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Abstract 
In assessing the performance of a deep HLW repository, the evolution of the 

excavated damaged zone with time is a key issue. In the framework of SELFRAC 

fracturing, self-sealing and self-healing processes of Opalinus and Boom Clay were 

studied in laboratory and in-situ experiments. Definitions for the terms excavation 

damaged zone (EDZ), excavation disturbed zone (EdZ), sealing and healing are 

presented. It is shown that sealing and partial healing occur and the consequences of 

the results for performance assessment of HLW disposal in argillaceous rocks are 

discussed. 

The results of several in-situ experiments and observations at the HADES 

underground research facility are detailed. The origin and extent of excavation 

induced fractures are discussed and sealing and (partial) healing of these fractures is 

demonstrated. In the description of the hydraulic features of the EdZ, the anisotropic 

pore pressure distribution around HADES and its evolution with time are discussed. 

Pore pressure is influenced several tens of metres into the host rock and its evolution 

is influenced by the anisotropic in-situ stress state and the anisotropic hydraulic 

conductivity of Boom Clay. Around the connecting gallery, an increase of hydraulic 

conductivity is measured up to about 6-8 m into the host rock, outside this influenced 

zone values between 4.10-12 m/s and 6.10-12 m/s were obtained. The highest value 

measured (close to the gallery) was of the order of magnitude of 10-11 m/s. The 



observed increase is caused by lower effective stress levels close to the gallery rather 

than by excavation induced fractures. 

Self-boring pressuremeter tests show that total stress is influenced up to 6-8 m into the 

host rock and material parameters such as undrained shear strength and shear modulus 

are influenced up to 2-3 m into the host rock. In-situ seismic transmission 

measurements showed that the closure of a borehole influences the seismic parameters 

of the surrounding host rock: a decrease in seismic velocity is measured and higher 

frequencies disappear from the transmitted signals. After closure of the borehole, 

sealing of the damaged zone around it occurs, this is observed by the recovery of 

seismic velocity and the reappearance of higher frequencies. Fracture sealing is also 

demonstrated by seismic and hydraulic measurements on a reinstalled fractured clay 

core. 
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1. Introduction 
1.1. Context 

Radioactive waste must be managed and disposed of in ways that ensure the 

protection of people and environment, now and in the future. In assessing the 

performance of a deep HLW repository, the evaluation of long-term disturbances in 

the surrounding rock mass induced by the construction and the operation of a waste 

repository is essential. A key issue in this field is the evolution of the excavated 

damaged zone (EDZ) with time, since its presence could result in altered transport 

characteristics of the host rock adjacent to the galleries. This was precisely the goal of 

the SELFRAC project: characterising the EDZ and assessing its influence and its 

evolution with time. 

 

1.2. Structure of the paper 

The present paper primarily deals with the in-situ experiments conducted at the 

underground research facility HADES (Mol, Belgium) in the framework of the 



SELFRAC project. First, section 2 describes the overall framework and work program 

of the SELFRAC project and gives some definitions. Observations and measurements 

performed in HADES are described and discussed in sections 3-7. Besides the 

detailed conclusions of the work in the HADES URF, section 8 also describes the 

general conclusions of the SELFRAC project as a whole, including the link with 

performance assessment. Further, some examples of experimental results obtained by 

other institutes are presented. For more information about the totality of SELFRAC 

experiments, the reader is referred to the final project report (Bernier et al., to be 

published). Moreover, several articles in these proceedings give more information 

about experiments performed within the SELFRAC project: Coll et al., Ortiz et al., 

Malinsky et al. and Blümling et al. 

 

2. The SELFRAC project 
2.1. Framework 

The SELFRAC project was co-funded by the EC within the 5th framework 

programme, key action Nuclear Fission and ran from December 2001 until November 

2004. SELFRAC covered two topics: the origin of fractures on the one hand and the 

occurrence of self-healing and self-sealing processes on the other. The main objective 

was to better understand and quantify these processes and to assess their impact on the 

performance of radioactive waste disposal sites. Two argillaceous rocks were 

investigated: the Opalinus Clay of Mont Terri (Switzerland) and the Boom Clay of 

HADES (Belgium). The SELFRAC project was coordinated by the EIG EURIDICE 

(European Underground Research Infrastructure for Disposal of radioactive waste In a 

Clay Environment, BE). The other partners were NAGRA (National Cooperative for 

the Disposal of Radioactive Waste, CH), L3S (Laboratoire Sols, Solides, Structures, 

FR), G3S (Groupement Structures Souterraines de Stockage, FR), KUL (Katholieke 

Universiteit Leuven, BE), EPFL (Ecole Polytechnique Fédérale de Lausanne, CH) and 

SOLEXPERTS (CH). 

