained by extraneous effects which are 
independent of the test procedure. 

Two further models (4 and 5) had to be used to describe the behaviour of borehole 
88.001/1 J with only the final phase of the test being evaluated in this case. 

Models 4 and 5 have a line source as an internal boundary condition and were 
considered to be infinite. Model 4 takes into account homogeneous formation 
behaviour and model 5 the dual porosity system. 

The permeabilities determined using the two models are practically the same, with 
values of 2.5-17 m2 and 2.3-17 m2

• The radii of influence are very high with 161 m to 190 
m, which can be explained by unsatisfactory description of the modelling assumptions. 
In order to evaluate the interference effects in boreholes 80.005/1 and 80.005/2, the 
third flow phase was analysed using model 4. Analysis of 80.005/2 gave a permeability 
of 4.5-17 m2

, which is more or less the same as for borehole 88.001/1, while the 
permeability around 80.005/1 is significantly higher with 2.0-16 m2

• This indicates that a 
further shear zone is present in this area. 

A sudden rise in pressure occurred during the constant rate injection phase. If errors 
due to the instrumentation are ruled out, this can only be explained by a change in the 
formation behaviour, i.e. worsening of the permeability. Based on this observation, the 
flow rate could not be held constant and was reduced twice during the injection phase. 
The result is that the pressure evolution during the flow phase cannot be fully 
evaluated. 

Analysis of the interference effects is made difficult by the relatively small pressure 
differences and external influences such as reservoir water level changes. Because of 
the wide scatter in the data, it was not possible to fully fit the simulated pressure 
evolution to the measured values. 

The final test phase was apparently undisturbed. The best agreement for pressure 
evolution was obtained with model 3, a combined dual porosity-composite model. 

For evaluating the second hydrotest in borehole BaVE 88.001/1, the following three 
models were used to simulate the final test phase. 
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Fig. 42: Simulation and comparison of pressure evolution in borehole 88.001/1 
(composite model). 

The final phase and the flow phase were reproduced very well with the composite 
approach (model 1) and produced more or less identical parameter sets (Figure 42). 
Satisfactory fitting was also possible over a wide range with the other two models. 

Analyses gave a permeability value in the order of 2 10-18 m2
, a small negative skin 

effect and a wellbore storage coefficient which is around double the theoretical value. 
The storage coefficient and the negative skin effect indicate fracturing in the borehole 
near-field (composite) of the test interval. The influence of a constant pressure 
boundary at a distance of 22 m from the active borehole could also be seen in the 
analyses. This theoretical pressure boundary could be correlated with a shear zone 
which was mapped during the geological tunnel and drillcore logging. 

Neither the test in borehole 88.002/1 nor that in 88.001/1 give any indication of marked 
fracturing with increased transmissivity. 
The results can be summarised as follows: 
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- Analysis of the packer tests in the boreholes BOVE 88.001/1 and 88.002/1 gave no 
indication of the presence of hydraulically active structures, e.g. discontinuity 
systems, in the near-vicinity of the VE tunnel. 

- It proved particularly difficult to fit the simulated curves to the measured pressure 
data. One reason for this could be the selection of the theoretical flow model or the 
flow boundary conditions. The best fit was obtained with a composite model. 

- The calculated permeabilities are in the order of 10.18 m2 and therefore in the range 
of values measured to date for the granodiorite. 
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5 MODELLING 

The ventilation experiments have shown that volumes of inflowing water are dependent 
on climatic conditions such as temperature and humidity. Investigations performed by 
Nagra in the immediate vicinity of the tunnel wall have confirmed that a partially 
saturated zone is formed (FRIEG & VOMVORIS, 1994). 

Based on the information obtained in Phase" (1989-91; ct. KULL et aI., 1992), the 
company GOLDER/Celie was requested to carry out modelling studies using the 
ECLIPSE program developed by INTERAIAustin (USA). These studies were also to 
take into account two-phase flow conditions in the tunnel near-field. The development 
with time of a partially saturated zone was modelled using a two-phase flow approach 
with and without consideration of vaporization effects (diffusion). 

