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I 

Foreword 
 

Deep disposal of heat-emitting high-level radioactive waste (HLW) in clay formations 

will inevitably induce thermo-hydro-mechanical-chemical disturbances to the host rock 

and engineered barriers over very long periods of time. The responses and resulting 

property changes of the natural and engineered barriers are to be well understood, 

characterized, and predicted for assessing the long-term performance and safety of the 

repositories. 

In accordance with the R&D programme defined by the German Federal Ministry of 

Economics and Technology (BMWi), GRS has intensively performed site-independent 

research work on argillaceous rocks during the last decade. Most of the investigations 

have been carried out on the Callovo-Oxfordian argillite and the Opalinus clay by par-

ticipation in international research projects conducted at the underground research la-

boratories at Bure in France (MHM-URL) and Mont-Terri in Switzerland (MT-URL). The 

THM-TON project, which was funded by BMWi under contract number 02E10377, in-

vestigated the THM behaviours of the clay host rock and clay-based backfill/sealing 

materials with laboratory tests, in situ experiments and numerical modelling. 

The clay rocks were experimentally studied with respect to the following THM behav-

iour: 

 Short-term deformation, damage and induced permeability change, which will be 

produced by excavation of a repository; 

 Long-term deformation, which controls the closure process of the repository open-

ings and the integrity of the geological and engineered barriers; 

 Swelling capability, which may dominate the long-term sealing process of the dam-

aged zone surrounding the openings when water arrives; 

 Self-sealing of fractures in the damaged zone, which is presently one of the highest 

concerns in the assessment of the long-term performance and safety of the reposi-

tory because it has direct impact on the hydraulics and mechanics in the nearfield; 

 Thermal impact on the hydro-mechanical behaviour and the integrity of the natural 

host rock and engineered barriers. 
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Excavated claystone and claystone-bentonite mixtures were characterized as backfill 

and sealing materials with regard to the barrier functions in repositories: 

 Compaction behaviour of the backfill/sealing materials, which controls the interac-

tions with support linings and the surrounding rock, and also determines the evolu-

tion of the backfill porosity and hydraulic conductivity; 

 Permeability in relation with porosity, which controls the fluid transport and thus the 

hydraulic long-term barrier function of the backfill;  

 Water retention capacity, which influences the water saturation process and stor-

age, water/gas two-phase flow, and buildup of swelling pressure in the backfill and 

seals; 

 Swelling pressure in compacted claystone-bentonite mixtures is required for seal-

ing of possibly remaining gaps within the seals and seal/rock interfaces and for 

supporting the surrounding rock against damage propagation; 

 Thermal conductivity of buffer surrounding HLW containers, which controls the heat 

transfer and temperature distribution in the multi-barrier-system. 

In the frame of the Mine-By (MB) experiment in the MT-URL, the hydro-mechanical re-

sponses of the Opalinus clay to the excavation of the gallery G08 was monitored with 

measurement of porewater pressure in the surrounding rock. Additionally, the long-

term deformation of a borehole and the porewater pressure in the surrounding rock 

(DM-A experiment) were also measured. 

The coupled hydro-mechanical processes in the Opalinus clay during the in situ exper-

iments were simulated using the finite element programme CODE_BRIGHT developed 

by the Technical University of Catalonia (UPC) in Barcelona. In addition to that, the 

coupled thermo-hydro-mechanical processes occurring in the Callovo-Oxfordian argil-

lite during a heating experiment conducted by ANDRA at the MHM-URL were also 

modelled. 

The in situ experiments and the numerical modelling work are summarized in this sec-

ond volume, while the most important results and conclusions from the laboratory in-

vestigations on the clay rocks and clay-based backfill/sealing materials have been al-

ready reported in volume 1. 
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1 Introduction 

All over the world, clay formations are being investigated as host medium for geologic 

disposal of radioactive waste because of their favourable properties, such as very low 

hydraulic conductivity against fluid transport, good sorption capacity for retardation of 

radionuclides, and high potential of self-sealing of fractures. The construction of a re-

pository, the disposal of heat-emitting high-level radioactive waste (HLW), the backfill-

ing and sealing of the remaining voids, however, will inevitably induce mechanical (M), 

hydraulic (H), thermal (T) and chemical (C) disturbances to the host formation and the 

engineered barrier system (EBS) over very long periods of time during the operation 

and post-closure phases of the repository. The responses and resulting property 

changes of the clay host rock and engineered barriers are to be well understood, char-

acterized, and predicted for assessing the long-term performance and safety of the re-

pository. 

1.1 THM processes in the nearfield of a HLW repository 

According to the French and Swiss disposal concepts designed by ANDRA /AND 05/ 

and NAGRA /NAG 02/, respectively, the potential repositories will be located in the 

over-consolidated Callovo-Oxfordian and Opalinus argillaceous formations at depths of 

500 to 650 m below the ground surface. The corresponding lithostatic stress is in a 

range of 12 to 18 MPa. The highly-indurated clay rocks are initially saturated with for-

mation water. The designed thermal load from HLW is limited below 90 °C in the host 

rock. The repository openings will be backfilled and sealed with suitable materials. The 

main functions of the EBS are to stabilize the repository structures and to prevent re-

lease of radionuclides into the biosphere. The design of the repository systems is site 

dependent. During the repository operation and post-closure phases, complex THMC 

coupled processes will take place in the natural and engineered barriers. Key process-

es in the nearfield around a HLW disposal borehole are schematically illustrated in 

Fig. 1.1 for the operation and post-closure phases. The processes affect the properties 

of the host rock and the EBS. 

1.1.1 Key processes during the operation phase 

The operation phase is initiated with excavation of the access shafts, drifts and bore-

holes and lasts until the closure of a repository. Excavation leads to a redistribution of 
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the rock stress and the porewater pressure around the openings, particularly to a sharp 

gradient of the pore pressure and a high concentration of the deviatoric stress near the 

opening walls after relief of the radial stress component. This results in micro- and 

macro-fractures in the surrounding rock where the damage and failure criteria of the 

rock are violated. According to, /DAV 03/, /TSA 05/, the perturbed area may be divided 

into two zones: excavation damaged zone (EDZ) and disturbed zone (EdZ). The hy-

draulic conductivity of the EDZ near the opening walls may increase by several orders 

of magnitude up to the point where the barrier function of the host rock with respect to 

radionuclide migration will be affected. The EdZ outside the EDZ will be disturbed but 

less damaged without significant changes in flow and transport properties. Conver-

gence of the openings and damage intensity and extent of the EDZ/EdZ are mainly de-

pendent on the mechanical properties of the rock mass, depth of the excavation or lo-

cal stress state, applied excavation technology, opening size and geometry, and 

support measures (shotcrete, bolting, steel arches, concrete lining, etc.). The rock de-

formation and damage develop with time. Moreover, the anisotropic nature of the sed-

imentary clay rocks and the anisotropic stress state has also considerable influences 

on the development of the EDZ/EdZ.  

  

during the operation phase during the post-closure phase 

Fig. 1.1 Coupled THM processes in the nearfield around a HLW disposal borehole 

The repository openings in deep clay formations normally need to be supported to limit 

the convergence and the EDZ propagation. The rock-support interaction leads to 

buildup of back-pressure against the rock deformation and damage. During the opera-
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tion phase, the openings will be ventilated. The relatively low humidity of the circulating 

air will cause desaturation of the surrounding rock. Desaturation in turn gives rise to 

capillary forces and hence an increase in cohesion and strengthening of the rock mass, 

while at the same time the release of bound porewater results in collapse of the pore 

structure and generates microcracks propagating along bedding planes mainly. As 

stress-bearing element, the release of bound porewater also causes a change in the 

stress state in the rock mass.  

After emplacement of HLW containers and backfilling of the disposal cells decay heat 

from the waste is transferred away through the buffer to the nearfield rock and then to 

the farfield. Heating will induce complex THMC processes in the EBS and the host 

rock. Heating accelerates the rheological deformation of the rock into the openings. For 

openings supported by rigid linings, a high pressure may build up on the linings. A suf-

ficient thermal resistance of the linings is needed. Heating will cause a transient buildup 

of excess porewater pressure in the saturated nearfield, reducing the local effective 

mean stress. In the extreme case when the local minimum principal stress is exceeded, 

rock fracturing may occur. At high temperatures, the porewater in the buffer and the 

surrounding rock will evaporate and become more mobile, so that the water migration 

in liquid and gas phase will be accelerated. Additionally, heating may also affect the 

properties of the buffer and rock materials, such as transition of clay minerals, altera-

tion of swelling capacity, thermally-induced consolidation and hence increase in stiff-

ness and strength. In spite of these effects the barrier functions of the natural and en-

gineered barriers have to be kept up. 

Finally, the boreholes, drifts and shafts will be sealed with plugs consisting of compact-

ed clay-based mixtures and concrete to prevent access of groundwater to the reposito-

ry and releases of radionuclides via drifts and shafts. Certain degrees of mechanical 

stiffness and strength, swelling capability during wetting, and low hydraulic conductivity 

of the seals/plugs enhance the sealing and healing process of the surrounding 

EDZ/EdZ and hence provide a water-tight sealing system. The whole operation phase 

could last for a period of time in the order of 100 years /BOC 10/. 

1.1.2 Key processes during the post-closure phase 

After closing the repository, the THMC processes in the EBS and the host rock will con-

tinue. The support system of the openings will degrade gradually. Under effects of wa-



4 

ter pressure gradients in the saturated rock and suction potentials in the unsaturated 

backfill, the formation water will move toward the backfilled openings, resulting in a re-

saturation process in the EDZ and the backfill. With increasing water content, clay min-

erals in the clay rock and the clay-based backfill tend to swelling. The pre-existing frac-

tures in the EDZ and the large pores in the backfill will be sealed and swelling pressure 

may build up, mainly depending on the amount of expansive clay minerals, water satu-

ration, and density or porosity of the backfill/seal materials and the host rock. Addition-

ally, wetting also results in weakening of the clay rock and accelerates the rock creep 

deformation into the backfilled openings. The hydro-mechanical processes and the in-

teractions between the backfill, the support lining, the EDZ, and the farfield rock, en-

hance the consolidation of the EDZ and the porous backfill materials and thus the con-

fining function of the whole multi-barrier-system. In the nearfield around HLW 

containers, thermal impact on the processes is one of the most important concerns for 

the long-term safety assessment of a repository. Thermally-accelerated rock defor-

mation and porewater migration may enhance the compaction of the EDZ and the 

backfill. With time, the heated rock and backfill are cooling down to the original rock 

temperature. The hydro-mechanical processes will become slower and tend to a new 

steady state. Establishment of a new equilibrium in a repository will take a very long 

time of tens of thousands of years. 

Water resaturation may cause long-term geochemical processes in the nearfield involv-

ing EDZ, buffer, waste containers, and other support/lining materials. Dissolution of 

chemical species, their transport, and precipitation may occur, creating potentially a 

“geochemical damage zone – GDZ” /TSA 12/.  

Degradation and corrosion of the metallic components and containers will produce gas. 

Gas may migrate preferably through the porous backfill, the re-sealed EDZ, and the in-

terfaces between them. Gas migration may be controlled by advection-diffusion of dis-

solved gas, two-phase flow, dilatancy-controlled flow, and flow in macroscopic tensile 

fractures /MAR 08/, /BOC 10/, FOR 13/. The last gas migration mechanism is only pos-

sible when the gas pressure becomes sufficiently high to generate fractures. Neverthe-

less, the gas production and migration has to be verified so that the integrity of the mul-

ti-barrier system is not impaired.  

Generally, progressive closure of repositories in clay formations is to be expected due 

to creep of the surrounding host rock. Consolidation of both the EDZ and the backfill 

will lead to permanent confinement of the radioactive waste from the biosphere. 
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1.2 Research programme and objectives 

For the last two decades, the feasibility of the disposal concepts has been intensively 

investigated in the Underground Research Laboratories (URLs) in the Callovo-

Oxfordian argillite at Meuse-/Haute-Marne in France (MHM-URL) and in the Opalinus 

clay at Mont-Terri in Switzerland (MT-URL). The most important scientific activities are 

the investigations of the THMC properties and processes of the natural and engineered 

barriers by large/full-scale experiments under realistic repository conditions. The in situ 

experiments are supported by laboratory tests on samples for providing robust data-

base for the host rock and the backfill/seal. On the basis of the knowledge from the ex-

periments, constitutive models and computing codes have being developed for predic-

tion of the coupled processes in the multi-barrier system. Results of the investigations 

serve as input for the long-term safety assessments of the potential repositories. GRS 

has participated in a great number of the international research projects in accordance 

with the German R&D programme /BMW 07/.  

Following “Dossier 2005” /AND 05/, in which the most important outcomes of ANDRA’s 

programme during the time period from 1999 to 2005 are summarized and evaluated, 

ANDRA launched a new geomechanical laboratory programme (called GL-programme) 

in early 2007 /AND 06/, /DEL 09/, /LEB 10/. The general objective of this programme is 

to provide more comprehensive and realistic models of the repository behaviour for the 

operation and the post-closure periods. It was divided into the following sub-objectives. 

For the operating phase: 

 Quantification of the efficiency of support bolts from excavation through to possible 

removal of lining, taking anchor and rock behaviour into account; 

 Characterization of hydro-mechanical disturbance resulting from excavation and 

their evolution until the end of the operation phase; 

 Characterization of the effects of the rheological deformation of the clay host rock 

(creep, micro-mechanisms, constitutive models); 

 Determination of the conceptual model of the EDZ around the openings; 

 Modelling of damage and rupture location (intensity and extent of the EDZ). 
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For the post-closure phase: 

 Description of various physical and chemical processes of deformation taking hy-

drological conditions into account; 

 Evaluation of the macroscopic deformation rate on the basis of the various defor-

mation mechanisms; 

 Clarification of relationships between long-term deformation and damage; 

 Quantification of the thermal effects on rock behaviour; 

 Quantification of mechanical and hydraulic sealing of the EDZ. 

For the interactions between the host rock and EBS components: 

 Characterisation of the swelling and transport properties and nonsaturated hydro-

mechanical properties of compacted claystone backfill under consideration of ef-

fects of cementitious water and backfill installation techniques; 

 Specification of the geotechnical properties of the backfill under consideration of ef-

fects of alkaline disturbance and long-term rock behaviour; 

 Model prediction of the long-term performance of a drift in the potential repository 

involving the major phenomena of rock-plug interaction, alkaline disturbance, ef-

fects on fluid transport, and impact on the long-term safety. 

