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A schematic drawing of the experimental setup is shown in Figure 52. The Opalinus Clay host rock is 
known to be highly anisotropic. To a first approximation, the geology of the study area for the HG-A 
experiment is transversely isotropic about a steeply tilted axis of symmetry, which is illustrated in the (a) 
part of the Figure.  
 

 

Figure 51: Layout of the HG-A experiment in the Mont Terri URL 

(a) (b) 

Figure 52: (a) Schematic layout of the non-intrusive seismic tomography experiment at Mont Terri. (b) 
Experimental setup showing positions of the source at 10 m length along the borehole (S10), geophones G7 

and G15 and a sketch of the micro-tunnel EDZ 
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2.6.7 Execution of the tests 

The high frequency P-wave sparker source fired every 0.25 m in the downward-directed borehole was used 
to generate seismic waves recorded on a 24-channel hydrophone array located in the upward-directed 
borehole. The hydrophones were spaced at 1 m intervals. By shifting the array three times at intervals of 
0.25 m and repeating each shot, a 96-channel hydrophone array with 0.25 m element spacing was 
synthesized. The energy from each source shot was also recorded on eight vertical-component geophones 
(natural frequency 100 Hz) distributed around the micro-tunnel wall within the plane of the boreholes.  

Repeatability of Measurements 

Informative monitoring using seismic tomography requires high levels of quality control. Both the source 
pulse (including its coupling) and the coupling of the receivers must be consistent throughout all 
experiments. A consistency check was carried out for the repeatability of signals generated by the source. 
The results indicated a high level of repeatability for the source signal, when detected by either the 
hydrophones using a cross-borehole method, or using the geophones in the micro-tunnel as detectors. 

A similarly favourable level of reproducibility was observed when experiments using the geophones were 
repeated at different times (implementing the same set of conditions). However, the reproducibility of data 
between experiments using the hydrophones was more limited. The signal characteristics arising from two 
identical experiments carried out differed significantly, probably due to changes in the coupling between the 
hydrophones and their surroundings. These variable coupling conditions will need to be accounted for 
during full waveform inversion analysis. 

Travel-time Inversion of Cross-hole Hydrophone Data 

Tomographic images may be obtained from seismic data through either travel-time inversion (considering 
only the travel times from the first arriving waves), or full waveform inversion (which takes into account the 
entire waveform including amplitude and phase). To date, tomographic data have been analysed by travel-
time inversion, based on the velocity of seismic wave propagation through the media between the source 
and the receivers. Development of novel full waveform modelling and inversion schemes to analyse the data 
obtained is ongoing. 

A travel-time inversion of the hydrophone data using the kinematic anisotropic code of Zhou and 
Greenhalgh (2008) [18] was undertaken for the experiment in which the micro-tunnel was filled with dry 
sand. For an inversion cell size of 0.60 m, the recovered density-normalized elastic moduli (anisotropic 
parameters a11, a13, a33, and a44 in Figure 53) highlight the strongly anisotropic nature of the medium. Note 
that in that Figure, the black circle identifies the position of the micro-tunnel and the straight black line 
denotes the axis of symmetry inclined at about 41 degrees to the horizontal. When converted to the 
Thomsen parameters, these values correspond to ε and δ estimates of up to 0.55 and 0.88, respectively. The 
inversion results demonstrate that the axis of symmetry is inclined at about 41 degrees to the horizontal. 
Relatively low seismic velocities are observed ~2 m from the borehole collars (as represented by the very 
low a11, a13, and a44 values at the lower ends of the boreholes in Figure 53). This could be the result of 
excavation damage or desaturation around the gallery 04. The primary features in the tomograms, which are 
predominantly aligned perpendicular to the symmetry axis, represent layering of the Opalinus Clay.  
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Figure 53: Inverted density-normalized elastic moduli a11, a13, a33, and a44 for a tilted transverse isotropic 
medium.  

 
Parameter a33 exhibits a pronounced positive anomaly at the upper end of the receiver line. It is supported by 
elevated values of a13 and a44 but the origin of this anomaly is unknown. As expected, travel-time inversion 
is unable to detect the micro-tunnel because of its small diameter. This observation is supported by a travel-
time inversion of data from the fully saturated micro-tunnel experiment. The results from this experiment 
were virtually identical to the tomograms in Figure 52. 