 

2.2. Terminology 

Early in the project it became clear that one of the tasks to be performed was defining 

a clear terminology since no international consensus existed. A distinction was made 



between the excavation damaged zone (EDZ) and the excavation disturbed zone 

(EdZ): 

• EDZ: the zone with hydro-mechanical and geochemical modifications 

inducing significant changes in flow and transport properties. These 

changes can, for example, include one or more orders of magnitude 

increase in flow permeability. 

• EdZ: the zone with hydro-mechanical and geochemical modifications, 

without major changes in flow and transport properties. 

The proposed definitions are site and host rock independent and should be detailed for 

each type of rock and each site. For instance, it should be quantified what the terms 

“significant” and “major” mean for each particular site (Davies & Bernier, 2005). For 

the Belgium reference case (Boom Clay), we consider that a hydraulic conductivity 

increase by less than a factor ten is not significant or major. 

The terms EDZ and EdZ remain very general; many types of damage or disturbance 

can occur which do not necessarily have the same extent. In fact, the extent of the 

EDZ and EdZ depend largely on the parameter under consideration. 

The definitions of healing and sealing are clearer and are probably less controversial. 

Thus, we may define them as follows: 

• Sealing is the reduction of fracture permeability by any 

hydromechanical, hydrochemical, or hydrobiochemical processes. 

• Healing is sealing with loss of memory of the pre-healing state. Thus, 

for example, a healed fracture will not be a specially preferred site for 

new fracturing just because of its history. 

 

2.3. Work program 

At the start of the SELFRAC project, a report on the state of the art on fracturing and 

self-healing processes and the characterisation of these processes was drawn up (Coll 

et al. 2004). It gives an overview of the background information on the existing 

theoretical and experimental studies (laboratory and in-situ) in this field. 

The experimental research performed in SELFRAC comprised both laboratory and in-

situ experiments, as well as numerical modelling. Fracturing, self-healing and self-

sealing processes were studied on both clays by means of hydromechanical tests, flow 



properties, acoustic measurements and constitutive modelling. In-situ experiments 

were performed both at Mont Terri (Switzerland) and at HADES (Belgium). 

 

3. HADES Underground Research Facility (URF) 
Studies of the disposal of HLW in Belgium focus on the Boom Clay, a tertiary clay 

formation which is present under the Mol-Dessel nuclear site between 190 m and 

290 m depth. Some characteristic properties are given in table 1 (Mertens et al., 

2004). The underground research facility HADES (High-Activity Disposal 

Experimental Site) was constructed at a depth of 223 m. The first construction phase 

started in 1980 and since then HADES has been expanded several times; figure 1 

shows the construction history (Bastiaens & Bernier, 2006). HADES is currently 

managed by the Economic Interest Grouping EURIDICE, a joint venture between 

SCK•CEN, the Belgian nuclear research centre, and NIRAS/ONDRAF, the Belgian 

agency for radioactive waste and enriched fissile materials. 

 

4. Fractures 
4.1. Observations 

During the subsequent construction phases of the URF, fracture observations have 

been made. Especially during the last extension, the connecting gallery (see figure 1), 

a lot of effort was put into the characterisation of excavation induced fractures 

(Bastiaens et al., 2003; Mertens et al., 2004). 

The face and sidewalls of the gallery were observed, photographed and mapped as the 

excavation progressed. This resulted in a detailed database describing fracture type 

(tension, shear, etc.) and orientation over the whole length of the gallery. Most 

fractures show striations and slickensides, indicating a shear origin. A consistent 

fracturing pattern was recognised; a vertical cross-section is shown in figure 2. It 

consisted of two conjugated fracture planes: one in the upper part, dipping in the 

excavation direction, the other in the lower part, dipping in the opposite direction. The 

two planes were curved and intersected at mid-height of the gallery, where their dip 

reached about 60°. The distance between successive fractures was usually a few 

decimetres. 

The shape of the fractures can be explained by the stress state at which they were 

initiated. Ahead of an excavation face, the axial stress drops (at the face itself, the 



axial stress is zero), the radial stress however shows a peak ahead of the face. In 

undisturbed conditions at the level of HADES the vertical stress is slightly larger than 

the horizontal stresses: K0 ~0.9 (NIRAS, 2001). As a consequence, ahead of the 

excavation face and in the axis of the gallery, the largest principal stress (σI) was 

vertical and the smallest (σIII) was horizontal along the direction of the gallery axis. 

When moving away from the axis, the directions of the principle stresses slightly 

rotate, which is reflected in the fracture shape which is slightly curved. Possibly, the 

presence of bedding planes can have influenced fracture orientation; the Boom Clay 

layer is almost horizontal at Mol and its bedding planes are clearly distinguishable. 

Field observations (see section 4.2.) and numerical modelling showed that the 

fractures originated some 6 metres ahead of the excavation face. To determine the 

radial extent of the fractures, some cored borings were carried out after the gallery 

was constructed. They indicated a radial fracture extent of about 1 m. 