As a partner, GRS has contributed to the ANDRA’s GL-programme with the THM-TON 

research project funded by the German Federal Ministry of Economics and Technology 

(BMWi) under contract 02E10377 /THM 07/. At that time, a mine-by experiment was al-

so foreseen to be conducted by excavation of a new gallery G08 in the MT-URL to in-

vestigate hydro-mechanical responses of the Opalinus clay to excavation /TD 06/.  

The first part of the THM-TON programme was carried out from May 2007 to May 2013 

with laboratory experiments, in situ measurements and numerical modelling covering 

most of the objectives mentioned above: 

 Laboratory investigations on the Callovo-Oxfordian and Opalinus clay rocks  

 Examination of effective stress and swelling pressure in indurated clay rock by 

taking bound porewater into account 
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 Short-term deformation, damage and induced permeability change in the clay 

host rock, which will be produced by excavation of a repository  

 Long-term deformation of the clay host rock, which controls the closure pro-

cess of the repository openings and the integrity of the geological and engi-

neered barriers  

 Swelling capability of the clay host rock, which may dominate the sealing pro-

cess of the EDZ when water flows through 

 Recovery and self-sealing of fractures in the clay host rock, which is one of the 

most concerns in the assessment of the long-term performance and safety of 

the repository  

 Thermal impact on the hydro-mechanical behaviour and the integrity of the clay 

host rock 

 Laboratory investigations on excavated claystone and claystone-bentonite mix-

tures as backfill/sealing material  

 Compaction behaviour of claystone backfill, which controls the mechanical in-

teractions with support linings (if existing) and the surrounding rock, and in turn 

determines the evolution of the backfill porosity and hydraulic conductivity 

 Permeability in relation with porosity, which dominates the fluid transport and 

thus the barrier function of the backfill/seal  

 Water retention and saturation, which determines the water saturation process, 

water storage capacity, water/gas two-phase flow, and buildup of swelling 

pressure in clay-based backfill/ seal 

 Swelling pressure in compacted claystone-bentonite mixtures as seal material, 

which is required for sealing of possibly remaining gaps within the seals and 

seal/rock interfaces and for supporting the surrounding rock against damage 

propagation 

 Thermal conductivity of buffer surrounding HLW containers, which controls the 

heat transfer and temperature distribution in the multi-barrier-system 

 In situ investigation of hydro-mechanical responses of the Opalinus clay to the ex-

cavation of the gallery G08 within the mine-by (MB) experiment in the MT-URL  
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 Monitoring of long-term deformation of a borehole in the Opalinus clay at MT-URL 

(DM-A experiment) 

 Numerical modelling and analysis of coupled hydro-mechanical processes in the 

Opalinus clay rock during the MB and DM-A experiments performed at MT-URL 

and coupled THM processes in the Callovo-Oxfordian argillite during the TED heat-

ing experiments conducted at MHM-URL. 

Since September 2012, the THM-TON project has been merged into the EC DOPAS 

project – Full Scale Demonstration of Plugs and Seals /DOP 12/, to continue the inves-

tigations on the excavated claystone aggregate as backfill material and compacted 

claystone-bentonite mixtures as seal material. 

In this report, main results obtained during the first project period (05.2007 – 05.2013) 

are presented. Whereas, in Volume I, laboratory experiments and results obtained on 

the clay rocks and claystone-based backfill/seal mixtures are presented and discussed, 

in this Volume II, the in situ experiments and the accompanying numerical modelling 

work are reported. In Chapter 2 and 3, on-going situ experiments are described and se-

lected results are interpreted in terms of THM coupling effects. In Chapter 4 the related 

modelling work is introduced and discussed. Preliminary conclusions drawn from the 

research activities are summarized in Chapter 5. 
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2 Mont Terri Rock Laboratory 

2.1 Site description  

The Mont Terri Rock Laboratory (MTRL) is situated in the north-western part of Swit-

zerland, where it has been excavated parallel to the security gallery of the Mont Terri 

motorway tunnel on the south-western slope of the Mont Terri anticline (Fig. 2.1 and 

Fig. 2.2). It is located in the Opalinus clay formation consisting of three main facies: the 

sandy facies, the shaly facies, and the sandy carbonate-rich facies. More details about 

the different lithologies can be found in /THU 99/. The bedding planes plunge towards 

the south-east with an azimuth of 140° – 150°. The apparent thickness of the Opalinus 

clay is about 160 m. Its current overlay varies between 250 and 320 m, while it is esti-

mated to have reached at least 1000 m in the past. The clay rock is saturated with wa-

ter, but water circulations are practically negligible due to its very low permeability and 

pressure gradient. In the regions far from the openings in the MTRL the pore-water 

pressure amounts to values around 2 MPa and the rock temperature is about 15 °C. 

 

Fig. 2.1 Mont Terri motorway tunnel and location of the Mont Terri Rock Laboratory 

(left centre of the picture) 
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Fig. 2.2 Geological profile along the motorway tunnel showing the location of the 

Mont Terri Rock Laboratory 

The state of stress at the MTRL is estimated according to /BOS 03/: 

 the maximum principal stress 1 with a magnitude range of 6 – 7 MPa and a sub-

vertical direction of 210° azimuth and 70° dip, 

 the intermediate principal stress 2 with a magnitude range of 4 – 5 MPa and a 

sub-horizontal direction of 320° azimuth and 10° dip (sub-parallel to the motorway 

tunnel and the security gallery), and 

 the minimum principal stress 3 with a magnitude range of 2 – 3 MPa and a sub-

horizontal direction of 50° azimuth and 20° dip (more or less normal to the motor-

way tunnel and the security gallery). 

The MB and DM-A test sites are located in the shaly facies, whereas the EZ-G test site 

is located in the sandy facies. A geometrical overview of the rock laboratory /MTP 10/ 

with the locations of the MB, EZ-G and DM-A experimental sites is shown in Fig. 2.3. 

Fig. 2.4 shows the geological map of the Mont Terri Rock Laboratory with the location 

of main boreholes /MTP 10/ and the location of the aforementioned experimental sites. 
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Fig. 2.3 Geometry of the Mont Terri Rock Laboratory, perspective view /MTP 10/, 

showing the location of the MB, EZ-G and DM-A experimental sites (MB 

preceding pore water pressure measurements were performed during Gal-

lery 08 excavation) 

 

Fig. 2.4 Geological map of the Mont Terri Rock Laboratory with location of main 

boreholes /MTP 10/ showing the location of the MB, EZ-G and DM-A ex-

perimental sites 
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2.2 Pore water pressure measurements during Gallery 08 excavation 

At the end of 2006 it became evident that the space for new experiments in the Mont 

Terri URL was limited. It was decided to expand the URL by advancing a 165-m-long 

gallery with 4 niches. The niches followed the strike of the bedding while the gallery 

was approximately perpendicular to the bedding strike. 

The key variable in the hydraulic-mechanical coupled behaviour of the claystone is 

pore pressure. On the one hand, pore pressure is directly affected by any mechanical 

process in the rock. On the other hand, changes in pore pressure influence time-

dependent rock deformation. In order to monitor pore water pressure (PWP) evolution 

during the gallery excavation, four long boreholes were drilled and instrumented with 

minipacker probes prior to mining of Gallery 08. The work was performed in the organi-

sational frame of the Mine-by experiment (see Section 2.3), which was later performed 

in the MB niche (Fig. 2.3).  

2.2.1 Test design 

The four 42-mm boreholes BMB 1 – BMB 4 were drilled in October 2007 as preparato-

ry work for the MB experiment. Two 37 m and 38 m long boreholes (BMB 1 and 

BMB 2) were drilled subhorizontally into the region of the planned Gallery 08 in order to 

measure pore pressure changes during the gallery excavation (Fig. 2.5). Two addition-

al boreholes (BMB 3 and BMB 4) with a length of 24 m each were drilled 45° inclined 

downward into the region below the centre of the pillar below the existing Gallery 98 

and the future Gallery 08 (Fig. 2.5). These two boreholes were used for reference 

measurements in the region positively undisturbed by the gallery excavation. In the 

frame of the BET project /MIH 10/ they were later used for additional measurements. 

The boreholes were instrumented with sliding-end minipacker probes as shown in 

Fig. 2.6. Each minipacker was equipped with a Pt100 temperature sensor. The bore-

hole voids above the minipackers were backfilled with synthetic resin. The injection and 

return tubes (steel capillaries) were connected to transducer racks and the test inter-

vals of the boreholes filled with synthetic pore water (Pearson water). The pressure 

transducers and the temperature sensors were connected to a stand-alone GeoMonitor 

data acquisition system with connection to GRS via telephone line. 
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Fig. 2.5 Perspective view of the MTRL showing the locations of the four long PWP 

boreholes drilled from the HE-E niche (yellow: existing galleries, pink: 

planned Gallery 08 with niches) 

 

Fig. 2.6 Sliding-end minipackers used for the PWP measurements in the long 

boreholes during Gallery 08 excavation 
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2.2.2 Test procedure  

The boreholes were drilled in September/October 2007. On October 10, 2007 the pres-

sure and temperature monitoring was started. After six weeks of pressure equilibration, 

water injection tests were performed in the test intervals of the boreholes to character-

ise the state of the rock adjacent to the probes in terms of permeability. Pearson water 

was injected by a manual pump causing an increased pressure of 0.5 MPa to 0.9 MPa 

in the respective interval, depending on the original pore pressure. The injected amount 

of water was measured using a precision balance. After injection, the valves were 

closed and the pressure decay by flow into the rock was recorded. 

For evaluating the pressure decay curves in terms of permeability, the code 

WELTEST 200 was used. WELTEST 200 provides means to calculate the analytic so-

lution to the diffusion equation or to numerically model pressure distribution in one- or 

two-dimensional models, and to iteratively minimize the deviation between the meas-

ured and calculated pressure data. 

The parameters affecting the calculated pressure evolution are the rock permeability, 

the rock porosity, the wellbore storage coefficient, and the skin factor. The skin factor 

accounts for an increased or decreased permeability of a zone close to the borehole 

wall, which can be due to the drilling procedure. For the tests performed here, no skin 

factor was regarded. 

The calculated pressure curves are rather insensitive to changes in porosity. The po-

rosity was held constant at 10 %; changing the porosity in a wide range has no signifi-

cant influence on the best fit permeability. Wellbore storage is important during the in-

jection phase and controls the peak pressure reached during injection. The pressure 

curve form, especially during the shut-in phase, is controlled by the permeability. The 

best-fit permeability was determined by two-dimensional isotropic calculation, hydraulic 

anisotropy was not considered for the evaluation. 

After liquid injection the pressure and temperature monitoring continued, and the re-

sponse during excavation of Gallery 08 was assessed. 

In September 2009, one year after completion of Gallery 08, water injection tests were 

repeated in the reference boreholes BMB 3 and BMB 4 in the frame of the BET project 

/MIH 10/. 
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2.2.3 Measurement results  

The pressure and temperature data recorded until end of 2008 are shown in Fig. 2.7 

and Fig. 2.8, respectively. Three time periods have been marked in yellow in the fig-

ures. 

The first period is characterized by pressure equilibration and permeability testing. It 

can be seen that, from start-up of the measurements, the pressures at BMB 1, 2, and 3 

are steadily increasing, while BMB 4 is showing a problematic behaviour. A realistic 

pressure is only reached after the injection testing and further equilibration towards the 

end of the yellow marked period. Usually, a slow pressure build-up can be attributed to 

gas remaining in the test interval. The pressure fluctuations during early equilibration, 

however, seem to indicate that some hydro-mechanic processes (damage?) are taking 

part. This seems to be supported by the fluctuations in temperature which are visible at 

BMB 4. 

 

Fig. 2.7 Pressure recordings of BMB 1 – BMB 4 
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Fig. 2.8 Temperature recordings of BMB 1 – BMB 4 
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sure equilibrium prior to the injection tests, introducing some uncertainty with respect to 
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 Pressure at BMB 2 (BMB 1) drops when tunnel metre 87 (89) is reached. This can 

be roughly attributed to the tunnel front passing the measurement cross section. 

 

Fig. 2.9 Pressure evolution at BMB 1 and BMB 2 during Gallery 08 excavation, to-

gether with excavation progress 

Due to the low diameter of the boreholes, they could not be surveyed. With their high 

length, there is some uncertainty regarding the actual position of the test interval. The 

boreholes had been designed so that they would actually be intersected by the tunnel 

excavation. None of the two boreholes were, however cut. It is assumed that both test 
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more pronounced for BMB 2. 

BMB 1 shows only slight recovery and, when excavation is resumed at the end of 

March, quickly drops below atmospheric pressure, which means the rock around 

BMB 1 is no longer saturated. It can be deduced that BMB 1 is located in the EDZ 

close to the surface of Gallery 08. 

BMB 2, on the other hand, recovers to a pore pressure of 0.6 MPa, which is even high-
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away from the gallery surface. In early July 2007, however, pressure at BMB 2 starts 

decreasing slowly and reaches suction in October (third period in Fig. 2.7). At the same 

time, temperature at BMB 1 increases significantly (Fig. 2.8). This is explained by the 

excavation work of the MB niche starting at that time, which resulted in mechanical dis-

turbance and further evolution of the EDZ. 

The permeability measurements by injection testing were, as mentioned before, influ-

enced by the fact that pressure equilibration had not been reached in all intervals. The 

results lay between 3 · 10-21 m2 and 4 · 10-18 m2. The measurements performed in Sep-

tember 2009 yielded results of 4 · 10-19 m2 (BMB 3) and 8 · 10-21 m2 (BMB 4). 

2.2.4 Conclusions drawn from the in-situ experiment 

The pressure measurements show that stress concentrations beyond the excavation 

result in an increase of pore pressure, which drops quickly when the front passes the 

measurement cross section. Close to the excavation surface, EDZ formation leads to 

desaturation and suction. 

Pore pressure prior to excavation and/or in the reference boreholes far from the exca-

vation is not homogeneous and considerably lower than expected. Instead of about 

2 MPa as postulated from theoretical considerations for the undisturbed saturated rock, 

values below 1.1 MPa were measured. This is possibly due to a far-reaching influence 

of the tunnel system of the rock laboratory. 

A certain drawback for the evaluation of the response to excavation is the fact that the 

exact location of the test intervals is unknown. In the EZ-G experiment (Section 2.4), 

similar measurements were performed with a clear notion of sensor locations. The re-

sults shown here were confirmed. 