The following objectives were set for the modelling studies: 

Dual porosity model Objectives 
Hydraulic model Calibration of pressure data measured in situ 
- Desaturation model Prediction of hydr. desaturation of tunnel near-field 

- Satu ration model Prediction of hydro saturation of tunnel near-field 

Diffusion model Model calibration (convective water flux) 
- Phase transport Study of desiccation processes 

- Component transportComponent Prediction of development of a partially saturated 

transport with diffusion zone due to convective and diffusive water flux 

5.1 Modelling assumptions 

BARENBLATT et al. (1960) define a dual porosity system as a matrix continuum 
surrounded by a fracture continuum (ct. Figure 43). 

This model concept was adapted for numerical modelling of the hydrological conditions 
in the area of the ventilation test tunnel, in that the shear zone is modelled with a 
higher microfracture density and is surrounded by a matrix with a lower permeability 
but a higher storativity. 

The actual matrix zones can therefore be seen as storage media which, depending on 
the pressure differences in each case, either release water to, or take it up from, the 
microfracture system of the shear zone for the case of single-phase flow. The main 
component of water movement thus takes place via the shear zone. 
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B2 Block model with 
matrix data 

Dual porosity model (according to WARREN & ROOT, 1963). 

Hydraulic model 

For numerical description of a partially saturated zone, the existing hydraulic model for 
single-phase water flow had to be expanded to two phases (air/water). 

Figure 44 shows the location of the ventilation tunnel in the model domain, together 
with the associated observation boreholes. 
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Fig. 44: Schematic 3D representation of the model domain. 

Based on this, a three-dimensional model with dimensions 80 x 80 x 240 m (x,y,z) was 
constructed. The model extends over 17 blocks in the X-direction, 19 blocks in the Y
direction and, because of the dual porosity, over 26 blocks in the Z-direction. The 
model therefore consists of a total of 8398 blocks.The area round the tunnel is 
discretised into 50 cm blocks. The shear zone was represented in such a way that the 
block grid takes into account the strike direction of 160 SW-NE and the dip direction of 
70 SE of the shear zone. 

Figure 45 shows a horizontal section in the plane of the ventilation tunnel. The 
locations of the tunnel, the structure of the shear zone and the locations of the 
boreholes can be clearly seen. 

The pressures measured in boreholes SB 800005, SB 83.001, VE 84.011, VE 84.018, 
VE 88.001, VE 88.002, VE 88.003 and VE 88.004 were used to fix the pressure 
boundary conditions. 
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Measurements have shown that there are clear differences in pressure levels at equal 
distances to the east and west of the ventilation tunnel. To the west of the drift, where 
the rock is undisturbed, the pressures measured are higher than those to the east, 
where the rock has been influenced by excavation of the migration drift and the main 
access tunnel. Regionally varying pressure boundary conditions therefore had to be 
assigned to the simulation model. 

The model was initially assigned a hydrostatic pressure distribution, which meant that 
the starting pressure at the level of the tunnel system was 4 MPa. The pressure 
boundary conditions introduced subsequently were adjusted approximately to 
pressures actually measured in certain area and assigned to the model edge in 
question, i.e. if the pressure in the edge blocks falls below this predetermined value, 
water flows into the model. A constant pressure is thus maintained in the edge blocks. 
A pressure of 2.2 MPa was assumed for the NW part of the model as the first packer 
interval of SB 80.005, which is located in this area, has a pressure of around 2 MPa. 
Calculations for the SW section showed that a pressure boundary condition of this 
order is insufficient, even though the pressure measured in the first interval of SB 
83.001 is around 2 MPa. A higher pressure of 2.6 MPa was therefore selected as a 
boundary condition. Measurements in the area to the east of the ventilation drift show 
a clearly lower pressure and the pressure at the eastern model edge was therefore set 
at 0.6 MPa. A zone with 1 MPa was located between the very high and very low 
boundary conditions to the north and south of the model domain. 

Table 3 gives the permeabilities and porosities used for different rock types. For 
Grimsel Granodiorite, the matrix porosity was taken to be 1 % and that of the fracture 
zone to be 0.0010/0. Depending on the model, the Rermeabilities of the matrix zones 
with the fracture zone were 2 10-19 m2 and 1 10-18 m2

, assuming an anisotropy ratio of 
1:2 and 1 :5. 

Because it is so narrow, the shear zone is assigned virtually no storativity. The 
permeabilities assumed for the shear zone are 5 10-18 m2 in the matrix zone and 
between 10-17 and 10-16 m2 in the microfractured zone. 
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Tab. 3: Anisotropy factors for porosity and permeability. 