 

4.2. Healing and sealing 

Shortly after the construction of the connecting gallery, a network of radial 

piezometers was installed around the gallery to measure the pore water pressure 

distribution and to follow up its evolution with time (see section 5). Piezometers are 

metallic tubes which are installed in a drilled borehole; at several locations the tubes 

are porous which allows pore pressure to be measured at those locations. No packers 

are used; instead the filters are sealed off by natural convergence of the borehole walls 

around the instrument. Currently, pore pressure can be measured as little as 30 cm 

into the host rock (the closest available measuring point), indicating that no unsealed 

fracture network exists beyond (at most) a few decimetres into the host rock. 

Another evidence of sealing was observed during the construction of the connecting 

gallery. About 6 m before the actual connection with the existing part of the URF, the 

so-called Test Drift, fractures induced by the construction of the Test Drift in 1987 

were observed (figure 3). However, the surfaces of these fractures showed traces of 

oxidation only within the last metre before the connection. This means that the 

remainder of the fractures had been sealed off. It also means that fractures can be 

reactivated after 15 years, indicating that healing has not yet (or only partially) 

occurred during this period. 



Partial healing was also observed when taking core samples: some excavation induced 

fractures only became observable after core manipulation and drying; before this, the 

cores did not show any discontinuities. 

 

5. Hydraulic features 
Multi-piezometers were used to study the zone where hydraulic features were 

influenced by the presence of the URF. These instruments allow long-term follow-up 

of pore pressures and measurement of the hydraulic conductivity (k). 

 

5.1. Pore water pressure: measurements 

Pore water pressure measurements around HADES by means of piezometers have 

been performed for more than 20 years. They constitute a well proven technique and 

provide robust and reliable data. 

Two sections of the connecting gallery were equipped with this type of instrument. 

Figure 4 shows the lay-out of these two sections; two downward (40 m), one upward 

(20 m), one horizontal (40 m) and one inclined (30 m) piezometers were installed. 

Furthermore, two piezometers from the EC CLIPEX project were still available 

(Bernier et al., 2003): one above the connecting gallery (C2) and one in a horizontal 

plane with the gallery axis (D2). Measurement results on 6th December 2004 (about 2 

years and 9 months after gallery construction) are shown in figure 5; in order to make 

a meaningful comparison between the different locations, pore pressure is expressed 

as a percentage of the original undisturbed value at each measurement location. The 

depth was measured from the extrados (lining exterior). 

The distance between the instrumented sections is about 42 m but the measurements 

of the two downward piezometers are almost identical. This indicates a good 

repeatability of the measurement and it also indicates that pore pressure distributions 

in the two instrumented sections are almost identical (and can thus be compared). It is 

clear that the pore pressure distribution around the connecting gallery is anisotropic: 

the extent of the influenced zone is larger vertically (>40 m) than horizontally 

(~20 m). In other directions, the extent is intermediate. Up to about 4 m into the rock, 

the anisotropy is limited. The piezometers installed before the construction of the 

connecting gallery (the CLIPEX piezometers) and the ones installed after the 

construction give similar results. The difference between the upward and downward 



piezometers is not yet fully understood, possible causes are installation related issues 

(mainly close to the gallery) the presence of layers with a slightly higher hydraulic 

conductivity above the gallery (mainly at larger distances from the gallery) or the 

influence of the second shaft. 

Around older galleries like the Test Drift, piezometers were also installed in the past. 

Figure 6 shows pore pressure measurements around the Test Drift. In February 1990, 

about 2.5 years after the construction of the Test Drift, the measurements are quite 

similar to the present-day ones around the connecting gallery (see figure 5): the same 

anisotropy is observed during the first years after excavation. But as time passes, the 

pressures in the horizontal piezometer drop, the pressures in the vertical one rise and 

after 5-10 years the anisotropy is inverted. 

 

5.2. Pore water pressure: discussion 

The pore pressure anisotropy can be explained by stress redistribution due to gallery 

excavation. At the level of the URF, K0 is about 0.9: the vertical stress is slightly 

higher than the horizontal ones. Due to the low hydraulic conductivity, the role of 

fluid flow in the immediate HM response of the host rock is negligible; this means the 

host rock can be modelled and thought of as being undrained during excavation. As a 

consequence of the undrained behaviour during stress redistribution and the 

anisotropy of in-situ stress, pore pressures should increase left and right of the gallery, 

and decrease above and below. This behaviour has been observed during the 

excavation of the connecting gallery (Bernier et al., 2003). Re-equilibrium of the pore 

pressures (dissipation of over- and under-pressures) takes several years and depends 

mainly on the hydraulic diffusivity. Equilibrium has not yet been reached at this 

moment and several additional years are estimated necessary. Similar observations 

have been made at the Mont Terri URF (Bossart et al., 2004) and it was estimated that 

a minimum of 10 years was needed for re-equilibrium around a 3.5 m diameter gallery 

(in Opalinus Clay, which has a lower hydraulic conductivity). This phenomenon can 

explain why currently, relatively recent after excavation, pore pressure at a given 

distance from the connecting gallery is higher in a horizontal piezometer than in a 

vertical one. Other possible contributing factors are the influence of fracturing and 

fracture shape (Mertens et al., 2004) and the influence of the anisotropy of the 

properties of Boom Clay. 