2.3 Mine-by (MB) experiment 

The Mine-by experiment was carried out to investigate the deformation and the coupled 

hydro-mechanical behaviour of the Opalinus Clay around an excavation parallel to the 

bedding, which is the orientation representative for a disposal gallery in the Suisse 

concept. The experiment was organized and managed by Nagra, ANDRA, GRS, BGR, 

and Obayashi /VIE 10/. The excavation of the MB niche was carried during October 
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and November 2008. In September 2009 the University of Alberta was contracted to 

provide a summary of the interpretation results /MAR 10/. 

In this section 2.3 selected measurement results and the interpretation of the sensor 

response provided by /MAR 10/ and /VIE 10/ will be described shortly. 

2.3.1 Test design  

The MB niche is located near the centre of Gallery 08, Fig. 2.4. It consists of a 24.1 m-

long and 4.5 m diameter circular opening. Excavation was carried out using a 14 ton 

hydraulic excavator (Cat 312) with the bucket removed and replaced with a road head-

er, and all spoil was removed using a rubber tire skid steer. The advance was subpar-

allel to the average strike of the bedding planes. Excavation of the face was planned to 

occur in 1.3 m increments followed by placement of the annular support during the 

pauses in the excavation of the face. The actual rate of excavation ranged from 0.6 to 

1.9 m/day and averaged 1.3 m per day of construction. Support consisted of a total of 

six anchors installed approximately 0.8 m behind the face of the MB; 100 mm spaced 

wire mesh reinforcement affixed to the entire circumference of the MB; and two layers 

of shotcrete, the first was placed immediately following installation of the wire mesh 

and consisted of a 50 mm thick layer followed by an additional 100 mm final cover that 

was placed following completion of the MB. The anchors were installed prior to the 

placement of the wire mesh and the initial layer of shotcrete and prior to the application 

of the final layer of shotcrete. Following completion of the excavation activities, the roof 

of Gallery 08 was repaired and a 300 mm layer of concrete was placed on the floor 

along the entire length of the niche. The repairs included the removal of approximately 

5 m2 of the 50 mm thick layer of shotcrete near the connection of the niche with Gal-

lery 08 and the placement of additional wire mesh reinforcement around the crown and 

upper sidewalls of the niche. Fig. 2.10 gives the actual start-stop dates for the excava-

tion and support installation. A schematic sketch showing the MB support system is 

presented in Fig. 2.11. 
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Fig. 2.10 Excavation sequence and support installation 

 

Fig. 2.11 Typical configuration of the MB support system 

Prior to the excavation of the MB Niche, a number of instruments were installed at vari-

ous locations around the proposed alignment from Gallery 08. In addition, a number of 

instruments were installed within the MB Niche throughout the course of the tunnel ad-

vance. The instruments were installed to measure the displacement fields and in-situ 
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pore pressures of the bedrock surrounding the niche as excavation advanced and after 

excavation was completed. The instrumentation used to monitor the excavation re-

sponse consisted of piezometers (BMB-7/15/16/21-23), magnetic extensometers 

(BMB-17/18) sub-parallel to the tunnel axis, radial extensometers (BMB-28-31) in-

stalled at tunnel chainage, 15.3 m, a mineable face extensometer (BMB-13) installed 

parallel to the tunnel axis, and inclinometer chains (BMB-19/20) oriented sub-parallel to 

the tunnel axis, Fig. 2.12. 

 

Fig. 2.12 Plan view of Mine-by Niche showing the layout of the instrumentation 

2.3.2 Test procedure  

The geological mapping during the excavation of Mine-by Niche was carried out as ex-

cavation progressed. The detailed mapping report by /MAD 10/ describes the charac-

teristics of the bedding planes, the fractures that formed during the excavation process, 

as well as observations around the advancing excavation front and its relation to niche 

face stability and wet spot occurrences. The tunnel mapping clearly identified various 
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forms of face instability during niche excavation. In addition to this face instability a 

fracture set was observed that consisted of sub-vertical rough fractures of variable 

strike, but predominately-oriented perpendicular to the excavation direction. No signifi-

cant shear movement seems to have occurred along this type of fractures and their re-

petitive pattern around the niche front indicates that they formed during the excavation 

works. Similar fractures were observed in the wall of Gallery 08, Fig. 2.13. 

 

Fig. 2.13 Example of the excavation-induced fractures, /MAD 10/ (observed during 

the excavation of Gallery08 as well as in the face of niche excavation; but 

perpendicular to the tunnel axis) 

2.3.3 Measurement results  

As indicated in chapter 2.3.1 only summaries of the measured response are provided 

here.  

Pore pressure response 

Two strings of piezometers BMB-15/16 were used to monitor the excavation-induced 

pore pressure response. According to /VIE 10/ the piezometers show a characteristic 

response of an increase in pore pressure as the excavation advances and at some dis-

tance from the tunnel face the piezometers suddenly drains and losses all its pore 

pressure. All the piezometers go to essentially zero pore pressure. The actual pore 
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pressure may be negative as these piezometers cannot read negative pore pressures, 

Fig. 2.14. 

 

Fig. 2.14 Pore pressure response and excavation advance over time /VIE 10/  

 

Fig. 2.15 Pore pressure response related to excavation advance /VIE 10/  



24 

The response is different for each piezometer depending on its location relative to the 

tunnel, Fig. 2.15. In general the piezometers closest to the tunnel start to show an in-

crease in pore pressure due to the excavation advance when the tunnel is approxi-

mately 10 m from the tunnel face. When the tunnel face is approximately 2 to 3 m from 

the tunnel face the pressure rapidly decreases to essentially zero /VIE 10/. 

Radial extensometer 

The radial deformations were measured by 4 radial extensometers located at approxi-

mate chainage 12.8 m. These extensometers were installed to borehole depths up to 

8 m. Extensometer BMB-28 was installed approximately parallel to bedding while BMB-

30 was installed normal to bedding. The remaining extensometers BMB-29 and BMB-

31 were installed crossing the bedding at approximately 35 to 45 degrees. Fig. 2.16 

shows the response measured in the selected extensometer normal to bedding, 

Fig. 2.17 the response parallel to bedding, respectively.  

At BMB-28 the extensometer response shows only marginal displacement in the first 

2 points that are located approx. 2 m inside the rock. This typical behaviour indicates a 

certain detachment between 2 and 4 m from contour, whereas the 4 points at BMB-30 

show the more or less characteristic response of rapidly increasing displacements with 

excavation advance, with its maximum value depending on the distance to the contour/ 

extensometer head. 

Regarding the total deformation there does not appear to be any difference in the re-

sults parallel to bedding or perpendicular bedding, i. e., the total displacements meas-

ured at the deepest sensors (no.1) are up to 11 mm, regardless of orientation. 

With regard to the complete displacements in the rock, elastic analyses suggest that at 

4 diameters the measured displacements would be less than 10 % of the total radial 

displacements. To capture 90 % of the response the extensometers would have had to 

extend to a radial depth of approximately 18 m. Hence the radial extensometers were 

never intended to capture the complete response. This has to be kept in mind for inter-

preting the radial extensometer measurement results because the deepest anchor is 

normally used as the reference anchor and it usually assumed that this anchor is not 

moving MAR 10/ and /VIE 10/. 
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Fig. 2.16 Radial extensometer response normal to bedding at BMB-30 related to ex-

cavation advance /VIE 10/  

 

Fig. 2.17 Radial extensometer response sub-parallel to bedding at BMB-28 related 

to excavation advance /VIE 10/  
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Reverse head extensometer 

A mineable extensometer was installed in the general direction of the centerline of the 

tunnel in BMB-13. This extensometer recorded the displacement that occurred ahead 

of the tunnel face in the general direction of the strike of the bedding. With each exca-

vation step a portion of the extensometer is mined out. Fig. 2.18 shows the Reverse 

head extensometer response related to excavation advance. Deformation starts as ax-

ial shortening at a distance of about 15 m before mine-by and tends to reverse to ex-

tension at 10 m before mine-by. When first point of segment is excavated this segment 

becomes inactive. 

 

Fig. 2.18 Reverse head extensometer response related to excavation advance 

/VIE 10/  
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Magnetic head extensometer 

Two magnetic extensometers, BMB-17 and BMB-18, where installed adjacent to the 

tunnel and prior to excavation. The extensometers generally follow the tunnel center-

line alignment, with a slight inclination towards the tunnel invert. Each instrument con-

sists of a chain of extensometers, providing the ability to plot the axial deformation pro-

file of the instrument for each excavation step.  

Figure 2.19 show that measured response at BMB-18 follows the general trend of the 

expected response ahead of the tunnels face during the early advances of the tunnel. 

Due to stress redistribution and rock compression the shortening of extensometers 

segments starts 12 m before mine-by. When the excavation advance is about 1 – 2 m 

before mine-by, there is a clear change in the ground behaviour and the extensometers 

segments reverses to extension.  

 

Fig. 2.19 Magnetic head extensometer response related to excavation advance 

/VIE 10/ 
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Chain inclinometers (vertical deformation profiles) 

Two chain inclinometers, BMB-19 and BMB-20, where installed prior to tunnel excava-

tion. The extensometers layouts generally follow the general direction of the tunnel ad-

vance and cross the tunnel axis towards the end of the tunnel. Each instrument con-

sists on a chain of inclinometers, measuring the angular deformation at each chain 

element. The array was installed so that angular deformations are measured in the ver-

tical plane. These provide both cumulative and incremental vertical deformation profile 

of the instrument at each excavation step. 

Figure 2.20 show the cumulative vertical displacement profiles for BMB-19 and BMB-

20, respectively. The results are presented for several excavation steps where the far-

thest measuring point of the instrument is considered fix (not influenced by excavation) 

and so absolute cumulative displacements can be estimated. In general, the response 

for the chain inclinometer is similar to the responses observed for the minable face ex-

tensometer and magnetic extensometer.  

As the excavation face approaches the instrument, the instantaneous measured re-

sponse still follows the expected elastic behaviour, but a time dependent component of 

the measured deformations become significant and results in the increase of the total 

response.  

Similar to the magnetic extensometer data, the magnitude of the chain inclinometer re-

sponse with excavation advance is influenced by its distance to the tunnel face and its 

radial distance to the tunnel centerline, which is not the same for all measuring points 

as shown in Fig. 2.20. Interpreting the response measured by the chain inclinometer is 

challenging because the inclinometers cross the tunnel axis at an angle, and hence the 

deformation response is not symmetrical about the tunnel axis. What can be observed 

is the same characteristic behaviour observed in the radial extensometer response, 

i. e., the Time-dependent deformations become greater than the Instant deformations 

as more of the instrument is intersected by the tunnel profile.  

BMB-19 is located above the tunnel roof and BMB-20 is located below the tunnel invert 

and both intersect the bedding at different angles. The deformations measured in BMB-

20 are considerably smaller than those BMB-19. Regardless of the effects inside the 

tunnel, both inclinometers clearly show a similar response ahead of the tunnel face, 

Fig. 2.21.  
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Fig. 2.20 Chain inclinometer response related to excavation advance (inclination 

changes converted into vertical displacements) /VIE 10/  

 

Fig. 2.21 Chain inclinometer response related to excavation advance - Symmetric 

evolution of angular strain in segments near entrance /VIE 10/  
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2.3.4 Conclusions drawn from the in situ-experiment 

The instrumentation used to monitor the excavation-induced response associated with 

the excavation of the Mine-by Niche has shown that the measured response is made 

up of two components: (1) an elastic component and (2) a nonlinear time-dependent 

component. All the instrumentations used to measure the plane-strain response indi-

cate that the time-dependent response is far greater than the elastic response. The ra-

dial extensometers were used to measure the plane strain response and the bottom to 

anchors measured the response between radial distances of 5 to 10 m. Even these ex-

tensometers suggest that yielding is occurring to depths greater than 5 m. The radial 

extensometers also suggest that the amount of yielding around the tunnel is relatively 

uniform. However, this is contradicted by the convergence measurements, which has 

highly variable displacements at different locations around the tunnel perimeter. When 

combining all the radial displacements for the conditions of plane strain there is no evi-

dence to suggest that the displacement fields are different perpendicular or parallel to 

bedding. This conclusion may be influenced by the limitations of the radial extensome-

ters, i. e., the radial distance and spacing of the anchors. The face extensometer 

showed that in the vicinity of the tunnel face the 3-dimensional effect limits the amount 

of nonelastic response to a distance of about 2 to 3 m ahead of the tunnel face 

/MAR 10/. 

 

2.4 EZ-G experiment 

The EZ-G experiment was designed for investigating the rock response to excavation 

with the geophysical methods. The idea was to instrument the tunnel front of the Gal-

lery 04 (see Fig. 2.3) prior to the excavation of Gallery 08 and observe the pillar be-

tween the two galleries while it is excavated. GRS supported the experiment with pore 

pressure monitoring which is presented here. 
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2.4.1 Test design  

An overview of the three test boreholes for pore pressure monitoring in the EZ-G is 

given in Fig. 2.22. The boreholes had a diameter of 20 mm and were drilled from the 

front (EZ-G6, EZ-G7) or the wall (EZ-G8) of Gallery 04. EZ-G6 and EZ-G7 were de-

signed so that they would be cut by the excavation front after it passed them. EZ-G8 

drilled from the Gallery 04 wall would remain intact even when the two galleries were 

joined. Figure 2.23 gives the exact information about borehole dimensions and orienta-

tions. 

 

Fig. 2.22 EZ-G test site showing the pore pressure measurement boreholes (yellow: 

existing galleries, pink: planned Gallery 08 with niches) 

EZ-G6

EZ-G7

EZ-G8
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Fig. 2.23 Orientation of boreholes for pore pressure measurement 

For the EZ-G pore pressure measurements GRS minipiezometers (Fig. 2.24) were 

used. Due to their dimensions very small boreholes are needed, which reduces dis-

turbance and increases sensitivity of the measurements. The minipiezometers feature 

a pair of coaxial capillaries enabling removal of air from the system when water is in-

jected. 

 

Fig. 2.24 GRS minipiezometer for pore pressure measurement 

In each of the test boreholes a minipiezometer was placed at maximum depth. Pt100 

temperature sensors were placed in each borehole above behind the piezometer. After 

mechanical straining the minipacker the remaining borehole void behind each piezome-
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ter was backfilled with synthetic resin (Sikadur 52) in order to completely seal the pie-

zometer in the rock. 

