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Abstract 
 
 Most concepts for the disposal of radioactive waste in geological salt formations consider 
backfilling with crushed salt as a suitable measure to stabilize the underground repository and to 
provide long-term sealing of the waste from the biosphere by compaction of the backfill in 
consequence of room convergence.  
 In Germany, two emplacement concepts have been developed for the disposal of heat 
generating waste in a salt repository: First, the drift disposal concept for the direct disposal of 
spent nuclear fuel elements which considers the emplacement of self-shielding Pollux-disposal 
casks in underground drifts. Immediately after deposition of the casks the empty drift volume is 
backfilled with crushed salt. Second, the borehole disposal concept which considers the disposal of 
cut spent fuel rods in BSK-3-canisters or vitrified high-level waste from reprocessing of spent fuel 
in Cogéma steel canisters in up to 300-m-deep vertical boreholes. To provide for distribution of the 
canister weight load into the rock mass, the annulus between waste canisters and borehole wall is 
backfilled with crushed salt in case of the borehole disposal concept. In addition, to isolate the 
waste canisters from the drift, the remaining empty space of about 30 to 40 m between the top of 
the canister stack in the borehole and the drift may also be backfilled. 
 In contrast to the consideration of altered scenarios in the past, a new approach focusing on 
the proof of the safe containment of the waste within an Isolating Rock Zone (IRZ) is currently 
pursued in Germany. The radioactive waste is contained inside the IRZ in such a way that it 
essentially remains at the site of emplacement and that not more than minimal defined quantities of 
material are able/allowed to leave the IRZ [1]. The proper function of the IRZ is jointly guaranteed 
by the host rock in this zone and the engineered barrier system (EBS) consisting of technical seals 
and salt backfill.  

Within the IRZ, the engineered barrier system plays an important role in the proof of long-
term safety of the repository system. The seals in the shafts and connecting drifts are essential 
features to avoid an intrusion of brine from the overburden into the mine and especially into the 
disposal cell. In case of failure of a seal, another seal takes charge of the safety function within a 
multi barrier series arrangement. In the long term, the seal function of the EBS is taken over by the 
compacted backfill in the entire mine because a technical seal may fail due to its limited long term 
stability. 

The assessment of the seal function of both the technical seal and the backfill in addition to 
that of the geological barrier represents an important task in long-term safety analyses. The 
credibility of the used models is significantly increased if the modeling results are in reasonable 
agreement with measuring results from large-scale field experiments performed under 
representative conditions. The TSDE experiment (Thermal Simulation of Drift Emplacement) and 
the DEBORA experiments (Development of Borehole Seals for Radioactive Waste) performed at 
the Asse mine/Germany within the BAMBUS project [2] were such large-scale simulation 
experiments.  

In the TSDE experiment representing the direct drift disposal of spent fuel, six simulated 
Pollux casks were deposited in two test drifts backfilled with crushed salt. The decay heat of the 
spent fuel was simulated by electric heaters in the casks. Heating was kept up with a constant 
power over almost nine years from September 1990 until February 1999. The maximum 
temperature of 210 °C decreased to 170 °C at the termination in consequence of backfill 
compaction and increasing thermal conductivity. Until the end of the heating period, drift 
convergence led to a reduction of backfill porosity from initially 35 % to 20 % in the heated area. 
For the final confirmation of the achieved backfill compaction the drifts were uncovered after 
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termination of the experiment. A detailed determination of the remaining porosity and permeability 
distribution in the backfill material was performed during a post-test analysis program [3].  
 The DEBORA experiment consisted of two single tests simulating different conditions in a 
backfilled HLW disposal borehole. Both experiments were performed at the 800-m level of the 
Asse mine in 15 m deep boreholes with a diameter of 0.6 m. In DEBORA 1 the situation in the 
annulus between the waste canister stack and the borehole wall was investigated. In DEBORA 2 a 
non-lined borehole was used to simulate the seal region above the waste canister stack. The heat 
production of the waste canisters was simulated by four peripheral heaters located at a radius of 
1.1 m from the borehole. The lower third of both boreholes was backfilled with crushed salt. 
Backfill temperature, borehole closure, and resulting backfill pressure were measured at three 
levels in the backfilled boreholes. Maximum backfill compaction to a remaining porosity of about 
7% was achieved within a two years lasting test period.  