Granodiorite matrix Shear zone 

Matrix Microfractures Matrix Microfractures 

Porosity (0/0) 1.0 0.001 1.0 0.001 

x: 0.25 x: 0.25 x: 5.0 x: 10-100 

Model 1 y: 0.25 y: 0.25 y: 0.25 y: 10-100 

z: 0.50 z: 0.50 z: 5.0 z: 10-100 

Permeability 2E-19 1 E-18 5E-18 1E-16 
[m2

] 

x: 0.2 x: 0.2 x: 5.0 x: 10-100 

Model 2 y: 0.2 y: 0.2 y: 5.0 y: 10-100 

z: 1.0 z: 1.0 z: 5.0 z: 10-100 

Model 1, with an anisotropy factor of 1:2 and· a shortened shear zone, was used to 
investigate the evolution with time of a desiccation zone. The pore space of the rock 
was initially assumed to be completely water-saturated and the tunnel was assumed to 
be a porous medium with very high porosity and permeability and an initial water 
saturation of 0.001208%. 

Relative permeabilities for air and water and capillary pressure curves derived from 
laboratory experiments on drillcores were used to describe the development of a 
partially saturated zone. The measurements showed that, because of the high connate 
water saturation of the crystalline core material, two-phase flow occurs only between 
around 55% and 100% water saturation; the threshold pressure (Pd) to be overcome is 
also relatively high with around 0.5 MPa. Depending on the degree of saturation in 
each case, there is a capillary pressure between two phases in a porous medium. 
Since two phases are also present in the tunnel, a capillary pressure also has to be 
taken into account for this location. According to COREY (1954; cf. Chapter 3.2), the 
relationship between capillary pressure (Pc) and water saturation is as follows: 

1 

Pc =[~eY. Pd 
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effective saturation of the wetting phase 
pore space structure factor 
threshold pressure 
capillary pressure 

[-] 

[-] 

[Pal 
[Pal 

whereby the threshold pressure Pd with a circular fracture aperture and water as a 
totally wetting phase is considered as 

with 

cr 
e 

4cr 
Pd=-

e 

= 
= 

surface tension 
fracture aperture 

[N/m] 
[m] 

With a surface tension for water of 0.073 N/m and an assumed fracture aperture of 3.5 
m (corresponding to the tunnel diameter), a theoretical threshold pressure of 0.083 Pa 
results. In order to achieve a good hydraulic connection between the tunnel and the 
pore space of the surrounding Grirnsel Granodiorite in the model, the factor I was 
selected in such a way that the capillary pressure for the tunnel approaches the 
threshold value for the Grimsel Granodiorite. The flow of both phases was seen as 
being equally possible. 

5.1.2 Diffusion model 

The effects of diffusive processes on the desiccation process were investigated using 
a two-dimensional block grid model. In addition, a row of matrix blocks with refinement 
at the tunnel/rock boundary was discretised (X-Z cross-section; 29 x 1 x 28 m with 812 
blocks; see Figure 46). 
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With the exception of the lower model edge (no flow), the model boundaries were 
defined as constant pressure boundaries. 

It was assumed in the two-dimensional model that the tunnel area is flowed through 
virtually horizontally by air. No sources or sinks (boreholes) were foreseen in this area 
and ventilation flow is realised by injection and extraction blocks which are "hung" onto 
the side of the two-dimensional model. 

The input parameters were taken over from the 3D model (ct. Tab. 4). In the 20 model, 
however, only the matrix zone of the rock in which, based on petrophysical 
parameters, the lowest convective flux occurs is taken into account. In contrast to 
previous investigations, only a simple porosity approach was used. The saturation 
functions, i.e. the relative permeability and capillary pressure curves for the 
granodiorite, also remained unchanged. The saturation functions for the tunnel are 
given in Figure 47. 

Tab. 4: Modelling assumptions (diffusion). 

Phase transport Phase transport Component Component 
model (20) model (20) transport (20) transport with 

diffusion (20) 

Dual pore space yes no no no 

Granodiorite 

Porosity 1% / 0.001% * 1% 1% 1% 

Permeability 2.5x10-19 m2 ** 2.5x1 0-19 m2 ** 2.5x1 0-19 m2 ** 2.5x1 0-19 m2 ** 

Capillary pressure Lab. investigations 
ReI. Permeabilities 

Tunnel 

Porosity 99% 99% 99% 99% 

Permeability 1x10-10 m2 1x10-iO m2 1x10-10 m2 1x10-10 m2 

Capillary pressure yes no no no 

ReI. permeability calculated 45° straight line 45° straight line 45° straight line 

Boundary 
conditions 

top constant pressure (2.14 MPa) 

left constant pressure (2.14 MPa) 

right constant pressure (0.54 MPa) 

bottom no flow 

*Matrixlfracture; **Same as for matrix/fracture 
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Water flow is initialised exclusively by diffusion effects which occur on transition of rock 
fluid into water vapor and its diffusion into the air in the ventilation tunnel. The relative 
permeabilities (krw, krg) for the tunnel (equivalent-porous) were assumed to take the 
form of intersecting 45° lines (cf. Figure 50). 