 
Travel-time and Waveform Differences in the Micro-tunnel Geophone Data 
Unlike the cross-hole data collected using hydrophones in an adjacent borehole, recordings from geophones 
placed directly in the micro-tunnel show significant differences as the experimental conditions are varied. 
We see variations not only in the travel-times but also in the polarity and character of the first arrivals. For 
the six different experiments 1 to 6 described in Section 2.6.8, Figure 54 displays early portions of 
seismograms from geophones G15 and G7 with the source at the 10 m position S10, as shown in Figure 
54(b). Note that he traces recorded during experiments 1 to 6 have been numbered along the x-axis.  
Since the seismic signal has not traversed the micro-tunnel when it reaches the G15 geophone, differences 
in the travel-time data at this location can only be attributed to changes in the EDZ of the micro-tunnel. 
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For experiment 1 (empty micro-tunnel), the geophones were poorly coupled to the micro-tunnel, yielding 
unreliable seismograms. Figure 54 (a) shows that G15 seismograms are very similar for experiments 2, 3, 
and 4, indicating that the micro-tunnel EDZ is not initially affected by water ingress into the micro-tunnel.  

In contrast, the G15 arrival times and waveforms for experiments 5 and 6 are quite different from those of 
experiments 2, 3, and 4. This variation for the last two experiments may arise because the micro-tunnel has, 
by this point, been fully saturated for a long time, allowing water to enter the micro-tunnel EDZ. This would 
lead to resaturation and probable to swelling of the Opalinus Clay (Bossart and Nussbaum, 2006 [20]) and a 
consequent increase in seismic velocities within the micro-tunnel EDZ. 

 

(a) (b) 

Figure 54: Early arrivals for shot position 10 recorded at geophones: (a) G15, (b) G7 

 

Significant waveform and travel-time changes from experiment to experiment are observable at geophone 
G7, as shown in Figure 54(b). These variations arise because seismic data collected at G7 is a function of 
two waves which follow slightly different paths. One wave passes directly through the micro-tunnel and is 
therefore influenced by the fill material. The other wave is diffracted around the micro-tunnel and is thus 
influenced primarily by the micro-tunnel EDZ. The first wave to arrive depends on the geophone location in 
the micro-tunnel, as well as the state of the micro-tunnel and the EDZ. In addition, waves travelling directly 
through the micro-tunnel strike geophone G7 from below, whereas waves travelling around the micro-tunnel 
wall strike geophone G7 from above, thus providing the potential for polarity changes and marked 
amplitude variations that depend upon the arrival times of each wave. 

Seismic studies using geophones placed in-situ within a micro-tunnel are therefore capable of distinguishing 
the EDZ of the micro-tunnel from the surrounding environment and distinguishing changes in the conditions 
in the micro-tunnel as well, both directly and indirectly (through changes in the behaviour of the EDZ). 
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Attempts have been made to determine information about the micro-tunnel EDZ from the corresponding 
travel-time data. Assuming a straight ray-path, the travel-time difference Δt of first arrivals between the 
experiments 2 and 5 can be written as: 

  

 ∆t = s(r) (1 - 1 / β) / v (1)  

 

where v is the velocity of Opalinus Clay in the micro-tunnel EDZ under dry conditions, β is the fractional 
increase of velocity in the EDZ caused by the presence of water, r is the width of the EDZ, and s(r) is the 
length of ray that passes through the EDZ, as illustrated in Figure 55(a). By varying β and r systematically, 
we attempted to find an optimal combination of the two parameters that explained all observed travel-time 
differences. As shown in Figure 55(b), there exists a clear trade-off between β and r minimising the misfit, 
such that a priori information on one of the two parameters is required for a unique solution. 

The results of seismic investigations on the HG-A experiment at Mont Terri suggest that cross-hole travel-
times do not enable information to be gathered about the state of a 1 m diameter micro-tunnel that lies 
midway between source and receiver boreholes separated by distances of 5-30 m. In contrast, data recorded 
on geophones mounted within the micro-tunnel provide diagnostic information about the micro-tunnel fill 
and the state of the micro-tunnel EDZ. Changes in the micro-tunnel fill and EDZ result in marked variations 
in seismic wave arrival times, polarities and waveforms. A full waveform inversion of the combined 
geophone and hydrophone data will be undertaken as part of this study to fully assess the imaging 
capabilities of seismic tomography for this type of application. 

 

(a) (b) 

Figure 55: (a) Straight-ray approximation: First arriving wave propagating from the source to the geophone 
along an approximately straight line has a lower velocity inside the EDZ (red section of the ray). (b) Root-

mean-square errors between observed travel-time differences (experiments 2 and 5) for all source positions, 
and the predicted differences based on equation (1)  
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2.6.8 Evaluation of results and summary of conclusions 

To date, seismic tomography measurements have been taken on 6 sets of conditions within the micro-tunnel:  
1. air-filled,  

2. dry sand-filled,  

3. 50 % water-saturated sand-filled,  

4. nearly fully water-saturated sand-filled,  

5. fully water-saturated sand-filled (several months later), 

6. fully water-saturated sand-filled and pressurized to 6 bars. 

A further four campaigns are planned be undertaken and analysed after the ESDRED Project has finished, 
these correspond to the gas injection phases. 