As shown by the measurements around the Test Drift, the influenced zone does not 

become isotropic during the re-equilibrium phase, but the anisotropy is inverted. This 

effect is due to the anisotropy of the hydraulic conductivity in Boom clay ( VH kk ⋅≈ 2 ) 

which causes a larger draining effect horizontally. We can therefore conclude that 

pore pressure distribution is dominated in the short term by the anisotropy of the 

initial stress state (undrained instantaneous response) and in the long term by the 

anisotropy of the hydraulic conductivity (re-equilibrium of pore pressures with 

VH kk ⋅≈ 2 ). 

 

5.3. Hydraulic conductivity: measurements 

Hydraulic conductivity around the connecting gallery was derived from single point 

constant head tests in steady state flow regime; Darcy's law was applied. For 1D 

steady state water flow in porous media Darcy's law states that  

l
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where Q is the flow rate [m³/s], k the hydraulic conductivity [m/s], A the area [m²] 

and ∆h/l the gradient of the piezometric head [-]. Darcy's law can be reformulated for 

more complicated geometries. However, for the shape of the piezometer filters 

(cylindrical), no analytical solution exists. An approximation must thus be made. 

Figure 7 shows the applied approximation: a cylinder with spherical ends for which 

an analytical solution does exist: 
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Numerical simulation of this problem revealed that the accuracy of the approximation 

depends on the exact geometry of the cylindrical filter (length and diameter); for the 

geometry of the filters used in SELFRAC, a correction factor of 0.875 was 

determined, so 

hF
Q

k
∆⋅

⋅= 875.0 . 

The results are shown in figure 8, measurements were carried out using filters on a 

horizontal (R55E) and a vertical (R55D) piezometer. An increase of hydraulic 

conductivity is observed up to 6-8 m. Values of ~6 10-12 m/s and ~4 10-12 m/s were 



obtained outside the influenced zone, respectively on the vertical and the horizontal 

piezometer. About 1 year after the first measuring campaign on R55D the first 5 

filters were tested again. The results were systematically lower, although not much. 

The first five filters of R55E were tested again as well; the results were almost 

identical to those obtained one year before. 

 

5.4. Hydraulic conductivity: discussion 

The measurements show the influence of gallery excavation on hydraulic 

conductivity. The values outside the influenced zone are consistent with in-situ data 

obtained in previous experiments (De Cannière et al., 1994), although slightly higher. 

One of the hypotheses of the applied method is isotropy of flow properties. In reality 

VH kk ⋅≈ 2 , so the values determined represent 'mean' or 'equivalent' values. When 

measuring on a vertical piezometer, kH is dominant; when measuring on a horizontal 

piezo-meter, kH and kV are more or less equally important. This explains the larger 

values obtained from the vertical piezometer. 

Combining total stress measurements from self-boring pressuremeter tests (see section 

6) with the pore pressure measurements of the horizontal reference piezometer R55E 

gives an estimation of (vertical) effective stress as a function of depth. In the 

influenced zone, it varies from about 1.5 MPa to 3.5 MPa. This zone of influence is 

more or less the same as that of the hydraulic conductivity. Coll (2005) and Volckaert 

et al. (1995) describe laboratory permeability tests on Boom Clay samples as a 

function of effective isotropic stress. Over the effective stress range mentioned above, 

a decrease of hydraulic conductivity of about a factor two is reported. This is in good 

agreement with the in-situ k measurements on the horizontal piezometer R55E which 

vary between ~8 10-12 m/s and ~3.5 10-12 m/s. We can therefore conclude that 

effective stress variation alone can account for the variation of hydraulic conductivity 

measured around the connecting gallery and that there is no important influence of 

fractures. This hypothesis is in agreement with laboratory experiments to determine 

hydraulic conductivity on fractured Boom Clay samples (Bernier et al., to be 

published and Ortiz & Van Geet, to be published). 

 

6. Self-boring pressuremeter tests 
6.1. Procedure 



In April 2002 and August 2004, two series of self-boring pressuremeter tests were 

carried out. The tests were performed in two horizontal boreholes from the connecting 

gallery and extended respectively 12 m and 10 m into the host rock. The distance 

between the two test boreholes was about 30 m. The connecting gallery was 

completed in early 2002, so the first series was carried out shortly after its completion. 

The equipment, personnel, drilling orientation and methods were the same for both 

boreholes; hence the only major difference between the two sets of tests is the elapsed 

time since the construction of the gallery. 