The approach used in the hydraulic model was also used in the phase transport model. 
The aim was to check the transferability of flow rates between the original three
dimensional model and the new two-dimensional one. 

The initialisation of this model therefore corresponds in the first instance to that of the 
3D model. For the pressure distribution, the corresponding values are taken over from 
the block row of the 3D model. The initial saturations were determined as follows: 

Tab. 5: Boundary conditions for initial saturation distribution. 

Tunnel Granodiorite 

Water saturation 0.00121% 100% 

Air saturation 99.99879% 0% 

A horizontal air flow in the tunnel area is generated using an injection and a production 
borehole in the two blocks hung on to the two-dimensional model (inflow and outflow 
side). The flow volume was initially 100 m3 per hour; with a tunnel cross-section of 
12.25 m2 this corresponds to an air flow with a velocity of approx. 0.002 ms·1

• 

The initial parameters are input directly for the component transport modelling. The 
pressure-saturation equilibria for a water vapor-air mix at 14°C are given in Table 6. 

Tab. 6: Pressure-dependent equilibria at 14°C. 

Pressure Air component in gas phase Water component in gas phase 

[MPa] [%] [0/0] 

0.06 97.80 2.20 

0.08 98.40 1.60 

0.10 98.70 1.30 

0.20 99.30 0.67 

0.50 99.73 0.27 

1.00 99.86 0.14 

2.50 99.93 0.07 

5.00 99.96 0.04 
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As was the case for the phase transport model, the pressure and saturation distribution 
were taken from the 3D model. The following assumptions were also made: 

- Each block in the area of granodiorite is initially assigned a gas saturation 
of 5%. 

- The mobility of the gas phase ceases below 5% gas saturation (residual 
gas). 

- Capillary pressure and relative permeability curves were compressed using 
the endpoint scaling option and adjusted for new saturation end-values. 

This modified model was used to investigate two variants. In both cases a constant 
ventilation rate of 100 m3/h was assumed. The relative humidity of the inflowing air was 
taken in one case as 30% and in the other as 70% and a diffusive flux was also 
considered in addition to convective flux. A diffusion coefficient of 0.2 m2/d was 
assumed for the water vapor-air system (LANDOLT-BORNSTEIN, 1969). 

5.2 Modelling results 

Air saturation in the pore space of the granite is observed only in the first two blocks 
around the tunnel (distance < 1 m) and is clearly below 0.1 %. Only in the shear zone is 
there a higher air saturation of less than 1 %. 

Fig. 48: 
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It can be seen in Figure 48 that the air saturation increases at the upper model edge. 
This observation can be explained by gravitative buoyancy caused by the difference in 
density between air and water. It is also possible that numerical inaccuracies in the 
calculations due to model boundary conditions (e.g. phase transitions, numerical 
dispersion) could influence the spatial saturation distribution. 

In a horizontal direction, air saturation is observed only in the immediate vicinity of the 
tunnel. In this case, the saturation in the shear zone is somewhat higher than in the 
lower-permeability granodiorite. 

The results of modelling a desaturated zone caused by hydraulic flux have shown that 
marked desiccation occurs only in the immediate vicinity of the tunnel. It is only in the 
area of the shear zone that higher air saturation occurs at a greater distance from the 
tunnel at the upper model edge. This can be explained by gravitative buoyancy of the 
air due to the difference in density between water and air. Assuming a stabilised 
desaturation state, model calculations were performed to determine resaturation due to 
hydraulic processes. 