Reduction of porosity close to that of the sound rock salt was not reached within the 
experimental period in both experiments, but are expected in a repository in the long term. 
However, data of both tests together with data from accelerated laboratory tests have been used for 
the calibration of constitutive models used by different institutions. It is important to mention that 
larger model uncertainties still exist in the porosity range below 1%  due to limitations regarding 
the determination of very small porosity which is of special importance in long term safety 
assessments. Respective investigations will therefore be initiated in a new project named 
REPOPERM. 
 Evolution and especially re-compaction of the EDZ was and is still a further important 
issue within the German research program because of the above-mentioned new approach of the 
safe containment.  

Three related projects were performed in the Asse salt mine during the recent 20 years. The 
first was the ALOHA project in which the extent and hydraulic properties of an EDZ under the 
floor of a drift were investigated [4]. The second was the EC-funded BAMBUS II project [3] which 
concentrated on EDZ anisotropy and self-sealing; the third project ADDIGAS [5] within the EC-
funded NF-PRO project was completed in 2007 and investigated the effectiveness of EDZ removal 
and the subsequent evolution of a new EDZ.  

Finally, the EC project THERESA (2007 - 2009) was performed to extend the geo-
scientific data bases for an in-depth understanding of THM coupled processes and to provide 
advanced modeling capabilities for assessing the evolution of the EDZ before and after closure of 
the repository. 

In situ investigations performed at Asse revealed that, depending on stress conditions and 
history, the EDZ can extend one to two metres into the rock salt. Permeability can increase by 
several orders of magnitude up to the range of 10-14 to 10-13 m2, with the permeability of the 
undisturbed salt being below 10-20 m2. EDZ removal by additional excavation is effective in the 
sense that it takes years for a new EDZ to evolve. The long-term evolution of the EDZ, particularly 
its re-compaction, however, is to be assessed by numerical simulations on the basis of models 
adequately validated with experimental data. 

Hence, the focus of the salt group in the THERESA project has been on modeling of rock 
salt dilatancy and on re-compaction or healing effects. Since reliable data on these phenomena are 
scarce, laboratory experiments with different objectives were performed to produce data for further 
model calibration. A benchmark simulation of a laboratory test case was defined and performed 
using the calibrated models. Finally, one of the models was used to predict EDZ evolution and re-
compaction around a sealed drift and the results were used as input for the analysis with GRS’s 
Total System Performance Analysis (TSPA) code module LOPOS.  

A special benefit of THERESA was that practically all European institutions that work in 
the field of radioactive waste disposal in rock salt were joined in the THERESA project. The 
THERESA project partners were BGR, CIMNE, DBE-TEC, FZK, GRS, IfG, NRG and TUC [6]. 

The shortcomings of characterization and modeling of the EDZ in rock salt, as they present 
themselves after THERESA, can be summarized as follows: 

• The database for calibration of the models, i.e., the number of available well-defined and 
documented experiments, was not sufficient, even though additional laboratory tests for 
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THERESA were performed outside the EC funding. Additional experiments will be 
indispensable for sound model calibration. 

• As a consequence, the calibration had to be carried out on a weak database and is therefore 
incomplete. 

• Some models showed weaknesses during test case simulation and need further improvement. 
• TSPA modeling was based on only one process-level model, which itself is not sufficiently 

calibrated and validated. 

On the whole, however, THERESA was a success, as it provides a sound and complete 
basis for further investigations, especially with regard to the EDZ in rock salt. This future work, 
which is considered indispensable for completion of the EDZ complex, should comprise 
• Further experimental investigation with well-defined objectives and boundary conditions to 

complete the database on dilatancy and recompaction, including investigation of brine 
influence on EDZ recompaction, 

• Further development of some and extended calibration of all of the process-level models, 
including validation of their suitability for in-situ application, 

• Implementation of time-dependent EDZ permeability functions derived from 
comprehensively calibrated models in the TSPA codes, and 

• Performing reliable predictions of the impact of brine inflow into a repository with realistic 
assumptions. 
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