The Cambridge self-boring pressuremeter (SBP) was invented in the early 1970’s to 

carry out minimally disturbed tests in soft clays and loose sands (Hughes, 1973). Its 

capabilities have gradually been extended so that now it can carry out in-situ tests in 

materials of the strength of soft rock. The SBP test is a two part process. The 

instrument is a miniature tunnelling machine, the central part of which is covered with 

an elastic membrane (Figure 9). The first part of an SBP test is concerned with 

inserting the instrument into the ground to a depth where a test is intended. The 

second part consists of a controlled inflation of the elastic membrane so that the 

instrument carries out a loading of the test cavity (Bolton & Whittle, 1999). 

 

6.2. Results and discussion 

Some results of the SBP tests are summarised in figure 10. The results from 2002 are 

labelled "BH62" and those of 2004 are labelled "BH54". The graphs indicate a high 

repeatability of the tests. 

The best estimate of the total stress (P0) is shown in figure 10a, this value is likely to 

be more representative of the vertical in-situ stress. Total stresses are influenced up to 

6-8 m into the host rock. Between the two tests, total stress close to the gallery wall 

has risen, indicating stress build-up (re-equilibrium) around the excavation. 

The undrained shear strength (Cu) is shown in figure 10b; for this parameter the two 

tests are nearly identical and show an influenced zone of about 2-3 m. Figure 10c 

shows the secant shear modulus at maximum elastic shear strain (Gmin); again, the two 

tests are very similar and the influenced zone is limited. 

An estimation of the coefficient of earth pressure at rest (K0) was performed based on 

elastic rebound data from the 2004 tests. This is a speculative analysis; the assumption 

is that while the probe is responding to elastic or pseudo-elastic ground movements, 

the individual arms of the probe will indicate anisotropy, if present. On the evidence 



of these data K0 is about 0.9; this value is consistent with previous studies (NIRAS, 

2001). 

 

7. Long-term seismic and acoustic in-situ measurements 
In a first experiment, the seismic parameters around an uncased borehole are studied: 

they are altered by the closure of the borehole and sealing/healing later on. In a 

second experiment, similar measurements are performed on a fractured clay core 

which was instrumented and then reinstalled in a borehole. Seismic transmission 

measurements gave good results; acoustic emission measurements were harder to 

interpret but confirmed the results of the transmission measurements (Bernier et al., to 

be published). The present paper only discusses the transmission measurements. 

 

7.1. Closing borehole 

Seismic measurements were performed around an uncased borehole which was 

allowed to close. Seismic velocities, frequencies, and amplitudes are an integrating 

indicator of the degree of damage of the rock induced by the closing borehole on the 

path between transmitter and receiver and their evolution with time reflect 

sealing/healing processes. 

The set-up consisted of four observation boreholes (2003-03 through 2003-06) located 

around one central, closing borehole (2004-03) as is shown in figure 11 and figure 12. 

Each observation hole was equipped with three transmitters and two receivers at 

depths between 5.4 m and 7.6 m. All sensors are orientated in the direction of the 

central borehole. In the central borehole four transmitters and four receivers (not 

represented in figure 12) are placed at depths between 5.1 m and 7.9 m; the closing 

part of the central borehole is located between 5 m and 8 m depth. Displacement 

sensors monitor the vertical and horizontal closure of the closing part of the central 

borehole. 

In a first phase, the four observation boreholes were installed (Dec 2003). After 

installation, the transmitters and receivers are pressed (with a spring) against the 

borehole sidewall. In doing so, seismic coupling is achieved immediately in most 

cases. The automated seismic measurements were repeated daily at midnight. To 

improve the signal-to-noise ratio the signals were stacked 256 times. After a 

stabilisation period, the central hole was drilled (July 2004). The measurements were 



evaluated with regard to seismic velocity and seismic amplitude of the P-waves for 

various travel paths in different directions. In general, clear S-wave onsets could not 

be identified. FIGURE 13a shows transmission measurements on a ray path between 

two observation holes. A measurement gap is visible, during this time the system was 

updated. After the gap, some measurements were made before the central hole was 

drilled (day 220). The automatic measurements were re-started immediately 

afterwards. FIGURE 13b shows transmission measurements on a ray path between an 

observation hole and the central hole. 

In general, the waveforms of the transmission measurements between the observation 

boreholes showed a diffuse pattern of low frequency components at the beginning, 

this was accompanied by low peak amplitudes. In the first 30 to 50 days the peak 

amplitudes increased and the waveforms became more similar and a regular pattern 

and higher frequencies appeared. This behaviour is attributed to the re-equilibrium of 

the host rock around the instruments and the sealing/healing of damage induced by the 

borehole drilling. Afterwards amplitudes decreased in most of the travel paths; 

however, the waveforms did not change during this period. This phenomenon is not 

yet fully understood, one hypothesis is that it is linked to the evolution of effective 

stress at the interface between the instrument and the host rock. 

The drilling of the central hole did not have an important immediate effect on the 

amplitudes. On the other hand, the velocity decreased following the drilling and 

increased again after some months as can be seen in FIGURE 13a. FIGURE 14 details 

this observation: P-wave velocities were determined at several moments: before and 

after drilling of the central borehole and some 5 and 10 months later. 