In order to study the change in saturation in the tunnel near-field more closely, the 
block grid in this area was refined. For this purpose, the originally 1.1 metre wide row 
of blocks was divided into 5 rows with widths 10 cm, 10 cm, 20 cm, 30 cm and 40 cm. 
Figure 49 shows the spatial evolution of the desiccation zone for individual rows of 
blocks after terminating the ventilation test. A marked retreat of the desaturated zone 
can be seen after only six hours. After a further 12 hours, the air component has been 
reduced to around half of its original value. 
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With the exception of block row 14 in the shear zone, the difference in resaturation 
behaviour in the other block rows is negligible. In the shear zone area, resaturation 
occurs only to a very small extent in the area distant from the tunnel and the air 
component in the pore space remains practically unchanged. The block rows 5, 7 and 
11 show somewhat different behaviour in that the air component disappears almost 
completely within a short time. Only in the area close to the tunnel « 2 m) can a 
distinct air component be registered after 5 days. The calculations were performed 
over a period of 20 days. Even after this time there is no complete resaturation with 
water, although a steady state is reached in which the saturation alters only negligibly. 
This means that a partially saturated area remains in the immediate tunnel vicinity. 
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Fig. 50: Evolution of the desiccation zone in block row 14 (shear zone). 

In the shear zone area (ct. Figure 50), a partially saturated zone can also be 
recognised at a distance from the tunnel. Air saturation decreases in the tunnel vicinity 
and rises slightly at a distance. After the period of 20 days, no significant change in the 
saturation distribution can be observed. 

In the diffusion model, a convective water flux is generated by pressure gradients 
between the model boundaries (rock) and the tunnel. In the present case, a stationary 
flow rate of approx. 0.0003 m3/d (0.0125 I/h) resulted after around 10 years. 

Applying this rate in the three-dimensional model and in the measured values is beset 
with difficulties. The measured influx of 1.6 I/h (KULL et aI., 1993) occurred over a 27 
m long section of the tunnel which is divided into a low-permeability zone (matrix) and 
a higher-permeability zone (shear zone). The two-dimensional model, on the other 
hand, comprises only the matrix zone over a tunnel length of 5.5 m. Model calculations 
up till now coincide with in situ measurements in showing that a large part of the influx 
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into the tunnel occurs via the shear zone. It is assumed that only around 10% of the 
water flows in through the matrix zone. Based on the above assumptions, an influx of 
approx. 0.03 I/h (= 0.00072 m3/d) results for the area covered by the two-dimensional 
model. 

A water flux from the tunnel section of 0.0125 IIh was determined with the phase 
transport model. The sensitivity of ventilation to water inflow from rock to tunnel is 
shown in Table 7. 

Tab. 7: Water inflow into the ventilation tunnel. 

Ventilation Ventilation Ventilation 

1 m3/h 10 m3/h 100 m3/h 

Relative humidity of 70% 70% 70% 
inflowing air 

Relative humidity of 100% 83% 71.2% 
outflowing air 

Water discharge 0.00271/h* 0.01041/h 0.01041/h 
(vapor) 

Water discharge 0.008511h - -
(fluid) 

Water discharge 0.011211h 0.01041/h 0.010411h 
(total) 

* the tunnel atmosphere cannot absorb the total mOisture volume 

It can be seen from Table 7 that, in the modelling, there is apparently no dependence 
of water inflow on ventilation provided the air volume flux (Le. the ventilation rate) is 
sufficiently large to absorb the inflowing water. Different relative humidities in the 
tunnel result for the three ventilation phases, with the result that 

- the convective flux in the rock pore space is strengthened and water 
inflow into the tunnel increases 

- as a result of petrophysical parameters, the convective flux can no 
longer be increased and a partially saturated zone forms. 

Selected results of calculations using the component transport model are presented in 
Figures 51 and 54. 

Figures 51, 52 and 53 show the extent of the desiccation zone around the tunnel after 
one and two years for the assumption of air humidity of 30% and 70% in the ventilation 
tunnel. The lines represent equal air content in the pore space. 
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Fig. 51: 
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Vertical section through VE tunnel; gas saturation distribution (absolute) in 
the tunnel near-field after one year of ventilation with 30% relative humidity. 

The air distribution is initially identical for both cases, with a 100% air component in the 
tunnel and a 5% air component in the rock (residual gas). The Figures show only the 
increase in air saturation in the rock after one and two years respectively. In both 
cases, relevant desiccation in specific regions of the surrounding rock can be 
observed. In the case with 70% humidity, for example, the zone with an air component 
of 10% extends almost 1.5 m deep into the rock. In the case of 30% humidity, this 
figure increases to around 3 m. The geometric form of the desiccation zone is 
particularly noticeable; this can be explained by the initial pore pressure conditions in 
the tunnel vicinity. 
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58 

Vertical section VE tunnel; gas saturation distribution (absolute) in the 
tunnel near-field after one year of ventilation with 70% relative humidity. 