There are benefits in being able to monitor what is occurring within the EBS, once waste has been isolated, 
without compromising the integrity of the EBS. Development of non-intrusive monitoring techniques to 
improve our capability and confidence in these techniques will enable options of more robust and assured 
monitoring of waste once isolated. The development of practical applications which mimic disposal 
conditions provide opportunities to test and develop monitoring systems to improve our understanding of 
the capabilities of these systems particularly to detect relatively small changes over longer timeframes. 

A group of partners (NDA, NAGRA, ANDRA) and SOLEXPERTS AG recognised a further opportunity for 
developing in-situ monitoring techniques utilising the construction and testing programme of a low pH 
shotcrete plug confining a saturated bentonite buffer constructed in granite at the Grimsel Test Site under 
ESDRED Module 4. The partners initiated Project TEM (Testing and Evaluation of Monitoring Techniques) 
at Grimsel to provide a unique opportunity for simultaneous comparison of three monitoring methods - 
wired signal transmission from the EBS, wireless data transmission using magneto-inductive techniques, 
and observation through non-intrusive cross-hole seismic tomography techniques. This approach provides a 
means of calibrating and verifying non-intrusive techniques with more researched, better understood 
techniques and helps to demonstrate their performance and applicability. The novelty of TEM is that the 
application of each of these techniques is also tested under realistic conditions.  

The non-intrusive monitoring development effort, initiated under the EC IP ESDRED programme and 
continued under Project TEM has applied seismic tomography employing full waveform analysis to 
improve our understanding of the capability of this technique. 

The work undertaken confirms: 

• High-resolution seismic measurements for monitoring waste repositories are generally feasible. 
• Repeatability of the measurements is most critical for monitoring purposes. 
• Geophones installed close to target area proved to be most helpful for identifying temporal changes. 
• The equipment employed for this project produced highly repeatable seismic source signatures, but 

the coupling of the borehole hydrophones turned out to be surprisingly variable. 
• The useful bandwidth of the seismic signals extends from up to 4 kHz for the geophones installed in 

the micro-tunnel and from 1 to 4 kHz for the borehole hydrophones. 
• Changing conditions within the HG-A micro-tunnel have minimal effect on the travel times of 

waves travelling from the source borehole to the receiver borehole. In contrast, effects of changing 
conditions within the micro-tunnel are very pronounced on recordings from geophones directly 
installed in the micro-tunnel.  
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3 SUMMARY AND CONCLUSIONS 

3.1 Background and objectives 

Important R&D projects, that pre-date ESDRED Module 1, had already studied several bentonite materials 
and their conditioning, to investigate their application as key materials in buffers, backfills or seals in 
geological repositories (e.g. RESEAL in Mol, or BOS in Grimsel). Most of these projects had been 
performed on a small or intermediate scale, and only a few addressed the emplacement techniques related to 
these components. The demonstration testing, at full scale, that had been performed was basically limited to 
the vertical disposal configuration (e.g. work by SKB related to the KBS-3V design). From these projects, it 
was becoming clear that the horizontal configuration would pose specific challenges that had never been 
sufficiently addressed. At the same time, the horizontal configuration was getting increased consideration in 
the disposal concepts (reference or alternative) of a number of EU countries. Module 1 was therefore 
primarily set up to advance the state-of-the-art of the technology related to the construction of the buffer or 
the backfill around a horizontally disposed high-level waste package. 

The work involved the following more specific operational objectives: 

• Backfilling of horizontal annular gap: 

o Grout backfilling: to test, first on a 2/3rd scale mockup and then on a 30 m long full scale 
mockup, whether the annular gap can be filled within a time frame during which the 
fluidity of the grout can normally be guaranteed (i.e. about 5 hours) and to achieve a quasi 
complete filling of the void with homogeneous backfill material. The composition of the 
specific grout is predominantly determined by long-term phenomenological requirements. 

o Dry granular materials: to test on a 2/3rd scale mockup whether the annular gap can be 
filled, using the dry-gun technique, at a linear pace that would allow application in the 
actual repository (i.e. faster than one linear m/h) and to achieve a quasi complete filling of 
the void with homogeneous backfill material. The work involved a pre-selection of the 
most promising dry granular materials, while focusing on the technological aspects. 
Robust projection equipment was designed specifically for operating in the disposal 
gallery under mechanically harsh conditions. 

• Prefabricated buffer configuration: 

o The specific objective was to fabricate 10 rings and 2 discs of 2.3 m outer diameter, with 
0.8 m diameter inner opening and of 0.5 m thickness. Moreover all of the equipment 
needed for handling, for assembly in sets of 4, for packaging, for transportation and for 
storage of the rings once they had been pressed in a mould also needed to be designed, 
fabricated and tested. 

• Granular buffer in combination with prefabricated blocks: 

o The objective was to select and test a number of mixtures of different granule size of MX-
80 bentonite derived by computer modeling, to fabricate these mixtures and to use these to 
perform backfill testing on a 2/3rd scale mockup using auger emplacement technology, 
with the operational target of obtaining a dry density of 1500 kg/m3. 