The results of travel paths with one sensor in the collapsing borehole (FIGURE 13b) 

were similar to those described above: diffuse pattern of low frequency components at 

the beginning of the measurements combined with increasing peak amplitudes. 

However, whereas the stabilisation period lasted 30-50 days in the case of a (lined) 

observation hole, it lasted some 100-150 days for the collapsing borehole. This is 

logical since more convergence/damage is allowed and it occurs over a longer period 

of time. 

The measured closure of the central borehole was more important vertically than 

horizontally as shown in FIGURE 15. After 50 days, most of the closure has taken 

place; this is the moment amplitudes increase for most ray paths between observation 

holes. Some movement is observed for about another 50 days; in total, this 



corresponds more or less to the stabilisation period observed for ray paths with a 

sensor in the central borehole. 

Based on the results, we conclude that breakouts and convergence of the borehole 

wall led to a quasi complete closure of the hole in about two months; during this 

period the rock is being damaged and a decrease of P-wave velocities between 

observation boreholes is initiated and a loss of the higher frequencies occurs. 

Afterwards reconsolidation, sealing and healing processes occur in the closed 

borehole leading to partial recovery of the seismic properties. 

 

7.2. Instrumented core 

During drilling of the closing borehole, a clay core was taken. A 0.567 m long section 

with two flat drilling induced fractures was selected. Its front and end were equipped 

with a seismic receiver and transducer and 4 pore pressure sensors were installed, two 

on each fracture plane. A schematic lay-out of the test is given in figure 16 and the 

positions of pore pressure sensors and fractures are detailed in figure 17. About 6 

hours after the core was taken, the instrumented section was installed in a freshly 

drilled, 6.5 m deep borehole. 

Figure 18 shows the measured waveforms in the axial direction of the core sample 

and the peak amplitudes. After 38 days the amplitudes and frequencies suddenly 

increase. The amplitudes show a similar evolution as discussed for the main 

experiment: they reach a maximum (after approximately 60 days) and after that point, 

they continuously decrease to a smaller value which remained more or less constant 

since. 

The sudden improvement of the axial acoustic transmissivity of the core shows that 

after 38 days the borehole has converged around the reinstalled core and the fractures 

were (from acoustic point of view) sealed. However, the measured P-wave velocity 

was somewhat lower than expected (1.6-1.7 mm/µs). 

Pore pressure sensors measured normal values for the depth at which the core was 

installed. To test the sealing of the fractures in the core, the pressure at filter 2 (see 

figure 17) was dropped to atmospheric pressure for several weeks. The neighbouring 

filters also showed a drop, but it is clear from figure 19 that the fractures and the 

interface between the core and the borehole wall were sealed: although the distance 

between filters 1 and 2 is only 50 mm and a fracture plane was connecting them, the 



response of filter 1 is gradual and the equilibrium value is high. The reaction at filters 

3 and 4 is similar but less pronounced due to the larger distance from filter 2. 

 

8. Conclusions 
8.1. HADES URF 

In-situ observations at the HADES URF at Mol have led to a good understanding and 

characterisation of excavation induced fractures around shafts and galleries. Around 

the connecting gallery, fractures have a radial extent of 1 m into the host rock and 

they originated about 6 m ahead of the excavation face. Fractures seal but can be 

reactivated. At present, no unsealed fracture network exists beyond (at most) some 

decimetres into the host rock. 

In-situ measurements have shown that the pore pressure distribution around HADES 

is anisotropic; 2 years and 9 months after the excavation of the connecting gallery the 

influenced zone is about 20 m horizontally and larger than 40 m vertically. A pore 

pressure increase occurs left and right of a gallery when it is constructed and a pore 

pressure decrease occurs above and below. This effect has been observed, and the re-

equilibration of the pore pressures takes several (5-10) years. During this re-

equilibration, the anisotropy is inverted: pore pressures in a vertical plane become 

higher than those in a horizontal plane. This effect is due to the fact that VH kk ⋅≈ 2 . 

Steady state, in-situ, constant head tests showed an increase of hydraulic conductivity 

up to 6-8 m around the connecting gallery. The values outside this influenced zone are 

about 6.10-12 m/s and 4.10-12 m/s, measured on a vertical and a horizontal piezometer 

respectively. Even at the measuring points closest to the gallery, k is still only one 

order of magnitude larger than the undisturbed value and a decreasing trend with time 

was observed. Furthermore, we conclude that effective stress variation alone can 

account for the variation of hydraulic conductivity measured around the connecting 

gallery and that there is no important influence of fractures. According to the 

definitions of section 2.2. the extent of the EDZ around the gallery is less than 1 m. 

Two series of self-boring pressuremeter tests were carried out. Total stress is 

influenced up to 6-8 m into the host rock and a K0-value of 0.9 was measured. Close 

to the gallery, total stress increased during the first years after gallery excavation. 