A flow of air from the tunnel into the surrounding rock must always be against the 
direction of convective flow (ventilation tunnel = pressure sink). While the left side. of 
the model has an initial pressure of 2.14 MPa, the right side has a pressure of only 
0.54 MPa due to the presence of other structures (main access tunnel, migration drift). 
As a result, convective flow in this region of the model is initially significantly smaller 
and the diffusive component dominates at least temporarily. The same is true for the 
area beneath the tunnel, where .there is also a significant drying-out of the rock pore 
space. 
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Fig. 53: 
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Vertical section VE tunnel; gas saturation distribution (absolute) in the 
tunnel near-field after two years of ventilation with 300/0 relative humidity. 

In order to check the sensitivity of the diffusion effect, the diffusion coefficient for the 
system water vapor-air was increased by a factor of 10 (diffusion water vapor-air; ct. 
Figure 54). Compared to the situation for the lower diffusion coefficient, there is (for a 
humidity of 70% in the tunnel) a significantly higher moisture invasion into the tunnel 
up to around 150 days. Thereafter the moisture invasion increased only slightly up to a 
time of 1 year. With a diffusion coefficient of 2 m2/d, it can be seen that the diffusive 
transport is sufficient to cause desiccation despite the higher hydraulic gradients. 
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58 

Vertical section VE tunnel; saturation distribution for a diffusion coefficient 
of 2 m2/d and 700/0 relative humidity. 

To summarise, it can be stated that: 

The desaturation behaviour of an area of rock was modelled using a 
hydraulic 3D model and a 2D diffusion model based on a dual porosity 
system. 

- The calibration of the hydraulic 3D model and the model boundary 
conditions for single-phase flow (water) was based on in situ and laboratory 
data. 

- Sensitivity studies were performed to look at the effect on the pressure 
distribution in the tunnel near-field of permeability anisotropies, shortening 
of the shear zone and local grid refinement. 

For modelling two-phase flow (water/air), relative permeabilities of water 
and air measured in the laboratory and the capillary pressure behaviour of 
the rock were taken into consideration. 
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- The simulation calculations performed with the 3D model for the period of 
desaturation and resaturation gave the following results: 

- Even after 12 years, air saturation in the granite can only be observed 
for the first two blocks around the tunnel and the value is well below 
0.10/0. 

- In the shear zone, a higher air saturation (values below 10/0) can also 
be identified at greater distances from the tunnel. This can only be 
explained by the higher permeabilities of the shear zone. 

- The observation that air accumulates at the upper model boundary can 
be explained by the difference in density (higher mobility) between 
water and air. 

- During resaturation, the air content in the pore space decreases 
significantly after a very short time (a few days). 

- After 20 days, with the exception of the shear zone only minimal air 
saturation can be detected; this cannot be further reduced to any 
significant extent. 

A comparison of these modelling results with observations made in situ makes it clear 
that vaporization processes (water vapor diffusion) have to be taken into account for 
formation of a desiccation zone. Modelling of such processes using a 20 diffusion 
model gave the following results: 

- Tunnel ventilation (drying of tunnel atmosphere) causes partial drying out 
of the pore space in crystalline rock, which is dependent on the diffusion 
coefficient. 

- The desiccation process resulting from diffusion is influenced by the 
convective transport field (in this case pressure conditions and pressure 
gradients) and by the relative humidity in the ventilation current. 

- The inflowing volumes of fluid are dependent on the relative humidity of the 
ventilation current. 
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6 HYDRAULIC ANALYSIS OF A PARTIALLY SATURATED ZONE 

In underground structures, the possibility exists that the natural saturation conditions in 
the rock pore space will be permanently altered. The extent and the significance of 
such alterations depend primarily on the initial conditions (initial saturation, facies, 
hydraulic properties, etc.) and their influence on safety-relevant parameters (water 
balance, matrix and fracture permeability, etc.). 

With respect to the phases gas and water, basically two saturation conditions -
saturated and partially saturated - have to be distinguished. In a rock with low matrix 
permeability which is normally completely water-saturated - for example around the 
ventilation tunnel at the GTS - hydraulic water flux is largely forestalled on transition to 
partially saturated conditions in the tunnel near-field; this can lead to errors in 
interpreting flow rate and permeability measurements and in the weighting of relevant 
water flow paths. 