The capillaries of the piezometers were connected to transducer racks equipped with 

pressure gauges and pressure transducers located on the gallery wall. After finishing 

the installation, the measuring intervals of the piezometer probes were filled with artifi-

cial pore water (Pearson water). The pressure transducers and the temperature sen-

sors were connected to a GeoMonitor data acquisition system with connection to GRS 

via telephone line. 

2.4.2 Test procedure 

The boreholes were drilled and instrumented in November 2007. On November 21, 

2007 the pressure and temperature monitoring was started. After one week of pressure 

equilibration, water injection tests were performed in the test intervals of the boreholes 

to characterise the state of the rock adjacent to the probes in terms of permeability. 

Pearson water was injected by a manual pump causing an increased pressure of about 

0.5 MPa in the respective interval, depending on the original pore pressure. The inject-

ed amount of water was measured using a precision balance. After injection, the valves 

were closed and the pressure decay by flow into the rock was recorded. 

For evaluating the pressure decay curves in terms of permeability, the code 

WELTEST 200 was used, as described in Section 2.2.2. 

After liquid injection the pressure and temperature monitoring continued. In July/August 

2008, the excavation front of Gallery 08 passed the piezometers, and the pore pres-

sure response was assessed. 

2.4.3 Measurement results  

The pressure evolution in the test intervals during the first weeks after start-up of 

measurement is shown in Fig. 2.25. After one week of pressure equilibration, injection 

tests were performed in all intervals. While at EZ-G6 and EZ-G7 a rather stable pres-

sure of 1.3 to 1.5 MPa had been reached at that time, the pressure at EZ-G8 had re-

mained at a very low value. After the injection tests, EZ-G6 and EZ-G7 returned to the 

pressure before injection, while EZ-G8 now remained at a pressure around 0.45 MPa, 
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still increasing slowly. This is a clear sign of air remaining in the interval of EZ-G8 at in-

stallation, which was then expelled during the injection test. 

 

Fig. 2.25 Early pressure evolution in the test intervals: equilibration phase and water 

injection testing 

The injection tests were evaluated in terms of permeability to water using WELTEST. 

As an example, Fig. 2.26 shows the shut-in phase pressure data for the test at EZ-G6 

together with the WELTEST fit. 

 

Fig. 2.26 Measured pressure data and WELTEST fit for the shut-in phase of the in-

jection test at EZ-G6 
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The permeability values derived for EZ-G6 and EZ-G7 are 2 · 10-18 m2 and 1 · 10-18 m2, 

respectively. While this is somewhat higher than usual, it has to be mentioned that the 

EZ-G site is located in the sandy facies of the Opalinus clay and not in the shaly facies 

where most measurements have been taken up to now. The measurement at EZ-G8 

was compromised by the air in the test interval. Consequently, an unrealistically high 

value of 1 · 10-16 m2 was obtained. 

Figure 2.27 shows the pressure evolution in the three test intervals over the whole 

monitoring time. A few weeks after the injection tests all pressures had stabilized, alt-

hough at different values: 1.5 – 1.6 MPa for EZ-G6, 1.4 MPa for EZ-G7, and 0.6 MPa 

for EZ-G8. The explanation for these differences is the distance of the measurement 

locations to the Gallery 04 (see Fig. 2.23). EZ-G8 is only 3 m away from the gallery 

which had been open for four years, disturbing the pore pressure distribution. The other 

test intervals are 6.8 m and 11.2 m from the Gallery 04 face and, consequently, less in-

fluenced. 

 

Fig. 2.27 Pressure evolution in the test intervals over the complete monitoring period 

After nearly half a year of stable pressures the EZ-G8 pressure dropped to 0.4 MPa 

when, in the frame of the WS-H project, a borehole was drilled in the vicinity. Pressure 

stabilized again at the new level. From June 2008 on, the pressure response to exca-

vation of Gallery 08 could be observed. This is shown in detail in Fig. 2.28. 
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Fig. 2.28 Pressure evolution in the test intervals during excavation of the last 43 m of 

Gallery 08, together with excavation progress 

The figure shows the pressure evolution in the test intervals during June, July, and Au-

gust 2008, together with the Gallery 08 excavation progress which is shown as dis-

tance of the Gallery 08 face from the Gallery 04 face. On August 25, 2008, after two 

longer breaks at 8 m and 4 m pillar width between the galleries which were introduced 

to enable geophysical measurements, both galleries were joined. 

All test intervals first showed an increase in pressure when the excavation front drawed 

near, as was already observed in the long boreholes drilled from the HE-E niche (see 

Section 2.1). EZ-G6 pressure dropped already shortly before the excavation front 

passes the measurement location (marked in Fig. 2.28). Pressure then remained at a 

very low level (the test interval is only 1 m below the Gallery 08 floor), until the line was 

cut by the progressing excavation on August 5. 

EZ-G7 pressure also dropped somewhat before the sensor was passed, but stabilized 

at a much higher level, which was then reduced with every excavation step. The differ-

ence to EZ-G6 can be explained by the fact that, although EZ-G7 is also only 1 m from 

the new gallery surface, it is located in the wall. With the pillar between the galleries 

becoming ever narrower, the surrounding rock had to take more and more load. 
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This is also the explanation for EZ-G8 which was reacting very strongly to the excava-

tion. With the pillar becoming narrower, the pressure increased up to 1.5 MPa and de-

creased only when the sensor was passed. In contrast to the other sensors the pres-

sure measurement continued after completion of the Gallery 08, because the pressure 

line was not cut by the excavation. Pressure stabilized to a value of about 0.5 MPa. 

Temperature measurements during the excavation are shown in Fig. 2.29. Unfortunate-

ly, the temperature sensors were of poor quality, so that the EZ-G6 sensor failed early 

after instrumentation, and EZ-G7 showed a significant noise. It can, however, be ob-

served that for both EZ-G7 and EZ-G8 temperature remained fairly constant until the 

sensors were passed by the excavation front. Then, temperature increased gradually 

by 2 °C, which is an effect of ventilation of the gallery. 

 

Fig. 2.29 Temperature evolution in the test intervals during excavation of the last 

43 m of Gallery 08, together with excavation progress 
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2.4.4 Conclusions drawn from the in situ-experiment 

The following conclusions can be drawn from the measurements in the frame of the 

EZ-G experiment. 

 The pore pressure close to the Gallery 04 was reduced already before Gallery 08 

excavation. Further away from Gallery 04, an initial pore pressure around 1.5 MPa 

seems probable. 

 During excavation, a pressure concentration zone as elastic reaction evolves in 

front of the excavation face. Close to the excavation face, pore pressure is reduced 

as a consequence of unloading and potential damage. 

 Temperature of the rock close to the excavation is increased by ventilation. 

 Permeability of the sandy facies seems to be slightly higher than that of the shaly 

facies, at least at the EZ-G location. 

 

2.5 DM-A experiment  

2.5.1 Test design  

In the frame of the Mine-By (MB) Experiment performed by Nagra, BGR, and GRS, the 

hydraulic-mechanical response of the clay rock to excavation has been investigated, 

see also Section 2.3. As a supplement to this experiment, GRS monitors the long-term 

deformation of the rock using a dilatometer probe installed in an 18 m deep horizontal 

borehole drilled parallel to the bedding from the DR Niche. Figure 2.30 shows a sche-

matic sketch of the borehole dilatometer as well as some pictures taken during the in-

stallation process on-site.  
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Fig. 2.30 Installation process of the borehole dilatometer on-site (above) and the 

schematic sketch of the probe (left: longitudinal view showing the packer 

and the temperature/humidity sensors, right: cross section showing the ori-

entation of the deformation sensors, hatching = bedding plane position) 

The borehole dilatometer consists of a 2 m long packer probe equipped with three de-

formation sensors measuring the borehole diameter change in three directions 60° 

apart. The borehole between the collar and the probe is lined with a plastic tube. Two 

combined temperature/humidity sensors are located inside the tube, sensor 1 directly 

behind the probe and sensor 2 at 3 m distance. A third temperature/humidity sensor is 

located between the tube and the borehole wall, about 0.5 m from the borehole collar 

2.5.2 Test procedure  

The probe was installed in June 2009, after considerable problems during drilling 

caused by borehole wall break-outs. The packer pressure was set to 0.5 MPa in order 

to hinder borehole convergence as little as possible while maintaining a secure cou-

pling between deformation sensors and borehole wall. After probe installation it was 

found that the vertically oriented deformation sensor was stuck. A possible cause was 

the installation procedure itself: The probe had to be pushed along the borehole, which 

may have caused mechanical damage to the sensor. On July 15th and 16th, 2009 it was 

unsuccessfully tried to reactivate the sensor by a set of pressure pulses and reliefs on 
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the packer. Figure 2.31 shows the packer pressure tests of July 15th and 16th and the 

response of the two active deformation sensors in detail. 

 

Fig. 2.31 Packer pressure tests on July 15th and 16th, 2009 and response of the 

borehole deformation sensors  

A pressure change in the range of 3 MPa resulted in a borehole diameter change of 

about 3 mm on July 15th, with an irreversible deformation (diameter increase) of about 

0.2 mm visible at sensor no. 2. A second test on July 16th with similar pressure chang-

es resulted in a much smaller total deformation with no irreversible component. This 

difference is interpreted by a recompaction of the damaged borehole wall during the 

first pressure test. Afterwards the packer pressure was readjusted to 0.5 MPa and held 

constant by a pump. 

2.5.3 Measurement results  

Since the pressure tests did not result in reactivation of the vertical deformation sensor, 

the packer pressure was kept constant at 0.5 MPa afterwards, and borehole defor-

mation was recorded using the remaining two sensors. An overview of the recorded da-

ta of packer pressure and the two remaining deformation sensors is given in Fig. 2.32.  

An overview of the recorded data of pore water pressure is included in Fig. 2.32. 

packer 
pressure

fluid pressure in system

deformation response during 1st cycle:

(P 30bar u 3mm)

irreversible deformation of 
sensor no.2 (u 0,2mm)

deformation response during 2nd cycle

(P 30bar u 0,3mm)
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(a)  

 

(b)  

 

(c) 

 

Fig. 2.32 Experimental results of the dilatometer probe: (a) packer pressure (above) 

and borehole deformation (below) as well as (b) relative humidity (above) 

and temperature (below); Experimental results of the minipiezometer in 

DM-A (B01-03) in (c) pore-water pressure 
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Note that deformation sensor no.2 is roughly perpendicular to the bedding (with a 15° 

deviation), while the angle between the bedding planes and sensor no.3 is rather small 

(again about 15°). The figure shows that after a transient period during the first months 

of measurement the borehole deformation rate has remained nearly constant since the 

end of 2009.  

The results of the temperature / humidity sensors inside the borehole liner show a con-

stant temperature and smooth relative humidity evolution, which implies that the defor-

mation behaviour is not influenced by temperature or humidity changes. The sensor 

close to the borehole collar between the liner and the borehole wall shows an expected 

temperature variation similar to the drift temperature and a humidity of 100 % less than 

one week after installation, which can be attributed to a full re-saturation of the annulus 

between liner and borehole wall. Erroneous data of humidity sensor 1 in October and 

November 2009 are caused by electric problems, since beginning of December 2009 

the data evolution has been smooth again.  

In November 2011 the packer pressure was increased to prevent the deformation sen-

sor no. 3 to reach minimum deformation. It was expected that the borehole would in-

crease its volume as a consequence of the increase in packer pressure. Unexpectedly 

the response of the deformation sensors was very small. Both sensors show a small 

divergent deformation followed by a phase of three month of stress redistribution. From 

the End of March 2012 both deformation sensors show nearly constant deformation 

behaviour.  

Accompanying physical modelling and numerical simulation work was performed, see 

Section 4.4. One of the general outcomes of this modelling work was that the in-

situ experiment gives no information on the existence of pore water pressure gradients 

and their evolution with time. Therefore in September 2011 in total three small pore wa-

ter pressure sensors were installed in the vicinity of borehole BMB-34, which contains 

the dilatometer probe. Figure 2.33 shows a sketch of the geometrical boundary condi-

tions of the new boreholes DM-A (B01-03) and the orientation of the bedding planes. 
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(a) 

 
(b) 

 

Fig. 2.33 Sketch of the geometrical boundary conditions of (a) the new boreholes 

DM-A (B01-03) and (b) the orientation of the bedding planes 

2.5.4 Conclusions drawn from the in situ-experiment 

Both deformation sensors parallel and perpendicular to bedding show constant defor-

mation behaviour over several time periods from 3 month up to more than one year. 

From these periods it might be easy to identify stationary deformation rates to describe 

the viscous behaviour of the Opalinus clay.  

Nevertheless the results from the pore water pressure sensors, especially the values 

that were measured perpendicular to bedding in DM-A(B02) show an on-going in-

crease in pore pressure. Whereas the sensor DM-A(B01) parallel to the bedding planes 

and at short distance to the dilatometer probe in borehole BMB-34 might have reached 

equilibrium at low pressures of 0.25 MPa. The sensor DM-A(B03) is far away from the 

deformation sensor clearly shows pore water pressure equilibrium an constant pres-

sure of 1.35 MPa. This value should be used as initial pore pressure value for numeri-

cal simulation. 
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Regarding both, the constant deformation rate and the increase in pore pressure, at 

this time it is hardly possible to identify the deformation effect that goes along with the 

drainage of the claystone porous structure (consolidation) and the long-term viscous 

“creep” behaviour of the rock material. 
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3 Meuse/Haute-Marne underground research laboratory  

3.1 Site description 

The underground research laboratory MHM-URL has been constructed in the Callovo-

Oxfordian argillaceous formation on the eastern boundary of the Paris Basin, compris-

ing a sequence of nearly horizontal limestone layers, marls and argillaceous rocks de-

posited at the bottom of former oceans (Fig. 3.1) /AND 05/. The formation represents 

over-consolidated sediments of the Jurassic Age (about 150 million years old). The 

homogeneous rock mass of about 130 m located at depths between 420 m to 550 m is 

investigated in the MHM-URL. The URL consists of two shafts, a large number of drifts 

and boreholes at depths between 445 m and 490 m. In accordance with the mineral 

composition and common mechanical characteristics, the COX formation is divided into 

three rheological zones or layers, the upper (A’), the median (B’), and the lower (C’) 

zone. Fig. 3.2 illustrates the distribution of mineral components in these zones 

/AND99/, while the distribution of the geomechanical properties, such as water content 

(w), uniaxial compressive strength (Rc), and elastic modulus (E), is presented in 

Fig. 3.3 and in Table 3.1 /SU 07/.  