 
The general objective related to the low pressure gas entry/break-through seal testing was to check whether 
the borehole seals would behave as predicted from laboratory experiments. The operational objective was to 
see whether the entry/break-through pressure during gas injection would be below 2 MPa (a Mont Terri 
specific value). 



 
[ESDRED] 

Mod1-WP6-D6 – Module 1 Final Report 
Dissemination level: PU   97/112 
Date of issue of this report: 30 January 2009 
 

Both the seal installation testing (PRACLAY) and the non-intrusive monitoring development had the 
general objective to advance the associated state-of-the art technological know-how. Specific operational 
targets were less relevant. 
 

3.2 Implementation and main achievements 

In general, the work within ESDRED Module 1 passed through the following sequence:  
(1) definition of requirements and gathering of input data, (2) computer modelling and/or laboratory testing, 
(3) mockup or in-situ testing. 

The work within Module 1 was subdivided into 6 Work Packages, of which a chronological overview is 
depicted in Figure 56. Note that the shaded bars represent associated additional work that is however 
outside of ESDRED. 

 

Figure 56: Chronological overview of the execution of the Module 1 Work Packages 

 

Work Package 1 was devoted to the gathering of input data and the definition of functional requirements. 
Work Package 2 focused on computer simulations, laboratory testing of materials and the design of the test 
configurations. In Work Package 3, the in-workshop test configurations were constructed and the tests were 
executed. In Work Package 4, the in-situ testing was performed (4.1 in Mol and 4.2 in Mont Terri), with the 
exception of the full-scale grout backfill test by O/N, which was performed on a surface mockup. Work 
Package 5 grouped all the work on non-intrusive monitoring. Work Package 6 was devoted to the Module 1 
end-of-project-reporting. 
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The main achievements, per partner are:  

• ANDRA has succeeded in the cold compaction of a MX-80 bentonite / quartz sand mixture 
prepared as a powder, to obtain the prefabricated buffer rings described in their Dossier 2005 report 
to the French Government. ANDRA has also successfully tested the handling of these buffer rings 
and their rigidity. 

• ONDRAF/NIRAS has demonstrated the feasibility of two different emplacement techniques for 
backfilling the annular void around a horizontally disposed high level waste package: (1) projection 
of a dry granular material, for which sand, cement, bentonite and mixtures thereof were used, (2) 
injection of a custom made high pH grout designed to have the required thermal, chemical and 
physical characteristics. Both emplacement techniques have been tested successfully on 2/3rd-scale 
mockups. The grout injection technique was also tested on a full scale mockup of 30 m in length. 
Again, the feasibility of the injection technique was demonstrated, but it was also concluded that the 
W/C ratio of the specific grout will need to be reduced in the next phases of the development 
process, to ensure that the grout becomes hard shortly after injection. In general, the backfill tests 
within ESDRED have provided a broad knowledge basis for this further development process. 

• NAGRA, using auger technology and a reduced-scale steel model of a horizontal disposal drift with 
a waste container disposed on a cradle of prefabricated bentonite blocks, has tested the emplacement 
of a range of bimodal mixtures of granular bentonite. NAGRA succeeded in achieving the desired 
dry density of the emplaced buffer material. 

• GRS has been (and continues) running performance tests on four seals of different clay/sand 
composition in boreholes at the Mont Terri URL since October 2005. The results so far of these in-
situ tests, and also the results obtained from the preceding (and still ongoing) laboratory mockup 
tests, confirm the advantageous sealing properties of moderately compacted clay/sand mixtures. 
Such advantageous sealing properties were previously determined on small samples under ideal 
conditions in the laboratory. However the seal saturation rates (in the mockup and in-situ) are much 
slower than predicted by computer models based on earlier work. Hence the in-situ gas entry/break-
through injection tests will now most probably be executed around mid-2009. Since the beginning 
of ESDRED it has always been recognized that the duration of the in-situ tests could easily extend 
beyond the contractual end date of the Project. The work already completed and the results obtained 
have considerably advanced the knowledge base regarding moderately compacted bentonite/sand 
seals in clay host rocks. 

• NDA has been successfully conducting a development program to advance the knowledge regarding 
non-intrusive monitoring based on seismic tomography. A series of measurement campaigns 
performed around the HG-A tunnel in the Mont Terri URL have been performed. To interpret the 
information provided by the seismic echoes, an anisotropic model of the clay test environment has 
been developed and an associated full wave inversion code is being developed, in cooperation with 
the Swiss Federal Institute of Technology (ETH Zurich) as a part of an ongoing PhD programme. 
Due to a rescheduling of the HG-A experiment, the last campaign is now anticipated to take place in 
mid-2009. The performance of this final testing, and the finalization of the wave inversion code, 
will contribute to the already gathered knowledge base. 