The extent of a partially saturated zone in the rock depends to a large extent on the 
vaporization rate and pore radius distribution. While it is virtually impossible to 
desaturate very small pores (nanometre range) because of capillary suction, large 
pores and fractures (micrometre range) can be drained if the permeability in 
association with the hydraulic potential is not sufficient for continual water flow. This is 
also reinforced by vaporization effects and reduction of the effect of relative 
permeability on near-tunnel water flow. Where the deeper-lying, saturated matrix area 
is connected with a tunnel via spatially restricted fractures or higher-permeability 
zones, there is generally a delay in desaturation. 

In contrast to the situation for water flow, the possibility of a gas flux in the tunnel near
field only exists once a partially saturated zone has been created. Particularly due to 
differences in density, higher natural gas saturation (air) can be assumed above the 
tunnel roof; better flow conditions can therefore also be assumed due to the higher 
effective gas permeability. It should be taken into consideration that gas can penetrate 
far into the rock via fractures with large apertures and thus influences the flow 
conditions. However, without an additional source term (e.g. canister corrosion), this 
process can be considered to be reversible. 

Once a repository has been sealed, it can be assumed that there will be re-solution of 
the gas components as a higher hydraulic potential is re-established and that, within a 
finite time period, the rock will again become completely water-saturated. The partial 
desaturation of the tunnel near-field is a reversible process provided no gas is 
generated from the repository itself. 
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Appendix 1: Borehole designation and measurement intervals 

Azimuth Tilt Length Interval Interval length Geology 

[] [] [m] [m] [m] 

SaVE 84.018 208 +2 86.27 

1 st. meas. range 86.27 - 45.72 40.55 matrix 

2nd. meas. range 44.72 - 26.23 18.49 shear zone 

3rd. meas. range 25.23 - 18.87 6.36 matrix 

4th. meas. range 17.87 - 3.38 14.49 matrix 

SaVE 84.011 208 +2 105.52 

1 st. meas. range 105.52 - 86.39 19.13 matrix 

2nd. meas. range 85.39 - 43.53 41.86 shear zone 

3rd. meas. range 42.53 - 27.67 14.86 shear zone 

4th. meas. range 26.67 - 17.94 8.73 matrix 

5th. meas. range 16.94 - 3.98 12.96 matrix 

SaVE 88.001 356.4 -43.2 28.25 

1 st. meas. range 28.25 - 22.86 5.39 matrix 

2nd. meas. range 21.86 - 9.90 11.96 shear zone 

3rd. meas. range 8.90 - 2.01 6.89 matrix 

SaVE 88.002 338.5 +5.3 29.91 

1 st. meas. range 29.91 - 23.00 6.91 matrix 

2nd. me as. range 22.00 - 11.00 11.00 shear zone 

3rd. meas. range 10.00 - 3.00 7.00 matrix 

SaVE 88.003 173.4 +70.4 34.50 

1 st. meas. range 34.50 - 26.00 8.50 matrix 

2nd. meas. range 25.00 - 11.50 13.50 shear zone 

3rd. meas. range 10.50 - 4.50 6.00 matrix 

SOVE 88.004 243 +30.50 59.15 

1 st. meas. range 59.15 - 44.00 15.15 matrix 

2nd. meas. range 43.00 - 27.80 15.20 shear zone 

3rd. meas. range 26.80 - 15.50 11.30 shear zone 

4th. meas. range 14.50 - 4.50 10.00 matrix 

saVE 83.001 300 +1 139.50 

1 st. meas. range 139.50 - 134.00 5.50 matrix/shear z. 

2nd. meas. range 133.00 - 120.00 13.00 matriX/shear z. 

3rd. meas. range 119.00-105.00 14.00 matrix 

4th. meas. range 104.00 - 99.00 5.00 matrix 

5th. meas. range 98.00 - 83.00 15.00 matrix 

6th. meas. range 82.00 - 55.00 27.00 matrix 

SaVE 80.005 291 +1 100.00 

1 st. meas. range 100.00 - 94.00 6.00 matrix 

2nd. meas. range 93.00 - 81.00 12.00 matrix 

3rd. meas. range 80.00 - 60.00 20.00 matrix 

4th. meas. range 59.00 - 48.50 10.50 shear zone? 