 

Fig. 3.1 Geological cross section of the Meuse/Haute Marne site /AND 05/ 
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Fig. 3.2 Mineralogy of the Callovo-Oxfordian argillaceous formation /AND 05/ 

 

Fig. 3.3 Geomechanical properties of the Callovo-Oxfordian argillaceous formation 

/SU 07/ 
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Tab. 3.1 Basic mechanical characteristics of the different geological zones of the 

Callovo-Oxfordian formation /AND 05/, /SU 07/ 

Characteristic 

 

Rheological zone Overall 

Upper Median Lower 

Depth (m) 420-455 455-515 515-550 420-550 

Initial total stresses 12 – 16 MPa at -500 m  

Initial pore pressure ~5 MPa at -500 m  

Bulk density (g/cm3) 2.42 2.42 2.46 2.40–2.45 

Water content (%) 6.1 7.1 5.9 5.3-8.8 

Porosity (%) 14.0 15.5 13.0 12.0-17.0 

Young’s modulus (GPa) 6.2 5.5 7.2 6.0 

Uniaxial compressive strength (MPa) 30 21 21 24 

Uniaxial tensile strength (MPa)    2.6 

Hydraulic conductivity (m/s) 10-13 – 10-14 

On an average, the COX clay rock contains 25 – 55 % clay minerals, 20 – 38 % car-

bonates and 20 – 30 % quartz, 1 % feldspar, and small amounts of others /AND 05/. 

The three zones correspond to the three geological sedimentary sequences: two stiff 

zones (upper and lower) with higher carbonate contents surrounding a central less stiff 

zone (median) with more clay content. However, the transition from one zone to the 

other is progressive. The combined effect of the geological sedimentation, compaction 

and diagenesis has reduced the pore space to very low porosities of 12 – 17 %. The 

small pores lead to large resistance to fluid flow and correspondingly to very low hy-

draulic conductivities of 10-14 to 10-13 m/s. In the natural state, the clay rock is fully satu-

rated with water and solutes (pore-water type: Na-Cl-SO4) /MAZ 08/. The sedimenta-

tion has caused a preferential orientation of the clay foliage and consequently a 

stratification of the matrix structure. This however results in anisotropy of the rock 
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properties, for instance, the anisotropy factor of the hydraulic conductivity parallel ver-

sus normal to the bedding plane ranges from 2 to 10 /AND 05/. The in situ stress state 

at the -490 m main level of the MHM-URL is also anisotropic, the vertical component v 

= 12.7 MPa, the minor horizontal component h = 12.4 MPa (oriented 065°±10°), and 

the major horizontal component H = 14.8 MPa (oriented 155°±10°). 

3.2 Test Design of the second in-situ heating experiment (TED) 

Heat released from high-level radioactive waste is dissipated through the buffer and the 

surrounding rock. The resulting temperature changes may affect the mechanical and 

hydraulic processes in the multi-barrier-system and even their barrier-properties.  

To study the thermo-hydro-mechanical effects of the early thermal phase on the clay 

host rock, ANDRA has performed an in-situ heating test called TED experiment. The 

aim of the TED experiment is to measure the evolution of the temperature, deformation 

and pore pressure field around several heaters and to back-analyse the thermo-hydro-

mechanical properties of the rock. The TED experiment was also designed to estimate 

the overpressure generated by heat in the zero flux plane between several heaters and 

to study the evolution of the damaged zone due to heating. The analysis of the experi-

mental results should help in calibrating the numerical models which will be applied to 

the disposal cell cases (see chapter 4.5) /CON 12a/. 

Fig. 3.4 shows the layout of the test at the main level of the MHM-URL /AND 09/. Three 

heaters were installed in horizontal boreholes parallel to each other. In these boreholes 

(TED1201, TED1202 et TED1203) there is a casing all along the borehole. The void 

between the casing and the rock is filled with grout. For more information please see 

/CON11/. 
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Fig. 3.4 Layout of the TED heating experiment with three heaters installed in hori-

zontal boreholes showing also the measuring boreholes /AND 09/ 

In total, 23 boreholes have been instrumented to measure temperature, pore pressure 

and displacement. The main objectives were defined as 1) to enhance the knowledge 

about the THM behaviour of the clay rock, particularly thermal impact on EDZ devel-

opment around HLW boreholes; 2) to validate the THM models and parameters; and 3) 

to provide a solid data base for design of a potential repository as well as for evaluation 

of the thermal impact on its long-term safety.  

3.3 Test procedure  

The first heating phase started in January 2010 with the stepwise power increase of the 

central heater TED 1201 for one year. The second heating phase followed in March 

2011 with the two other heaters TED 1202 and TED 1203 to investigate effects of the 

additional thermal loads on pore-water pressure and deformation of the heated area. 

/CON 12a/.  
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Fig. 3.5 TED heating procedure /CON 12a/ 

During the whole testing time several power cuts could be observed, Fig. 3.5. One un-

certainty was clearly identified: the heating power in TED1203 is probably lower than 

expected between 29th May 2011 and 04th Sept. 2011. Finally, a cooling phase will be 

performed by switching off the heaters.  

3.4 Measurement results  

Figure 3.6 shows a sketch overview on the boreholes that were installed for measure-

ment of temperature, pore pressure and deformation.  

 

 
(a) Heating boreholes TED1201, 1202 and 1203 and boreholes TED1230 and 1231 

with deformation measurements 
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(b) Boreholes TED1240 and 1241 with multi-packer-systems and boreholes TED1250 - 

1259 with single packer system for pore pressure measurements 

 
(c) Boreholes TED1210 and 1212 - 1219 for temperature measurements 

Fig. 3.6 TED heating boreholes and boreholes for measurement of temperature, 

pore pressure and deformation  

The following figures give an impression of the measurement data for the temporal 

evolution at the different heating boreholes TED1201 (Fig. 3.7), TED1202 (Fig. 3.8) 

and TED1203 (Fig. 3.9). With respect to the sensor location and the contact between 

the individual sensors and the casing along borehole TED1201, the temperature data 

show a deviation of 20 °C within the third heating phase and a maximum value of 

120 °C. The sensors at greater distance to the heater element show values below 

40 °C even after more than 700 days of heating. 
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Fig. 3.7 In-situ measurement data for temperature evolution at heating borehole 

TED1201 

From Fig. 3.7 it is not quite clear whether the temperature field reaches a steady state 

within the first two heating steps, but when additional thermal load is applied to the 

boreholes TED1202 and TED1203 the temperature values for TED1201 show a linear 

temperature increase, which could be identified within the third heating phase. Unfortu-

nately, several power cuts occurred during the whole testing time, see also Fig. 3.5.  

These events also affect the trend of the measured data, Fig. 3.8 and Fig. 3.9. Con-

cerning borehole TED1202, it has to be noticed that from the beginning of the second 

thermal load level the sensors failed and the measured temperature values given in 

Fig. 3.8 do not reflect the actual temperature field in the surrounding rock. For more in-

formation please see /CON11/ and /CON 12b/. 

Nevertheless, the measurement results for temperature and pore pressure evolution of 

selected sensors are given here to provide a first overview of the system evolution.  
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Fig. 3.8 In-situ measurement data for temperature evolution at heating borehole 

TED1202 (sensor failure during second thermal load level) 

 

Fig. 3.9 In-situ measurement data for temperature evolution at heating borehole 

TED1203 
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Fig. 3.10 In-situ measurement data for temperature evolution at borehole TED1219 

(parallel to heating borehole TED1201) 

 

Fig. 3.11 In-situ measurement data for temperature evolution at borehole TED1210 

(perpendicular to heating borehole TED1201) 
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Fig. 3.12 In-situ measurement data for temperature evolution at borehole TED1215 

(parallel to heating borehole TED1201) 

 

Fig. 3.13 In-situ measurement data for temperature evolution at borehole TED1213 

(perpendicular to heating borehole TED1201) 
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Fig. 3.14 In-situ measurement data for temperature evolution at borehole TED1217 

(parallel to heating borehole TED1202) 

 

Fig. 3.15 In-situ measurement data for temperature evolution at borehole TED1216 

(parallel to heating borehole TED1203) 
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Fig. 3.16 In-situ measurement data for pore pressure/temperature evolution at bore-

hole TED1251 (parallel to heating borehole TED1201) 

 

Fig. 3.17 In-situ measurement data for pore pressure/temperature evolution at bore-

hole TED1250 (perpendicular to heating borehole TED1201) 



58 

  

Fig. 3.18  TED1252 data Fig. 3.19  TED1253 data 

  

Fig. 3.20  TED1254 data Fig. 3.21  TED1255 data 

  

Fig. 3.22  TED1256 data Fig. 3.23  TED1257 data 

  

Fig. 3.24  TED1258 data Fig. 3.25  TED1259 data 
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Fig. 3.26 In-situ measurement data for absolute pore pressure/temperature evolution 

at borehole TED1240 (parallel to heating borehole TED1203) 

 

Fig. 3.27 In-situ measurement data for pore pressure increase at borehole TED1240 

due to temperature evolution (effective data) 
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Fig. 3.28 In-situ measurement data for absolute pore pressure/temperature evolution 

at borehole TED1241 (parallel to heating borehole TED1202) 

 

Fig. 3.29 In-situ measurement data for pore pressure increase at borehole TED1241 

due to temperature evolution (effective data) 
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3.5 Conclusions drawn from the in-situ-experiment  

The thermal impact on the COX claystone was experimentally studied and the results 

are summarized in the related status report /ZHA 2013/. With respect to these results 

the in situ measurement data have to be evaluated. Concerning borehole TED1202, it 

has to be noticed that from the beginning of the second thermal load level the sensors 

failed and the measured temperature values given do not reflect the actual temperature 

field in the surrounding rock. 
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4 Modelling 

To gain experience with numerical modelling of coupled hydro-mechanical processes 

in clays, a number of scoping calculations were performed by GRS /ZHA 04/, /ZHA 07/, 

/ZHA 08/ using the computer programme CODE_BRIGHT developed by the Geotech-

nical Engineering Department of the Technical University of Catalonia in Barcelona for 

analysis of coupled THM phenomena in geological media /UPC 02/. 

4.1 Physical modelling  

Regarding the tight coupling between fluid flow processes and mechanical deformation 

in argillaceous rock mass a simplified approach of the recently developed argillite mod-

el was used, taking into account the anisotropic primary stress field without any damag-

ing process as well as anisotropic hydraulic and mechanical response in case of 3D 

modelling. Prior to introducing the results of the numerical simulation a brief description 

of the formulation and the capabilities of the code used in the analysis as well as the 

used constitutive model and the depending material parameters are presented. 

4.1.1 Theoretical framework  

The computer programme CODE_BRIGHT handles coupled thermo-hydro-mechanical 

problems in porous media. The theoretical framework is composed of three main parts:  

 balance equations,  

 constitutive equations and  

 equilibrium restrictions.  

The subscripts identify the phase (‘s’ for solid, ‘l’ for liquid and ‘g’ for gas). The super-

scripts indicate the species (‘h’ for mineral, ‘w’ for water and ‘a’ for air). The liquid 

phase may contain water and dissolved air, and the gas phase may be a mixture of dry 

air and water vapour. Thermal equilibrium between phases is assumed. This means 

that the three phases are at the same temperature. A general and detailed description 

is given in /OLI 96/ and in the code manual /UPC 02/, according to the aforementioned 

literature only a brief description is given in the following section. 
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4.1.2 Balance equations  

The balance equations are established for the porous medium as a whole. The compo-

sitional approach is adopted to establish the mass balance equations. It consists of 

balancing the species rather than the phases. The mass balance of solid present in the 

medium is written as: 

𝜕

𝜕𝑡
(𝜌𝑠(1 − 𝑛)) + 𝛻 ∙ (𝑗𝑠) = 0 (4.1) 

where 𝜌𝑠 is the mass of solid per unit volume of solid, 𝑗𝑠 is the flux of solid, t is time and 

∇ is the divergence operator. 

Water is present in liquid and gas phases. The total mass balance of water is ex-

pressed as: 

𝜕

𝜕𝑡
(𝜃𝑙

𝑤𝑆𝑙𝑛 + 𝜃𝑔
𝑤𝑆𝑔𝑛 ) + 𝛻 ∙ (𝑗𝑙

𝑤 + 𝑗𝑔
𝑤) = 𝑓𝑤 (4.2) 

where 𝜃𝑙
𝑤 and 𝜃𝑔

𝑤 are the masses of water per unit volume of liquid and gas, respec-

tively. 𝑆𝛼  is the volumetric fraction of pore volume, occupied by the alpha phase 

(𝛼 = 𝑙, 𝑔). 𝒋𝑙
𝑤 and 𝒋𝑔

𝑤 denote the total mass fluxes of water in the liquid and gas phases 

(water vapour), with respect to a fixed reference system. 𝑓𝑤 is an external supply of 

water per unit volume of medium. 

Dry air is present in liquid and gas phases. The total mass balance of dry air is ex-

pressed as: 

𝜕

𝜕𝑡
(𝜃𝑙

𝑎𝑆𝑙𝑛 + 𝜃𝑔
𝑎𝑆𝑔𝑛 ) + ∇ ∙ (𝒋𝑙

𝑎 + 𝒋𝑔
𝑎) = 𝑓𝑎 (4.3) 

where 𝜃𝑙
𝑎 and 𝜃𝑔

𝑎 are the masses of dry air per unit volume of liquid and gas, respec-

tively. 𝑆𝛼  is the volumetric fraction of pore volume, occupied by the alpha phase 

(𝛼 = 𝑙, 𝑔). 𝒋𝑙
𝑎 and 𝒋𝑔

𝑎 denote the total mass fluxes of dry air in the liquid and gas phases 

(water vapour), with respect to a fixed reference system. 𝑓𝑎 is an external supply of dry 

air per unit volume of medium. 

Thermal equilibrium between phases is assumed. This means that the three phases 

are at the same temperature. Consequently, the total internal energy, per unit volume 
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of porous media, is obtained adding the internal energy of each phase. Applying the 

balance equation to this quantity, the following equation is obtained: 

𝜕

𝜕𝑡
(𝐸𝑠𝜌𝑠(1 − 𝜙) + 𝐸𝑙𝜌𝑙𝑆𝑙𝜙 + 𝐸𝑔𝜌𝑔𝑆𝑔𝜙) + ∇ ∙ (𝒋𝑐 + 𝒋𝐸𝑠 + 𝒋𝐸𝑙 + 𝒋𝐸𝑔) = 𝑓𝐸 (4.4) 

where 𝐸𝑠 is the solid specific internal energy; 𝐸𝑙 and 𝐸𝑔 are specific internal energies 

corresponding to liquid and gas phase, respectively, 𝜌𝑠 is the solid density; 𝜌𝑙 and 𝜌𝑔 

are the liquid and gas phase densities; 𝒋𝑐 is the conductive heat flux; 𝒋𝐸𝑠 is the advec-

tive energy flux of solid phase with respect to a fixed reference system; 𝒋𝐸𝑙 and 𝒋𝐸𝑔 are 

the advective energy flux of liquid and gas phases, respectively, with respect to a fixed 

reference system; 𝑓𝐸 is the energy supply per unit volume of medium. 