• EURIDICE have prepared the design of the PRACLAY seal steel support structure and have 
selected MX-80 as the swelling material to be used. The latter selection has involved a literature 
study, a series of scoping calculations by aid of a computer code and laboratory testing (e.g. at the 
CERMES institute) focusing on a number of specific aspects related to the interaction of the 
swelling material and the Boom Clay host rock. The actual in-situ installation of the seal in the 
PRACLAY gallery remains to be completed. Due to a rescheduling of works, the in-situ installation 
of the PRACLAY seal will fall beyond the contractual end date of ESDRED. The installation is 
now foreseen for the second quarter of 2009. The work by EURIDICE, especially the actual in-situ 
implementation, will have advanced the phenomenological and technical knowledge base related to 
the construction of a hydraulic seal in a disposal gallery. 
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To summarize: at the end of the contractual project time frame, ESDRED Module 1 has achieved all of its 
objectives. There is one experiment (PRACLAY seal) that is awaiting mid-2009 for work to be finalized 
and there are two experiments (SB seals and non-intrusive monitoring) that can expect an interesting 
contribution from additional work that will be performed in 2009 independent of the ESDRED Project. 
Results on non-intrusive monitoring will be fully reported as part of the MoDeRn Project while the SB 
experiment will generate a stand alone public document.  

 

3.3 Conclusions and lessons learned 
Regarding the construction of the buffer/backfill around emplaced HLW canisters, ESDRED developed a 
number of off-the-shelf solutions up to a certain level of completeness. These solutions or certain 
technological aspects thereof, are ready to be shared among partner countries whenever the need might 
arise. 
 
Regarding the construction of seals in a clay-based repository, the phenomenological and technological 
knowledge base has been advanced by virtue of two different experiments (SB and PRACLAY seal) 
conducted as part of ESDRED. This knowledge base will continue to expand in the future as these 
experiments will be carried on beyond ESDRED. The contribution by ESDRED is however only a first step 
forward and many more steps will have to be taken in the development of repository sealing techniques. 
 
Regarding non-intrusive monitoring, seismic tomography and the analysis of the data produced by ESDRED 
has been developed up to a certain level as a useful technique that can be shared among partner countries. 
So far, the development has focused on applications in a clay repository, but the technology is expandable to 
other host rocks. 
 
In the course of the project, the partners within Module 1 have developed a better understanding of each 
other’s solutions and the technical challenges involved. This in turn has lead to a better self critical analysis 
and understanding of each organisation’s own solutions. Most of all however, five years of collaboration 
have led to the formation of a network for cooperation between technological experts within the partner 
organisations. This has generated collaborative spin-off projects, of which the non-intrusive monitoring 
experiment at Grimsel URL (TEM Project) is a good example. It has also provided the foundation for cross-
organizational initiatives, of which some have been accepted for the 7th EC Framework Program, such as the 
MoDeRn Project on monitoring. It is this kind of collaboration, more than anything else, which contributes 
significantly to European integration. To have achieved this is a credit to the ESDRED Project and certainly 
also to the work in within Module 1. 
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APPENDIX 1 : LIST OF PEOPLE WHO PARTICIPATED IN 
MODULE 1 
 
The following were the ESDRED partner organizations within Module 1: 

1. ONDRAF/NIRAS (the Belgian waste management organization), fulfilling the role of Module Leader 
2. ANDRA (the French waste management organization) 
3. NAGRA (the Swiss waste management organization) 
4. GRS (German nuclear expert organization) 
5. EURIDICE (Economic Interest Group created by ONDRAF/NIRAS and the Belgian nuclear research 

institute SCK.CEN) 
6. NDA (the British Nuclear Decommissioning Authority) 

 
Note that ENRESA (the Spanish waste management organization) was originally included in Module 1, but 
stepped out in the course of the Work Package 1. Also note that NDA has replaced NIREX since 2007, as part 
of the general take-over of activities by the former. 
 
The main subcontractors or supporting organizations in Module 1 were: 

• For the backfilling of an annular gap (by ONDRAF/NIRAS): 
o Grout backfill material: BASF (after taking over DEGUSSA)  
o Mockup construction and backfilling: SMET-TUNNELLING 
o Dry granular materials vehicle design and assembly: SCK.CEN, BAUDOUIN  

• For the prefabrication of bentonite rings (by ANDRA): a consortium called GME, which included: 
o Laboratory testing: CEA 
o Mould: SEGULA, Clay Technology, Ferry Capitain, Creusot Mécanique 

 
• For emplacement of granular buffer in annular configuration (by NAGRA): 

o Computer modeling: ITASCA 
o Laboratory testing: ETH Zürich, Clay Technology 

 
• For the clay/sand seal performance testing (SB experiment, by GRS): no main subcontractors 