Material parameters such as undrained shear strength and shear modulus are only 



influenced up to 2-3 m and do not show any significant change within the first years 

after excavation of the gallery. 

Long-term seismic and AE measurements are able to reveal disturbances and detect 

the evolution of sealing processes with time in Boom Clay by means of measuring the 

associated variations in seismic velocities, damping of amplitudes and frequencies of 

the seismic signals. During the first weeks after sensor installation in a lined borehole 

transmitted frequencies and peak amplitudes rise as a consequence of the re-

stabilisation of the borehole. A maximum is reached after about 50 days. For an 

unlined (closing) borehole this is about 150 days. After the maximum, peak 

amplitudes generally decrease until a plateau is reached. This phenomenon is not yet 

fully explained. Ray paths passing near the collapsing borehole show a decrease in 

seismic velocity as a consequence of damaging of the medium. Furthermore, higher 

frequencies disappear from the transmitted signals. After about 100-150 days, which 

corresponds to the time needed for total collapse of the borehole seismic velocity 

recovers and higher frequencies re-appear. This indicates sealing of the damaged zone 

around the collapsed borehole. Sealing was also demonstrated by seismic and 

hydraulic measurements on a re-installed fractured clay core. 

 

8.2. Conclusions of the SELFRAC project 

The main results of SELFRAC and their consequences for performance assessment 

(PA) of waste disposal sites in argillaceous rocks are summarised in Table 2. An 

important conclusion is that, although the working title of SELFRAC only contained 

the word "healing", most of the phenomena observed rather categorise as "sealing". 

Moreover, perfect healing is considered not to occur for argillaceous rocks. 

In Boom Clay sealing effects are very fast as is shown, for instance, by µCT images 

of an artificially fractured clay sample (30.3 mm high, diameter 38 mm). The images 

were taken before and after hydraulic conductivity measurement on the sample and 

indicate closure of the fracture, only due to the saturation of the sample. The µCT 

images are shown in figure 20a (before saturation) and figure 20b (after 4.5 hours of 

hydraulic conductivity measurement). Sealing was confirmed by the results of the 

hydraulic conductivity measurement on the sample, which were of the same order of 

magnitude as the undisturbed value, being ~10-12 m/s (Ortiz et al., to be published). 

The in-situ tests at HADES also confirm these results. Similar tests were performed 

on Opalinus Clay and they showed that sealing did occur, but slower and to a lesser 



extent; the original order of magnitude of the hydraulic conductivity was not reached 

during the test period. Other tests, amongst others an in-situ load plate test carried out 

at Mont Terri, suggest however that hydraulic conductivity of fractured Opalinus Clay 

is restored when the host rock is saturated and pressure is applied (Heitz et al., 2003). 

With respect to healing, only indications of weak or partial healing have been 

observed for Boom Clay in the framework of the SELFRAC project: several of the 

artificially fractured samples showed some fracture cohesion after dismantling of the 

experiment. However, the cohesion was low and it was not possible to quantify it. 

Partial healing was also observed in-situ in HADES. For Opalinus Clay, healing was 

not observed during SELFRAC. 

Sealing (and healing) is in general the result of several mechanisms. The main 

mechanisms for sealing (and healing) in clays are swelling, consolidation and creep. 

Each of these mechanisms makes a more or less important contribution to the overall 

process, depending on the properties of the rock and the state it is in; it is however 

often difficult to distinguish the quantitative contribution of each of them. 

At the end of the SELFRAC project, the consequences of the project results for the 

performance assessment of HLW disposal in argillaceous rocks were discussed during 

a workshop. In conclusion, sealing effects for the studied argillaceous rocks are fast 

and important enough from PA perspective. Moreover, the EDZ (and per definition 

the EdZ) is not the critical issue for PA at the moment. Calculations for different 

repository designs in different clay host rock formations show that the influence of the 

EDZ on radionuclide release is quite limited; it has been shown that even for very 

conservative, so-called “what if?” cases the very stringent regulatory guidelines can 

be met (Blümling et al., to be published). This is due, in part, to the low conductivity 

of the host formation, which limits the availability of water for advective transport 

through the near-field, regardless of the conductivities of the EBS and EDZ. 

Furthermore, for radionuclides transported through galleries, shafts or the EDZ by 

flowing water, the clay acts as a considerable sink all along the pathway (Davies & 

Bernier, 2005). 

Nevertheless, good and profound scientific knowledge of fracture creation and 

sealing/healing is necessary for a good safety case and confidence building. 