The balance of momentum for the porous medium reduces to the equilibrium equation 

in total stresses: 

∇ ∙ 𝜎 + 𝒃 = 0 (4.5) 

where 𝜎 is the stress tensor and 𝒃 is the vector of body forces. 

4.1.3 Equilibrium restrictions  

Equilibrium restrictions are given for the concentration of water vapour in gas and of 

dissolved air in water. The mass of water vapour per unit volume of gas (θg
w) is deter-

mined via the psychrometric law: 

θg
w = (θg

w)
0

exp [
−(Pg−Pl)Mw

R(273.15+T)ρl
]  (4.6) 

where Pl and Pg are liquid and gas pressures, respectively, (θg
w)

0
 is the vapour density 

in the gaseous phase in contact with a planar surface (i. e. when Pg − Pl = 0), Mw is the 

molecular mass of water (0.018 kg/mol), R is the gas constant (8.314 J/molK) and T is 

the temperature (in degree Celsius). (θg
w)

0
 is depending on temperature. The vapour 

partial pressure is computed by means of the ideal gas law. 

The solubility of air in water is controlled by Henry’s law: 
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ωl
g

=
Pa

H
∙

Ma

Mw
  (4.7) 

where ωl
g
 is the mass fraction of air in the liquid, Pa is the partial pressure of air, Ma is 

the molecular mass of air (0.02895 kg/mol) and H = 10000 MPa is Henry’s constant. 

According to the definition of partial density, θl
w = ωl

g
∙ ρl. 

4.1.4 Constitutive equations  

The constitutive equations establish the link between the independent variables and 

the dependent variables. Concerning the hydraulic problem it is assumed that the liquid 

and gas flow follows Darcy’s law: 

qα = −𝐊α(∇Pα − ρα𝐠) (4.8) 

where 𝐊α = 𝐤 krα μα⁄  is the permeability tensor. The intrinsic permeability tensor (𝐤) 

depends on the pore structure of the porous medium. krα is the value of relative per-

meability that controls the variation of permeability in the unsaturated regime and μα 

denotes the dynamic viscosity. α stands either for l or g depending on whether liquid or 

gas flow is considered. 𝐠 is the gravity vector. The variation of intrinsic permeability 

with porosity is given by: 

k = 𝐤0 ∙
ϕ3

(1−ϕ)2 ∙
(1−ϕ0)2

ϕ0
3  (4.9) 

where ϕ0 is a reference porosity. The relative permeabilities of the liquid and gaseous 

phases are dependent on the degree of liquid saturation according to: 

Se =
Sl−Slr

Sls−Slr
 (4.10) 

and 

krl = A ∙ Se
λ (4.11a) 

krg = 1 − krl (4.11b) 

where Sl, Slr, Sls, Se are the actual, residual, maximum and effective saturation of liq-

uid, respectively, and A and λ are parameters. 
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It is necessary to define the retention curve of the materials relating to the degree of 

saturation to suction (Pg − Pl). The expression of Van Genuchten is selected: 

Se = [1 + (
Pg−Pl

P
)

1 (1−β)⁄

]
−β

 (4.12) 

where Pg − Pl ≥ 0 and P = P0 ∙
σ

σ0
; P0 is a material parameter. 

The molecular diffusion of vapour is governed by Fick’s law: 

𝐢g
w = −𝐃g

w∇ωg
w = −(ϕρgSgτ𝐃m

wI + ρg𝐃g
′ ) ∙ ∇ωg

w (4.13) 

where 𝐢g
w is the non advective mass flux of water in gas, 𝐃g

w is the dispersion tensor, 

ωg
w is the mass fraction of water in gas, τ is the tortuosity and 𝐃g

′  is the mechanical 

dispersion tensor. Usually, a constant dispersion coefficient corresponding to the mo-

lecular diffusion of vapour in air is assumed: 

Dm
w = τD (

(273.15+T)n

Pg
) (4.14) 

where Pg is given in MPa. For τ a value equal to 0.8, for n a value of 2.3 and for D a 

value of 5.9E-12 has been adopted. 𝐃g
′  can be neglected if air flow is insignificant. 

In saturated porous materials, mechanical behaviour is best understood in terms of ef-

fective stress 𝛔′ = 𝛔 − Pl𝐦, where 𝐦T is an auxiliary vector [1,1,1,0,0,0]. For unsatu-

rated materials it is necessary to consider two independent stress variables: net 

stresses (𝛔 − Pl𝐦) and capillary suction s = (Pg − Pl). The net stress is the excess of 

total stress over gas pressure. If full saturation is achieved, net stress becomes effec-

tive stress. The mechanical constitutive equation takes the incremental form: 

d𝛔′ = 𝐃dε + 𝐡ds (4.15) 

where 𝛔′ is now used for net stresses, ε is the strain sensor. 𝐃 is the constitutive stiff-

ness matrix, defined by Young’s modulus Ei, shear modulus G and Poisson’s ratio υi 

through the classical orthotropic linear elasticity with i depending on bedding plane ori-

entation and 𝐡 is a constitutive vector relating changes of suction to changes in net 

stress. 
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For the Barcelona Basic Model (BBM) as the yield function a classical Modified Cam-

Clay model is taken: 

   0ppppMq os

22   (4.16) 

where M is a constant value characterising the critical failure state line 

pMq   (4.17) 

where q is the deviatoric stress. 

It is assumed that the apparent cohesion increases with suction by 

skpp sos   (4.18) 

where pso is the tensile strength in saturated conditions ,  and p are parameters. 

The net isotropic yield stress po is considered to be dependent on suction through 

oi

io
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k)o(
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*
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p
pp


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


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


  (4.19a) 

with 

  r)sexp(r1)o()s(   (4.19b) 

where p*o is the net yield stress for saturated conditions, (o) , (s) are the slopes of 

the virgin compression lines for saturated and unsaturated conditions, r is a constant 

related to the matrix stiffness,  provides the rate of change of (s) with suction, kio is 

the initial slope of the isotropic unloading-reloading paths for saturated conditions, pc is 

a reference stress. 

Hardening depends on plastic strain according to  

p

v

io

*

o

*

o d
k)o(

v

p

dp



  (4.20) 

where v = 1+e is the specific volume, e is the void ratio. 
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Volumetric elastic strains induced by changes of net mean stress and suction are given 

by 

e

vs

e

vp

e

v ddd 
 (4.21a) 

with 

p

pdk
d ie

vp





v
 (4.21b) 

 s1kk iioi 
 (4.21c) 
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 (4.21e) 

where kio , ki are the slopes of the isotropic unloading-reloading paths for saturated and 

unsaturated conditions, respectively, kso , ks are the slopes of the wetting-drying paths 

for saturated and unsaturated conditions at a given stress p’ in the elastic domain, pat, 

pref are the atmospheric pressure and the reference pressure, i, sp, ss are parame-

ters. 

Deviatoric elastic deformations are computed through shear modulus G and the Pois-

son ratio : 

dq
3

G
d e

q 
 (4.22a) 

with 

p
k

)e1(

)1(2

21(3
G

i









 (4.22b) 
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4.1.5 Material parameters  

A number of parameters associated with the above equations are material specific pa-

rameters which are to be determined by laboratory and in situ experiments. Based on 

/ZHA 04/, /ZHA 07/, ZHA 08/ and /BOC 08/ the material parameters associated with the 

constitutive equations implemented in CODE_BRIGHT were determined for Opalinus 

clay and Callovo-Oxfordian Clay and used in the documented calculations. The values 

of the parameters are represented in Tab. 4.1 to 4.3. 

Tab. 4.1 Physical properties determined Opalinus (OPA) clay and for Callovo-

Oxfordian (COX) clay 

Property Symbol Unit OPA COX 

Grain density s  kg/m3 2710 2700 

Dry density d  kg/m3 2340 2300 

Void ratio eo - 0.190 0.190 

Porosity 0  - 0.160 0.160 

Water content w0 % 7.2 6.0 

Initial suction s0 MPa 0 0 

Degree of satu-
ration 0lS  % 100 100 

Tab. 4.2 Hydraulic parameters determined Opalinus (OPA) clay and for Callovo-

Oxfordian (COX) clay, associated with the constitutive equations 

Parameter in  
equation 

Symbol Unit OPA COX 

(4.9) 0  - 0.16 0.16 

(4.9) ok  m2 2∙10-20 10-19 /10-20 

(4.10) IrS  - 0.01 0.01 

(4.10) lsS  - 1.0 1.0 

(4.11a) A  - 1 1 

(4.11a)  - 5 5 

(4.12) 
 - 0.4 0.37 

(4.12) oP  MPa 20 28 

(4.14)   - 0.8 0.8 
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Tab. 4.3 Mechanical parameters determined for Opalinus (OPA) clay and for Callo-

vo-Oxfordian (COX) clay, associated with the constitutive equations  

Parameter in  
equation 

Symbol Unit OPA COX 

(4.21c) iok  - 0.0035 0.0035 

(4.21c) iα  - 0 0 

(4.21e) sok  - 4∙10-5 4∙10-5 

(4.21e) sp
 -   

(4.21e) ss  MPa-1   

(4.21e) refp  MPa   

(4.22b) ν - 0.33 0.30 

Bulk modulus K MPa 3500 5830 

Shear modulus G MPa 1340 2690 

Young’s 
modulus E MPa 3570 7000 

(4.17) M - 1.5 1.5 

(4.18) k - -0.007 -0.007 

(4.19a) 
cp  MPa 0.1 0.1 

(4.19a) 
*
op

 MPa 20.0 20.0 

(4.19a) λ(o)  - 0.027 0.027 

(4.19b) r - 0.6 0.6 

(4.19b) ß MPa-1 0.015 0.015 
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4.2 MB experiment  

4.2.1 Numerical model  

A 3-dimensional model with 40 m in height and in width was used for the numerical 

simulation (Fig. 4.1). In the centre of the model the MB niche is located. The Gallery 08 

was abstracted and modelled as a part of the MB niche of 3 m in length to keep the 

model geometry simple.  

 

Fig. 4.1 FE model (3D) used for numerical simulation of the Mine-by test (left: full 

model, right: excavation steps) 

The simulation process goes along with the realistic time schedule as far as possible, 

which means that after simulation of the excavation process of Gallery 08, about 

6 months (from end of March 08 to the middle of October 08) of ventilation and associ-

ated desaturation of the whole system are simulated. Due to the capabilities of the 

adopted simplified approach without taking into account any damaging process, the 

development of an excavation damaged zone (EDZ) at the gallery contour is not simu-

lated; the time-dependent desaturation process of the surrounding rock mass induced 

by ventilation is, however, modelled by setting the hydraulic boundary condition to a 

negative pore pressure of about -5 MPa. Consequently, the pore pressure field will vary 

with time.  
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On 13th October 2008 the excavation process of the MB niche is simulated stepwise 

(1.5 m per step) according to the time schedule shown in Fig. 4.2. The excavation pro-

cess is finished on the 8th October 2008 after 273 days of simulation time. The shot-

crete advance is not simulated in the model. 

 

Fig. 4.2 Excavation process  

4.2.2 Modelling results  

Figure 4.3 shows the pore pressure propagation as a result of hydro-mechanical cou-

pled numerical simulation when the excavation process is completed. The detailed 

view shows the symmetric distribution due to the inclined bedding planes and the re-

sulting anisotropic hydraulic conductivity. 
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Fig. 4.3 Pore pressure propagation as a result of hydro-mechanical coupled nu-

merical simulation after excavation (left: full model, right: detailed view) 

4.2.3 Modelling calibration and interpretative calculations 

Figure 4.4 shows selected measurement results of pore pressure evolution in BMB-15 

sensor I4 and I5 versus simulation results. Both sensors show a significant increase in 

pore pressure when the excavation front reaches a distance of approx. 2 m. Their hy-

draulic time-dependent behaviour is strongly influenced by the excavation-induced 

stress redistributions: when the excavation process stopped for several days the pore 

pressure peak at sensor I4 dissipated to the level observed before the peak. After dis-

sipation the pore pressure level is constant, although the distance of the sensor I4 and 

the excavation front is only 2 m. In case of sensor I5 where the excavation front had al-

ready passed the sensor location before the break a further decrease in pore pressure 

is measured. With respect to the results of the numerical simulation, this effect of time-

dependent hydraulic behaviour is underestimated in the modelling. Similar hydraulic 

behaviour can be observed in Fig. 4.5 at sensor I1 and I2, when the excavation pro-

cess stopped at the beginning of November. 

The simplified hydro-mechanical coupled modelling approach used for numerical simu-

lation of the MB experiment is not able to capture the change in pore pressure in its to-

tal value and the time-dependent behaviour derived from the in situ measurements re-

sults. Further modelling activities in the frame work of the EZ-G experiment will focus 

on these aspects. 
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Fig. 4.4 Selected measurement results of pore pressure evolution in BMB-15 

sensor I4 and I5 versus simulation results (dotted lines)  

 

Fig. 4.5 Measurement results of pore pressure evolution in BMB-15 sensor I1 – 

I3 versus simulation results (dotted lines)  
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4.3 EZ-G experiment  

Usually, initial values of pore pressure for model calculations are derived from in-situ 

measurements within the pre-excavation phase and used as input parameters for the 

interpretative calculation. The calculation effort that has been made within the EZ-G 

experiment shows the need for explicit modelling of the pore pressure sensors and the 

behaviour of the relevant rock mass prior to excavation. The following phases have to 

be separated and investigated step by step: 

 Pre-excavation phase (2D and 3D-model) 

 Gallery08 excavation process (3D-model) 

 Post-excavation phase (2D-model) 

This approach provides the basics for further success in interpretative modelling. 

4.3.1 Numerical model  

For interpretative modelling of the EZ-G experiment two different FE models were 

used. A 2-dimensional approach with explicit modelling of the different sensors to get 

information on the primary pore pressure field in the vicinity of the Gallery 04 and a 3-

dimensional approach to capture the excavation induced stress redistributions and the 

related pore pressure evolution in advance to the Gallery 08 excavation front. 