 
• For the seal material installation testing (by EURIDICE): 

o Laboratory testing: CERMES 
o Seal steel support structure design and installation: SMET-TUNNELLING 
o Bentonite provider: MPC 

 
• For the non-intrusive monitoring testing (by NDA): 

o Computer modeling: ETH Zürich 
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The following persons played a representative role for the partners in Module 1: 
 

Organization Name First Name 

ONDRAF/NIRAS BEL Johan 

ONDRAF/NIRAS DE BOCK Chris 

ANDRA LONDE Louis 

ANDRA BOSGIRAUD Jean-Michel 

ANDRA SEIDLER Wolf 

NAGRA BLUEMLING Peter 

NAGRA WEBER Hanspeter 

NAGRA FRIES Thomas 

GRS ROTHFUCHS Tilmann 

EURIDICE BERNIER Frédéric 

EURIDICE VERSTRICHT Jan 

NDA BREEN Brendan 

NDA JOHNSON Mark 

ENRESA HUERTAS Fernando 

 
Note: the role of Module 1 Leader was fulfilled by Chris De Bock (ONDRAF/NIRAS) 
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APPENDIX 2 : LIST OF MODULE 1 DELIVERABLES AND 
DISSEMINATION LEVEL 
 
 

Reference Title Date 
Dissemi
nation 
Level 

Mod1-WP1-D1 Input Data and Functional Requirements December 23rd 
2004 RE 

Mod1-WP2-D2.1 Basic Design of Several Buffer 
Configuration (Preliminary) 

August 24th 
2005 RE 

Mod1-WP2-D2.2 Basic Design of Several Buffer 
Configuration (Final) 

January 11th 
2006 RE 

Mod1-WP3-D3 In-Workshop Demonstration of Buffer 
Prefabrication / Installation 

February 28th 
2007 RE 

Mod1-WP4-D4 Report on In-Situ Test Configurations December 18th 
2008 PU 

Mod1-WP5-D5 Testing Non-Intrusive Monitoring Systems December 12th 
2008 PU 

Mod1-WP6-D6 Evaluation and Final Report Date of this 
Report PU 

 
 
 
Dissemination Level: 
PU: Public 
RE: Restricted 
CO: Confidential 
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APPENDIX 3 : LIST OF ALL ESDRED FINAL REPORTS 
 

 

Reference Title Dissemination 
Level 

Mod1-WP6-D6 Module 1 (Buffer Construction Technology) 

Final Report 

PU 

Mod2-WP7-D8 Module 2 (Waste Canister Transfer & Emplacement 
Technology) 

Evaluation and Final Report 

PU 

Mod3-WP5-D6 Module 3 (Heavy Load Emplacement Technology) 

Evaluation and Final Report 

PU 

Mod4-WP4-D9 Module 4 (Temporary Sealing Technology) 

Evaluation and Final Report 

PU 

Mod5-WP5-D11 Final Report on Communication Actions PU 

Mod5-WP9-D12 Leaflet on ESDRED Results PU 

Mod6-WP4-D6 Final Summary Report PU 

 
Dissemination Level: 
PU: Public 
RE: Restricted 
CO: Confidential 
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APPENDIX 4 : LIST OF ACRONYMS 
 

ACRONYM  EXPLANATION 
AE Acoustic Emission monitoring 
BET Brunauer-Emmett-Teller (method for material specific surface area measurement) 
C Waste Canister Containing High Level Vitrified Waste 
CU  Spent Fuel Canister (ANDRA) 
CU1 SF Waste Canister Containing 4 Spent Fuel Rods (ANDRA) 
CU2 SF Waste Canister Containing 1 Spent Fuel Rod (ANDRA) 
EB “Engineered Barrier” (project at Mont Terri) 
EBS Engineered Barrier System 
EC European Commission 
EDZ Excavation Damaged Zone 
ERI Electric Resistance/impedance Imaging (a.k.a. geo-electric) 
ESDRED Engineering Studies and Demonstration of Repository Designs 
ETH Eidgenössische Technische Hochschule (Zürich Technical University) 
EU European Union 
FEBEX “Full-scale HLW Engineered Barriers Experiment” (project at Grimsel) 
GPR Ground-Penetrating Radar 
HLW High Level Waste 
ID Inside Diameter 
ILW Intermediate Level Waste 
IP(C) Integrated Project (Coordinator) 
KBS-3H SKB/POSIVA Horizontal Disposal Concept (reference concept in ESDRED) 
KBS-3V SKB/POSIVA Vertical Disposal Concept (national reference concept) 
meq Milliequivalent (used to express the cation balance per 100 g of dry matter)  
MIP Mercury Intrusion Porosimetry 
MOX Mixed Oxide nuclear fuel (uranium mixed with plutonium) 
MS Microseismic monitoring 
MTRL Mont Terri Rock Laboratory 
NEA Nuclear Energy Agency 
O/N ONDRAF/NIRAS 
OD Outside Diameter 
OPC Ordinary Portland Cement 
pH Unit of measure for acidity and alkalinity of a material 
PVC Polyvinyl Chloride 
SB Project SB (Self-sealing Clay/Sand-Barriers) at Mont Terri 
SF Spent Fuel 
TBM Tunnel Boring Machine 
TDR Time-Domain Reflectometry 
TEM “Testing and Evaluation of Monitoring Techniques” (project at Grimsel) 
THM Thermo-Hydro-Mechanical 
TTE Through-the-earth (monitoring techniques) 
UCS Unconfined Compressive Strength 
URL Underground Research Laboratory 
W/C Water over Cement Ratio 
wt% Percentage based on weight 
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APPENDIX 5 : COMMON GLOSSARY 
 