5th. meas. range 47.50 - 31.20 16.30 matrix 
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Appendix 2: 

saVE 84.018 

PM 1 

PM2 

PM 3 

PM 4 

saVE 84.011 

PM 1 

PM2 

PM 3 

PM4 

PM 5 

saVE 88.001 

PM 1 

PM2 

PM3 

saVE 88.002 

PM 1 

PM 2 

PM 3 

saVE 88.003 

PM 1 

PM2 

PM 3 

saVE 88.004 

PM 1 

PM2 

PM3 

PM4 

saVE 83.001 

PM 1 

PM2 

PM 3 

PM4 

PM 5 

PM 6 

saVE 80.005 

PM 1 

PM2 

PM3 

PM4 

PM 5 
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Radial distance of the pressure measurement position (PM) to 
the tunnel axis 

Radial distance (far) Radial distance Radial distance 
[m] (mid) (near) 

[m] [m] 

6.06 5.71 5.40 

5.39 5.29 5.20 

5.19 5.17 5.14 

5.13 5.10 5.08 

3.98 3.77 3.57 

3.55 3.23 3.05 

3.04 3.03 3.03 

3.03 3.05 3.07 

3.07 3.13 3.20 

23.47 21.36 19.24 

18.45 13.77 9.09 

8.31 5.64 3.02 

24.89 22.26 19.60 

18.84 14.63 10.43 

9.67 7.01 4.39 

34.81 30.73 26.64 

25.67 19.19 12.70 

11.75 8.88 6.00 

43.32 37.94 32.60 

31.89 26.54 21.18 

20.47 16.49 12.51 

11.82 8.29 4.77 

39.07 36.40 33.75 

32.77 26.58 20.57 

19.67 13.79 9.55 

9.23 8.87 9.20 

9.51 14.06 20.44 

21.34 34.09 47.25 

35.16 32.25 29.33 

28.36 22.59 16.95 

16.04 7.88 7.99 

8.66 12.84 17.58 

18.51 26.70 33.66 
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BaVE 84.018 

PM 1 

PM 2 

PM 3 

PM4 

BaVE 84.011 

PM 1 

PM2 

PM 3 

PM4 

PM5 

BOVE 88.001 

PM 1 

PM 2 

PM 3 

BaVE 88.002 

PM 1 

PM 2 

PM3 

BaVE 88.003 

PM 1 

PM 2 

PM 3 

BOVE 88.004 

PM 1 

PM 2 

PM 3 

PM 4 

BaVE 83.001 

PM 1 

PM 2 

PM 3 

PM4 

PM 5 

PM 6 

BaVE 80.005 

PM 1 

PM2 

PM 3 

PM 4 

PM 5 
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Vertical distance of the pressure measurement position (PM) to 
borehole mouth/measurement point 

Height Height Height Height correc-
correction (0) correction (M) correction (PM) tion (PM) 

~[m] ~[m] ~[m] ~Z±dz [m] 

3.01 2.30 1.60 1.15 

1.56 1.24 0.92 1.15 

0.88 0.77 0.66 1.15 

0.62 0.37 0.12 1.15 

3.68 3.35 3.01 -0.42 

2.98 2.24 1.25 -0.42 

1.48 1.22 0.97 -0.42 

0.93 0.78 0.63 -0.42 

0.59 0.37 0.14 -0.42 

19.17 17.41 15.65 0.67 

14.96 10.87 6.77 0.67 

6.09 3.73 1.38 0.67 

2.76 2.44 2.12 0.68 

2.03 1.52 1.02 0.68 

0.92 0.60 0.28 0.68 

32.50 30.25 24.49 1.36 

23.55 17.19 10.83 1.36 

9.98 7.07 4.24 1.36 

30.02 26.18 22.33 0.78 

21.82 17.97 14.12 0.78 

13.60 10.73 7.87 0.78 

7.36 4.82 2.28 0.78 

2.43 2.39 2.34 -0.40 

2.32 2.21 2.09 -0.40 

2.08 1.95 1.83 -0.40 

1.82 1.77 1.73 -0.40 

1.71 1.58 1.45 -0.40 

1.43 1.20 0.96 -0.40 

1.75 1.69 1.64 -0.50 

1.62 1.52 1.41 -0.50 

1.40 1.22 1.04 -0.50 

1.03 0.94 0.85 -0.50 

0.83 0.67 0.54 -0.50 
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