A 3-dimensional model with 50 m in height and in width and 25.5 m in length was used 

for the numerical simulation (Fig. 4.6, right). In the centre of the model the Gallery 08 is 

located. The Gallery 04 was abstracted and modelled as a part of the excavation drift 

of 3 m in length to keep the model geometry simple (Fig. 4.7 a). The dimensions of the 

2D-model were chosen analogue to the 3D-model, but size and geometry of the pore 

pressure sensors BEZ-G6/7/8 were modelled explicitly (Fig. 4.6, left).  

Prior to the EZ-G experiment, the excavation process of Gallery 04 (at least 3 m in 

length) and about 4 years (from June 04 to June 08) of ventilation and associated de-

saturation of the whole system were simulated. The excavation process of the Gal-

lery 08 was enclosed and simulated stepwise Fig. 4.7, using 1.5 m per step (analogue 

to the approach used in the MB experiment, chapter 4.2).  
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Fig. 4.6 FE models used for numerical simulation of the EZ-G experiment  

(left: 2D model, right: 3D model) 

  

(a) part of Ga04 (idealized, 3 m) (b) excavation drift (Ga08) 

  

(c) front view (d) side view 

Fig. 4.7 Details of the 3D model, showing the gallery geometry and the individual 

excavation steps 
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4.3.2 Modelling results  

Figure 4.8 shows measurement results of pore pressure evolution at BEZ-G6/7/8 ver-

sus simulation results of the 2-dimensional approach for the pre-excavation phase. The 

measurement results show that the pore pressure close to the Gallery 04 was reduced 

already before the Gallery 08 excavation front advances. Referring to the conclusions 

drawn from in-situ measurements in chapter 2.4 an initial pore pressure of 1.5 MPa 

was used in the model. Due to the capabilities of the adopted simplified approach, the 

time-dependent desaturation process of the surrounding rock mass induced by ventila-

tion is modelled by setting the hydraulic boundary condition to a negative pore pressure 

of about -5 MPa. Consequently, the pore pressure field will vary with time.  

 

Fig. 4.8 Measurement results of pore pressure evolution at BEZ-G6/7/8 versus 

simulation results (dotted lines, 2D) – pre-excavation phase 

The simulation results clearly show the deviating behaviour of BEZ-G8 after 4 years of 

possible drainage, when compared to the other sensors located further away from Gal-

lery 04. Hence, the different levels of pore pressure at BEZ-G6/7/8 can be explained by 

the varying distance to the Gallery 04 face. 

Following the above explained modelling strategy, the 3-dimensional simulation pro-

cess starts with the excavation of Gallery 04 (Fig. 4.9 a). To capture the excavation in-



 

79 

duced stress redistributions and the related pore pressure evolution and to make them 

visible, two different perspectives were used in Fig. 4.9 and Fig. 4.10: the front view in 

the plane of sensor BEZ-G8 at a distance of about 3 m to the Gallery 04 (left) and the 

side view of the excavation advance (right) are shown in terms of pore pressure propa-

gation. The shown pore pressure values are limited to a range between atmospheric 

pressure and 3.6 MPa for clarity. Calculation values above or below this limit are not 

shown in the figures. The de-saturated zones with high pressures in suction are not 

coloured, consequently.  

Figure 4.9a shows the pore water propagation due to the excavation process of the 

Gallery 04 at the beginning of July 2004. The excavation induced stress redistributions 

cause compressive deformation in the rock mass ahead of the excavation front. Follow-

ing the simplified hydro-mechanical coupled modelling approach this deformation state 

leads to relatively high overpressures (twice the primary value, coloured in red), since 

rock mass damage is not considered. Within the next 4 years the pore pressure dissi-

pates leading to desaturation in the vicinity of Gallery 04 (Fig. 4.9b, coloured in blue). 

This process even reaches the plane of the BEZ-G8 sensor.  

From the beginning of July 2008 the excavation process of Gallery 08 is simulated 

stepwise (y = 1.5 m) and the pore pressure propagation in the rock mass ahead of the 

excavation front follows the trend of previous excavation activities, without having any 

influence on the sensor at BEZ-G8 (Fig. 4.9c). 

When the pillar between the Galleries reaches a distance of less than 9 m (twice the 

diameter) in the model, a minor influence of the excavation advance on the measure-

ments at sensor BEZ-G8 becomes visible (Fig. 4.10a). The on-going excavation ad-

vance (Fig. 4.10b) leads to pore pressure increase high above the primary value of 

1.5 MPa. Finally, the “break-through” is simulated at 26th August 2008 in the model and 

the calculation results show a constant de-saturated zone of about 1 m in depths cir-

cumferential around the gallery contour.  

According to the anisotropic secondary stress field, in the vicinity of the side walls at 

more than 1 m depths, where the rock mass is already saturated, compressive defor-

mation leads to pore pressure increase, whereas in the roof and the invert area pore 

pressure decrease takes place. 
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(a) Gallery 04 excavation process (2nd July 2004) 

 

 

 

(b) Gallery 08 excavation process (1st July 2008) 

 

 

 

(c) Excavation advance at BEZ-G6 (11th July 2008) 

Fig. 4.9 Pore pressure propagation as a result of 3-dimensional hydro-

mechanical coupled numerical simulation (2nd July 2004, 1st July 2008 

and 11th July 2008) 
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(a) Excavation advance at BEZ-G7 (30th July 2008) 

 

 

 

(b) Excavation advance before the break (5th August 2008) 

 

 

 

(c) Final break through (26th August 2008) 

Fig. 4.10 Pore pressure propagation as a result of 3-dimensional hydro-

mechanical coupled numerical simulation (30th July 2008, 5th August 

2008 and 26th August 2008) 
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4.3.3 Model calibration and interpretative calculations  

Figure 4.11 and 4.12 show measurement results at sensors BEZ-G6/7/8 versus simula-

tion results of the 3-dimensional approach for the Gallery 08 excavation phase in terms 

of pore pressure evolution. In addition, the advance of the excavation front is shown on 

the secondary ordinate in terms of distance from Gallery 04 to Gallery 08.  

Referring to chapter 2.4 the measurement results show that during excavation a pres-

sure concentration zone as elastic reaction evolves in front of the excavation face. 

Close to the excavation face, pore pressure is reduced as a consequence of unloading 

and potential damage. The calculation results follow the general trend of the measure-

ments concerning pore pressure increase and decrease depending on the distance to 

the excavation advance, although the effect of time-dependent hydraulic pressure re-

sponse is overestimated in the modelling. 

 

Fig. 4.11 Measurement results of pore pressure evolution in BEZ-G6 & 7 versus 

simulation results (dotted lines, 3D) – Ga08 excavation phase 
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Fig. 4.12 Measurement results of pore pressure evolution in BEZ-G8 versus simu-

lation results (dotted lines, 3D) – Ga08 excavation phase 

Both, the MB experiment as well as the EZ-G experiment have been performed within 

the framework of the extension of the Mont Terry Rock Laboratory. The experimental 

work was intended to collect data about stress redistributions and related pore pres-

sure evolution in the vicinity of the excavation advance and investigate the hydro-

mechanical coupled material behaviour during the excavation process of the new Gal-

lery in 2008. The simplified hydro-mechanical coupled modelling approach used for 

numerical simulation of the EZ-G experiment is able to capture the change in pore 

pressure in general, but probably not in its total value.  

While the data obtained in thes experiments are valuable for characterising the re-

spones of the rock mass to short-term stress redistributions, they are of limited suitabil-

ity with respect to the investigation of long-term time-dependent behaviour. Therefore, 

further modelling activities in the frame work of the DM-A experiment focus on this as-

pect. 
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4.4 DM-A experiment  

4.4.1 Numerical model  

A 2-dimensional plane strain model with 106 m in height and in width was used for the 

numerical simulation (Fig. 4.13). In the centre of the model the Gallery 04 is located. 

The dilatometer probe was abstracted and modelled as a cylindrical borehole of 11 cm 

in diameter without explicit modelling of the instrumentation to keep the calculation ef-

fort low. The dilatometer probe is located at about 17 m distance to Gallery 04. 

 

Fig. 4.13 FE model (2D) used for numerical simulation of long-term borehole de-

formation (right: full model, left: detail) 

The simulation process goes along with the realistic time schedule as far as possible, 

which means that after simulation of the excavation process of Gallery 04, about 

5 years (from end of June 04 to beginning of May 09) of ventilation and associated de-

saturation of the whole system are simulated. Due to the capabilities of the adopted 

simplified approach without taking into account any damaging process the develop-

ment of an excavation damaged zone (EDZ) at the gallery contour is not simulated; the 

time-dependent desaturation process of the surrounding rock mass induced by ventila-

tion is, however, modelled by setting the hydraulic boundary condition to a negative 

pore pressure of about -5 MPa. Consequently, the pore pressure field will vary with 

time.  

Since Gallery 04 was only modelled to provide the hydraulic boundary condition and 

deformation measurements have only been performed in the dilatometer borehole 

17 m away, neglecting damage around the gallery is no constraint for the simulation. 

distance Ga04  borehole 17m
Ga04
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4.4.2 Modelling results  

On May 5th, 2009 the borehole was excavated and prepared for probe installation. Fig-

ure 4.14 shows the negative pore pressure propagation as a result of hydro-

mechanical coupled simulation for the sensor reference measurements on June 23rd, 

2009 (left) and for the end of March 2010 (right). 

  

 

Fig. 4.14 Negative pore pressure propagation as a result of hydro-mechanical 

coupled numerical simulation for the sensor reference measurements on 

June 23rd, 2009 (above) and for the end of March 2010 (below) 

In addition, Fig. 4.15 gives an impression of the calculated pore pressure values in a 

horizontal cross section, showing the total pressure values in small scale and the re-

sulting deviation values with respect to sensor reference measurement (June 23rd, 

2009) in large scale. The figure shows that the pore pressure redistribution process 

around the dilatometer probe is still active due to the hydraulic boundary condition of 

negative pore pressure field [MPa] 

June 23rd, 2009

negative pore pressure field [MPa] 

March 29th, 2010

horizontal cross section
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negative pore pressure of about -5 MPa whereas the changes around the gallery are 

less pronounced. 

 

Fig. 4.15 Calculation results in a horizontal cross section – total pore pressure 

values (small scale) and the resulting pore pressure deviation values 

with respect to sensor reference measurement 

To identify potential driving mechanisms for hydro-mechanical coupled time-dependent 

deformation in the argillaceous rock a single element, the one showing the highest de-

viation, is taken for further evaluation of stress and pore pressure. 

In fact the highest values are expected to develop at the contour zone along with the 

borehole excavation process. Due to the time passed until the reference measurement 

is conducted, the main part of the pore pressure redistribution near the borehole con-

tour has already happened and the zones showing pore pressure decrease have en-

larged with time. Therefore the selected element is at a distance of about 30 cm to the 

borehole contour. 

For this selected element the calculation results on time-dependent principal stress and 

pore pressure deviation with respect to borehole excavation and sensor installation se-

quence are shown in Fig. 4.16. As a reference value for mechanical loading the figure 
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shows the deviatoric VON MISES stress as a function of the second invariant calculat-

ed due to equation 4.23: 

𝜎𝑉𝑀 = √3 ∙ 𝐼2
𝐷 = √

1

2
∙ √(𝜎1 − 𝜎2)2 + (𝜎2 − 𝜎3)2 + (𝜎3 − 𝜎1)2 (4.23) 

During the time before the reference measurement the deviatoric VON MISES stress 

shows an increase due to the excavation process of the borehole and the induced 

stress redistribution. The excavation induced change of the hydraulic boundary condi-

tion at the contour zone provides the possibility of a desaturation of the adjacent rock 

mass. Due to the fact that the main part of the pore pressure redistribution near the 

borehole contour occurs in short time the principal stress variables show a change in 

their absolute values as well. 

 

Fig. 4.16 Calculation results of the selected element on time-dependent principal 

stress and pore pressure deviation during and after borehole excavation 

and sensor installation 

At the time of the reference measurement the stress redistribution process in the re-

garded area is nearly finished, meaning that a change in deviatoric stress is no longer 

visible. Besides, the desaturation process in the selected element is still active, associ-

ated with the pore pressure change with time. 
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Regarding the calculated borehole contour deformation with time shown in Fig. 4.17 an 

ovalization process develops as expected due to the anisotropic primary stress ap-

proach and the corresponding secondary stress field after borehole excavation. To 

make the calculated results visible within the selected scale with respect to the initial 

borehole diameter of 110 mm, the deformation values have been re-sized with a multi-

plier of 1/150 mm. 

 

Fig. 4.17 Calculation results on time-dependent borehole contour deformation due 

to pore pressure redistribution 

With regard to the calculation results mentioned above it is quite obvious that time-

dependent deformation processes of the borehole contour which have been observed 

could partially be caused by pore pressure redistribution.  

In the next step the hydro-mechanical coupled calculation results using the simplified 

constitutive model are compared to the observed long-term borehole measurement re-

sults 

4.4.3 Model calibration and interpretative calculations 

Obviously the geomechanical physical approach is of main importance for predictive 

modelling of argillaceous rocks, especially when large time scales are considered (post 

closure phase of a repository), /CZA 09/. For rock salt formations a marginal and negli-

initial borehole diameter 110mm

before / after system test

Dec. 2009

March 2010
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gible creep limit is assumed, which means that any kind of deviatoric stress leads to 

creep deformation. For argillaceous rock formations that exhibit an anisotropic primary 

stress state the question about the presence of a creep limit and its absolute value is 

still open. On one hand viscous deformation processes could start when a deviatoric 

stress state is imposed that is different to the primary anisotropic one. On the other 

hand it is obvious that fluid flow processes are related to redistribution of pore pres-

sures induced by volumetric deformation due to mechanical loading. 

Fig. 4.18 shows the hydro-mechanical coupled calculation results with the simplified 

constitutive model as discussed above in comparison to the observed long-term bore-

hole measurement results of the dilatometer probe located at Niche DR at the Mont 

Terri URL. The results are interpreted in terms of deformation rates that are determined 

about once a month.  

 

Fig. 4.18 Average borehole deformation rates – experimental findings vs. calcula-

tion results 

As an example, equation 4.24 shows the mathematic formulation to determine a de-

formation rate 𝜀̇ for August 2009 on the basis of the achieved effective borehole defor-

mations ( 𝜀𝑖 = 𝑑𝑖 𝑑0⁄ ): 

average rate of sensor no.2  6.0 e-10 1/s

average rate of sensor no.3 
 5.7 e-10 1/s

calculation average rate  8.3 e-12 1/s

deviation of 2 orders of magnitude: 
damage(?)  creep(?) 