WORD Per IAEA DEFINITION 

ALARA yes An optimization process for determining what level of protection 
and safety makes exposures, and the probability and magnitude 
of potential exposures, “as low as reasonably achievable, 
economic and social factors being taken into account”. 

Backfill yes The material used to refill excavated portions of a repository 
(drifts, disposal rooms or boreholes) during and after waste has 
been emplaced 

Barrier yes A physical obstruction that prevents or delays the movement of 
radio nuclides or other material between components of a 
system, for example a waste repository. In general a barrier can 
be an engineered barrier (see EBS below) or a natural or 
geological barrier. 

Behind  away from the dead end of a disposal cell/drift 

Bentonite yes A soft light colored clay formed by chemical alteration of 
volcanic ash. It is composed essentially of montmorillonite and 
related minerals of the smectite group. Bentonite is used as 
backfill and buffer material in repositories. 

Buffer yes Any substance placed around a waste package in a repository to 
serve as an additional barrier to: stabilize the surrounding 
environment; restrict the access of groundwater to the waste 
package; and reduce by sorption the rate of eventual 
radionuclide migration from the waste 

Canister  See « waste container » 

Cask yes A vessel for the transport and/or storage of spent fuel and other 
radioactive materials. The cask serves several functions. It 
provides chemical, mechanical, thermal and radiological 
protection, and dissipates decay heat during handling, transport 
and storage. 

Clay  Within ESDRED this refers to indurated clay in the form of clay 
stones and argillites. Clays differ greatly mineralogically and 
chemically but ordinarily their base is hydrous aluminum 
silicate. NB: “Swelling clays” refers to specific types of clays 
used in EBS (see “Bentonite”) and in seals.  
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WORD Per IAEA DEFINITION 

Conditioning yes Those operations that produce a waste package suitable for 
handling, transport, storage and/or disposal. Conditioning may 
include the conversion of the waste to a waste form, enclosure of 
the waste in canisters, and, if necessary, providing an over pack. 

Criticality Per US 
Nuclear 
Regulatory 
Commission 

A term used in reactor physics to describe the state when the 
number of neutrons released by fission is exactly balanced by 
the neutrons being absorbed (by the fuel and poisons) and 
escaping the reactor core. A reactor is said to be "critical" when 
it achieves a self-sustaining nuclear chain reaction, as when the 
reactor is operating. In waste disposal designs the objective is to 
keep any fissile material in a sub-critical state so that any heat 
generated is due to natural decay only. 

Decline  An excavation, in rock, for providing access from surface to the 
underground. Also called a ramp or access ramp. Essentially an 
inclined tunnel. 

Demonstrator  A custom designed prototype piece of equipment built to prove a 
design concept and to show that it works; hence used to 
demonstrate. 

Disposal yes The emplacement of waste in an appropriate facility without the 
intention of retrieval i.e. permanently. 

Disposal Cell  Typically a short tunnel/drift/borehole excavated in an 
underground repository for the purpose of disposing packages of 
radioactive waste. 

Disposal Drift  Typically a long tunnel/drift excavated in an underground 
repository for the purpose of disposing packages of radioactive 
waste 

Disposal 
Package 

 The final Waste Package which is placed into a repository 
without further conditioning i.e. the Super-Container, the 
Primary Package with over pack or the Primary Package without 
over pack. 

Drift  A horizontal or nearly horizontal mined passageway 

EBS yes Engineered barrier system; the designed or engineered 
components of a repository including waste packages and other 
engineered barriers. See also definition of barrier above. 

EDZ  Excavation damage zone; used to describe the area surrounding 
a rock excavation which has been altered by excavation from its 
initial state usually by the formation of fractures or micro 
fissures. 
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WORD Per IAEA DEFINITION 

ESDRED 
Concept 

 This is a variation of the reference National Concept which is 
used within the ESDRED Project. Example: Sweden's national 
concept is "Vertical" however SKB's concept within ESDRED is 
horizontal 

Front, in front 
of 

 towards the dead end of a disposal cell/drift 

Functional 
Requirements 

 Generally refers to expected functions and associated levels of 
performance that must be met by one or several design elements. 
Within ESDRED, similar to flexible design criteria or flexible 
input data; generally refers to criteria or elements that are open 
to discussion and/or negotiation 

Gate  A type of radiation protection door installed on a cask as well as 
on the head of a disposal cell. 