Moreover, some questions remain to be dealt with in more detail: the response of 

sealed fractures on gas pressure build-up coming from corrosion, radiolysis or other 

sources and the response on elevated temperatures and chemical changes with time. 
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Tables 
 
Table 1: Characteristic properties of the Boom Clay: 

Bulk density (sat.) 1.9 – 2.1 (t/m³)

Water content 19 – 24 (%) 

Total porosity 36 - 40 (%) 

UCS 2.2 – 2.8 (MPa)

Youngs modulus 200 - 400 (MPa)

Poissons ratio 0.4 - 

Cohesion 0.396 MPa 

Internal friction 11 (°) 

 

 

Table 2: Conclusions of the SELFRAC project 

 Boom Clay Opalinus Clay 

Sealing Fast Slower 

Healing Some indications of 

weak/partial healing 

Not observed in this 

project 

Processes Swelling, creep and consolidation 

Consequences for PA •  Sealing effect is fast enough. 

•  Sealing effect is important enough. 

•  EDZ is not the critical issue at this moment, BUT 

• Profound scientific knowledge necessary. 

• Some questions remain: response on gas 

build-up and on T and C changes in time. 

 



Figure captions 
 

Figure 1: Construction history of the underground research facility HADES. 

 

Figure 2: Vertical cross-section of the observed fracture pattern around the connecting 

gallery; the fractures originate about 6 m ahead of the excavation face and their radial 

extent is about 1 m. 

 

Figure 3: About 6 m before the actual connection with the existing part of the URF, 

reactivated fractures induced by the construction of the Test Drift in 1987 were 

observed. 

 

Figure 4: Lay-out of the two sections of the connecting gallery which were equipped 

with piezometers. 

 

Figure 5: Pore pressure measurements around the connecting gallery on 6th December 

2004, expressed as a percentage of the original undisturbed value at each 

measurement location. 

 

Figure 6: Pore pressure measurements around the Test Drift. The initial anisotropy 

(horizontal piezometers measured higher pressures than vertical ones) inverts with 

time. 

 

Figure 7: Since there is no analytical solution for Darcy's law for a finite cylinder, the 

filter geometry is approximated by a cylinder with spherical ends. 

 

Figure 8: Results of steady state, constant head measurements of the hydraulic 

conductivity around the connecting gallery performed on a horizontal (R55E) and a 

vertical (R55D) piezometer in 2004 and 2005. 

 

Figure 9: Picture of the Cambridge self-boring pressuremeter. 

 



Figure 10: Some results of the self-boring pressuremeter tests as a function of depth. 

The tests were carried out in April 2002 (BH62) and August 2004 (BH54). Graph "a" 

shows the best estimate of total stress (P0), graph "b" shows undrained shear strength 

(Cu) and graph "c" shows secant shear modulus at maximum elastic shear strain 

(Gmin). 

 

Figure 11: Position of the boreholes of the long-term seismic and acoustic in-situ 

experiment. A scheme of the four observation boreholes and the closing central hole 

is shown on the left; a picture of the gallery sidewall after installation of the four 

observation boreholes is shown on the right. 

 

Figure 12: 3D illustration of the positions of the four observation boreholes and the 

(partly) closing central borehole. The receivers (dark) and transmitters (white) of the 

observation boreholes are shown as well; the transmitters and receivers in the closing 

part of the central borehole are not shown. 

 

Figure 13: Results of in-situ seismic transmission measurements. The upper half 

shows the time history composed of the normalized waveforms. P-wave peak 

amplitudes are shown at the left-hand side at the bottom. The direction of the travel 

path is plotted on an equal-area, lower hemisphere projection (right-hand side at 

bottom). Results for a ray path between two observation boreholes (a) and for a ray 

path between an observation borehole and the central borehole (b) are shown. 

 

Figure 14: Distance versus P-wave travel times for cross-hole measurements with the 

observation boreholes. Analyses were made on 4 different dates: before (a) and after 

(b) drilling the central borehole, about 5.5 months later (c) and another 5 months later 

(d). 

 

Figure 15: Radial displacement in the central borehole in horizontal (-12 mm at 

equilibrium) and vertical (-32 mm at equilibrium) direction. 

 

Figure 16: Lay-out of a fractured core which was instrumented and reinstalled in a 

borehole; its front and end were equipped with a seismic receiver and transducer and 

4 pore pressure sensors were installed, two on each fracture plane. 



 

Figure 17: Positions of pore pressure sensors and fractures on the instrumented core. 

 

Figure 18: Signals of seismic measurements (top) and corresponding P-wave peak 

amplitude (bottom) in axial direction of the Boom Clay sample since 1st July, 2004 up 

to 23rd May, 2005. 

 

Figure 19: Results from the 4 pore pressure sensors which were installed on the core. 

Filter 2 was brought at atmospheric pressure on 8th March 2005. The pressure at the 

other filters decreased, but the fracture between filters 1 and 2 (the distance between 

this filters is only 50 mm) and the interface between the core and the borehole wall 

are clearly sealed. 

 

Figure 20: µCT images of an artificially fractured clay sample (30.3 mm high, 

diameter 38 mm). Figure "a" was taken after the artificial fracture was created and 

figure "b" was taken after 4.5 hours of hydraulic conductivity measurement. 
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