(remark: calculation results re-sized  multiplier*40)
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𝜀̇ =
𝜀𝑖−𝜀𝑗

𝑡𝑖−𝑡𝑗
=

((5.73𝑒−4)−(5.57𝑒−4))

((29.08.09 07:26)−(08.08.09 18:57))∙86400
= 9.29𝑒 − 12 1

𝑠⁄  (4.24) 

The monthly derived deformation rates as well as a calculated linear average value for 

the simulation results are shown in figure 4.18 and compared to the values determined 

on the basis of the measurement results. 

As indicated in Fig. 4.18, the average values for the hydro-mechanical coupled simula-

tion results (𝜀�̇�𝑎𝑙 = 8.3𝑒 − 12 1
𝑠⁄ )  and for the measurement data of the dilatometer 

probe (𝜀�̇�𝑛 𝑠𝑖𝑡𝑢 = 6.0𝑒 − 10 1
𝑠⁄ ) show a deviation by two orders of magnitude. This dif-

ference could either be interpreted by time-dependent damage processes or by assum-

ing that viscous creep deformation processes take place. In fact it could even be a 

combination of both concepts. 

As a result, it can be stated that pore pressure change is not sufficient to explain the 

time-dependent deformation of the rock around the borehole, in fact, it plays a rather 

insignificant role in this configuration /CZA 13/. This may be different with other geome-

tries (e. g., open galleries), but for the sealed dilatometer probe borehole pore pressure 

redistribution is not the major driving force of deformation. With regard to modelling, 

additional calculations including viscous deformation and possibly damage are needed. 

This will require additional work in the field of development of constitutive laws and pa-

rameter identification. 
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4.5 TED experiment  

To study the thermo-hydro-mechanical effects of the early thermal phase on the clay 

host rock, ANDRA has performed an in-situ heating test (see chapter 3). The TED ex-

periment was designed to estimate the overpressure generated by the heat load im-

posed by several heaters and to study the evolution of the damaged zone due to heat-

ing. 

4.5.1 Numerical model  

For interpretative modelling of the TED experiment a 3-dimensional approach was 

used with explicit modelling of 5 selected boreholes, the boreholes TED1201/02/03 that 

were used to install the heater elements and the 2 ones TED1230/31, that were used 

for extensometer measurements and therefore lead to permanent desaturation of the 

rock since installation. 

A 3-dimensional model with 40 m in height and in width and 52 m in length was used 

for the numerical simulation, Fig. 4.19. In the centre of the model the explicitly modelled 

boreholes are located. To get information on the primary pore pressure field in the vi-

cinity of the GED Gallery half of the drift was modelled and the excavation induced 

drainage process was simulated via constant capillary pressure of -5 MPa at the gallery 

wall. 

Prior to the TED experiment, the excavation process of the GED Gallery and about 

10 months (from September 08 to July 09) of ventilation and associated desaturation of 

the whole system were simulated. The excavation process of the boreholes was en-

closed and simulated stepwise. The boreholes used for extensometer measurements 

TED1230/31 were drilled at 20th July and atmospheric pressure was set at the borehole 

wall. In Oktober, the heater boreholes TED1203/02/01 were drilled at 5th, 8th and 12th 

day of the month and kept constant at atmospheric pressure. 

Then from January 25th, 2010 the heating procedure started with the stepwise increase 

of heating power (150/300/600 W) of the heater element in borehole TED1201, see 

chapter 3. A similar procedure was started from March 1st, 2010 for the boreholes 

TED1202 and TED1203. Finally, after 999 days of heating the heat input was reduced 

stepwise (50 W per step) in all 3 boreholes. 
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(a) 3-dimensional model 

 

(b) GED gallery 

 

(c) boreholes, used for heating and extensometer measurements 

Fig. 4.19 FE model used for numerical simulation of the TED experiment  

(3D model) 
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4.5.2 Modelling results  

The following figures show selected calculation results versus measurement data (see 

chapter 3.4) for the temporal evolution at the different heating boreholes TED1201 

(Fig. 4.21a), TED1202 (Fig. 4.21b) and TED1203 (Fig. 4.21c). The temperature meas-

urements in the TED1202 do not represent the real temperature around the borehole, 

since the sensors failed during the second thermal load step. The measurements 

show, with respect to the sensor location (Fig. 4.20) a deviation of 20 °C within the third 

heating phase and a maximum value of 120 °C at TED1201. The variation in the 

TED1201 and TED1203 are due to the insufficient contact between the sensors and 

the casing. This effect cannot be taken into account in the simulation.  

 

Fig. 4.20 Sensor location at the heating boreholes of the TED experiment  

(top view) 

In the reality the thermal load is applied by constant power. For simulation purposes 

the load was applied using a temperature boundary condition. Therefore, a maximum 

value of 110 °C is reached in the calculation for TED1201, which covers the trend of 

the measurements. As a consequence of the sensor failure, the temperature meas-

urement at TED1202 is overestimated in the modelling, Fig. 4.21b. For the third heater 

in borehole TED1203 a median trend of the temperature evolution is reached by the 

modelling exercise. It is difficult to reproduce the reality with temperature loading. In 

TED experiment the temperatures in the heater boreholes are the results of the power 

applied (which is constant) and depend a lot of the surrounding environment.  
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(a) TED1201 

 

(b) TED1202 (with sensore failure at second thermal load level) 

 

(c) TED1203 

Fig. 4.21 Selected measurement results of temperature evolution versus simula-

tion results (dotted lines) 
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4.5.3 Model calibration and interpretative calculations 

The TED experiment was designed to estimate the overpressure generated by the 

thermal load imposed by several heaters. To study the thermo-hydro-mechanical ef-

fects of the early thermal phase on the clay host rock selected measurement results at 

borehole sensors TED125x are shown in the following and compared to calculation re-

sults. These sensors record the absolute pore pressure together with the temperature 

evolution. In the calculation, the sensors were not explicitly modelled to keep the calcu-

lation effort manageable. Hence, the calculation values are taken from the respective 

position inside the mesh. 

Temperature and absolute pore pressure evolution with time 

Fig 4.22 gives an impression of the evolution of the temperature and the absolute pore 

pressure with time at the sensors at borehole TED1252 and TED1255. While, the cal-

culation results for the temperature evolution follow the general trend of the measure-

ments for the first 700 days, the temperature increase in the last load sequence 

(t > 700 d) is overestimated in both sensors. For borehole TED1255, which lies outside 

the central part between the heater boreholes TED1202 and TED1203 the calculation 

results for the absolute pore pressure evolution perfectly match the measured results, 

while the pore pressure increase following the thermal load sequence is overestimated 

in borehole TED1252. 

 

(a) sensor location 
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(b) TED1252 

 

(c) TED1255 

Fig. 4.22 Measurement results of absolute pore pressure and temperature evolu-

tion at sensor TED1252 and TED1255 versus calculation results 
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Gallery GED drainage effect 

To get information on the primary pore pressure field in the vicinity of the GED Gallery 

half of the drift was modelled and the excavation induced drainage process was simu-

lated via constant capillary pressure of -5 MPa at the gallery wall. To capture the influ-

ence of the GED gallery on the absolute pore pressure evolution near the heater 

2 sensors were located at 10 m (TED1256) and at 20 m (TED1257) distance to the gal-

lery contour. The distance has a visible effect on the pore pressure niveau shown in 

Fig. 4.23.  

After the pre-heating phase of about 200 days, both, the measured data as well as the 

calculated results for absolute pore pressure in borehole TED1256 show values of 2 – 

3 MPa (half the primary value). Whereas, the decrease in absolute pore pressure at 

borehole TED1257 is even less (pore pressure level of about 4 MPa). Following the 

heating sequence, the deviation of the calculation results and the measurement results 

is in an acceptable range.  

 

 

(a) sensor location 
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(b) TED1256 

 

(c) TED1257 

Fig. 4.23 Measurement results of absolute pore pressure and temperature evolu-

tion at sensor TED1256 and TED1257 versus calculation results 
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Borehole  drainage effect  

For interpretative modelling of the TED experiment a 3-dimensional approach was 

used with explicit modelling of the boreholes TED1230 and TED1231, that were used 

for extensometer measurements and therefore, lead to permanent desaturation of the 

rock since installation in July 09.  

The desaturated part of the rock has a lower thermal conductivity than the saturated 

one. Therefore, the achieved temperature is higher in TED1251. With respect to the 

measured data, the results of the calculation do not reflect this behaviour. While the 

calculation values for pore pressure exceed the measured values by more than 1 MPa, 

the temperature evolution of the respective sensor is highly underestimated. 

The comparison of measured and calculated values for TED1253 follows the trend of 

TED1252 showing marginal overestimations.  

 

 

(a) sensor location 
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(b) TED1251 

 

(c) TED1253 

Fig. 4.24 Measurement results of absolute pore pressure and temperature evolu-

tion at sensor TED1251 and TED1253 versus calculation results 

  



 

101 

Overestimated thermal loading  

In the simulation the sequence for increasing the thermal load at different time steps 

was done by increasing temperature and not as conducted in reality by increasing 

power. Therefore, the temperature evolution at TED1202 is overestimated in the mod-

elling, Fig. 4.25. Especially, the calculated values for TED1254 show above-average 

pore pressure increase, going together with the high thermal load. 

Analogue to the system behaviour of TED1252 and TED1253, TED1250 follows the 

trend showing marginal overestimations of the respectives values for temperature and 

absolute pore pressures. 

 

 

(a) sensor location 
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(b) TED1250 

 

(c) TED1254 

Fig. 4.25 Measurement results of absolute pore pressure and temperature evolu-

tion at sensor TED1250 and TED1254 versus calculation results 
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Anisotropic material behaviour  

The thermal impact on the COX claystone in relation to the anisotropic material behav-

iour was experimentally studied and the results are summarized in the related status 

report /ZHA 2013/. With respect to these results the in situ measurement data have to 

be evaluated. The anisotropic heat transfer capacity of the rock and its inadequate re-

production with the used modelling approach here, is illustrated by the data set for 

TED1258 and TED1259 in Fig. 4.26. 

The sensor in TED1259 is located more than 2 m above the heater borehole TED1201, 

which is normal to the bedding planes. While the level of the measured temperature 

and absolute pore pressure is reached by the calculation values, the time for pore 

pressure decrease is overestimated in the modelling. 

For sensor TED1258 the situation is even worse: The temperature evolution is highly 

overestimated and the level of absolute pore pressure is underestimated by values of 

2 MPa. 

 

 

(a) sensor location 
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(b) TED1259 

 

(c) TED1258 

Fig. 4.26 Measurement results of absolute pore pressure and temperature evolu-

tion at sensor TED1259 and TED1258 versus calculation results (tem-

perature sensor failure after 400 days at TED1258)  
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4.6 Conclusions drawn from physical modelling and numerical simula-

tion  

The simplified hydro-mechanical coupled modelling approach used for numerical simu-

lation of the MB and EZ-G experiments is able to capture the change in pore pressure 

in general, but derived from the in situ measurement results probably not in its total 

value. Consequently, interpretative calculations for the TED experiment exhibited the 

expected shortcomings.  

Aftre several exercises in 2-dimensional modelling, the TED experiment was the first 

time that GRS has used a full 3D model with thermo-hydraulic-mechanical coupling. 

For simulation purposes the load was applied using a temperature boundary condition. 

It was difficult to reproduce the reality with temperature loading. In TED experiment the 

temperatures in the heater boreholes are the results of the power applied (which is 

constant) and depend a lot on the surrounding environment. The calculations have 

shown that this coupling effect is not easy to handle (parameter set, varying boundary 

conditions with time). In fact, we had to use the calculation results from TH-coupled 

modelling for reporting (without mechanical deformations, instead of the originally 

planned THM-coupled ones).  

Another aspect is that we have used an isotropic approach for modelling the thermal 

conductivity. For the future an anisotropic approach should be used. 

With respect to the long-term time-dependent behaviour the available data is of limited 

suitability. Therefore, further modelling activities in the frame work of the DM-A experi-

ment focused on this aspect. As a result, it can be stated that pore pressure change is 

not sufficient to explain the time-dependent deformation of the rock around the bore-

hole, in fact, it plays a rather insignificant role in this configuration. This may be differ-

ent with other geometries (e. g., open galleries), but for the sealed dilatometer probe 

borehole pore pressure redistribution is not the major driving force of deformation.  

With regard to modelling, additional calculations including viscous deformation and 

possibly damage are needed. This will require additional work in the field of develop-

ment of constitutive laws and parameter identification. 
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5 Summary and conclusions 

In the frame of the MB and EZ-G experiments stress redistribution and related pore 

pressure evolution as a consequence of excavation activities were investigated. Suc-

cessful measurements were performed, and simplified hydro-mechanical coupled 

models used for numerical simulation of the MB and EZ-G experiments were able to 

capture the change in pore pressure in general and especially to explain the initial pore 

pressure distribution, but showed some deviations from the in situ measurement re-

sults. Two mechanisms neglected in the simplified models, viscous deformation and 

damage, can be offered as explanation for the deviations. 

With respect to the long-term time-dependent behaviour the data from MB and EZ-G 

are of limited suitability. Therefore, the time-dependent deformation of the rock around 

the borehole has been measured in the frame of the DM-A experiment, which involves 

long-term measurements with a dilatometer probe installed in a borehole. Additional 

pore pressure sensors were installed during the course of the experiment. The meas-

urements show that for this configuration, too, viscous deformation or damage is need-

ed to explain the results. 

To study the thermo-hydro-mechanical effects of the early thermal phase on the clay 

host rock, ANDRA has performed an in-situ heating test called TED experiment. The 

aim of the TED experiment is to measure the evolution of the temperature, deformation 

and pore pressure field around several heaters and to back-analyse the thermo-hydro-

mechanical properties of the rock. Selected measurement results at borehole sensors 

are shown and compared to calculation results for this purpose. With regard to the pre-

vious modelling exercise on Opalinus clay, the COX related calculations exhibited the 

expected shortcomings. 

In order to achieve reliable physical modelling of all these experiments, simulations in-

cluding viscous deformation and possibly damage are considered necessary. The re-

quired additional work in the field of development of constitutive laws and parameter 

identification is actually in progress in the framework of the extension of the THM-Ton 

project. 
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