Hoist  A machine, driven by an electric motor, used to raise or lower a 
conveyance in a shaft. 

HRL  Like a URL (see below) but located in hard crystalline rock. 

Implementer  The private corporation or public body responsible for 
constructing and operating a repository. 

Input Data   Within ESDRED, similar to fixed design criteria; generally 
refers to criteria or elements that are unavoidable and not open to 
discussion and/or negotiation 

Long Term   Generally intended to mean extending in time beyond the final 
closure of a repository 

Matrix  A non-radioactive material used to immobilize waste. Examples 
of matrices are bitumen, cement, various polymers and glass 

Matrix diffusion  Diffusion of solutes from a water-bearing fracture to pores and 
microfractures of the adjacent rock matrix and vice versa 

Overpack yes A secondary (or additional) outer container for one or more 
waste packages, used for handling, transport, storage or disposal. 

Plug  Sometimes used interchangeably with SEAL but not within 
ESDRED where it refers to a concrete mass that serves as a 
backstop or abutment to resist the pressures eventually exerted 
on a seal by the swelling buffers. 

Primary 
Package  

 A package of radioactive material as delivered by the producer; 
before conditioning, for disposal 

Ramp  See decline. 
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WORD Per IAEA DEFINITION 

Repository  A nuclear facility where waste is emplaced for disposal 

Repository 
system 

 The combination of the repository and the host rock 

Retrievability 
(EUR 19145)  

 The ability provided by the repository system, to retrieve waste 
packages for whatever reason retrieval might be wanted for. 

Reversibility  Implies a step wise disposal process and in particular refers to 
the ability of a repository system, for whatever reason, to reverse 
the steps that have been executed so far in its development. 

Safety Case yes An integrated collection of arguments and evidence to 
demonstrate the safety of a facility. This will normally also 
include a safety assessment. 

Salt  One of the 3 main host rocks being considered worldwide for the 
disposal of highly active waste materials. 

Seal yes Engineered barriers placed in passages within and leading to a 
repository to isolate the waste and to prevent seepage leakage of 
water into or radionuclide migration from the repository area. 
Sealing is performed as part of repository closure process. 

Shaft  A vertical access way, excavated in overburden (if any) and 
bedrock, used to connect the surface with one or more horizons 
underground. Typically outfitted with one or more hoist and one 
or more conveyances unless used exclusively for ventilation in 
which case it may be left bald. 

Shielding yes A material interposed between a source of radiation and persons, 
or equipment or other objects, in order to absorb radiation and 
thereby reduce radiation exposure. 

Shotcrete  Mortar or concrete pneumatically projected onto a surface at 
high velocity. 

Spent Fuel yes Nuclear fuel removed from a reactor following irradiation, 
which is no longer usable in its present form because of 
depletion of fissile material & build up of poison or radiation 
damage. 

Storage yes The holding of spent fuel of radioactive waste in a facility that 
provides for its containment, with the intention of retrieval. 
Storage is by definition an interim measure. 

Super 
Container 

 Generally seen as a disposal package that, unlike other disposal 
packages also incorporates bentonitic or cementitious buffer 
material. 
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WORD Per IAEA DEFINITION 

Transmutation yes The conversion of one element into another. Transmutation is 
under study as a means of converting longer lived radionuclides 
into shorter lived or stable radionuclides.  

Transuranic 
Waste 

 Alpha bearing waste that consists of material contaminated with 
elements that have atomic numbers greater than that of uranium 
(92), the heaviest natural element. 

URL yes Underground Research Laboratory constructed for the purpose 
of conducting in-situ testing. The objective is to conduct tests in 
a geological environment that is essentially equivalent to the 
environment of a potential repository. 

Waste  Material in gaseous, liquid or solid form for which no further use 
is foreseen 

Waste 
Container  

yes The vessel into which the waste form is placed for handling, 
transport, storage and/or eventual disposal; also the outer barrier 
protecting the waste from external intrusions. The waste 
container is a component of the waste package. For example, the 
“canister” into which molten HLW glass would be poured. 

Waste form  Waste in its physical and chemical form after treatment and/or 
conditioning (resulting in a solid product) prior to packaging. 
The waste form is a component of the waste package 

Waste Package yes The product of conditioning that includes the waste form and 
any container(s) and internal barriers (e.g. absorbing materials 
and Liners), prepared in accordance with the requirements for 
handling, transport, storage and/or disposal. 

Wireless 
Monitoring 

 System for monitoring phenomenology in front of a seal or plug 
without installing cables or wires through any of the barriers 
intended to isolate one or more disposal packages 

 


