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Abstract 


This presentation summarizes some of the highlights from more than 40 years of collaboration 
between Germany and the United States (US) involving salt repository science and engineering. 
The US/German collaborations have never before been as productive over such a wide range of 
topics as they have been over that last five years. The excellent collaborations are due in part to 
historical developments in the US and Germany and in part to long-standing collaborations of a 
few key researchers.  Today German rock salt repository activities and US waste management 
programs face challenges that may adversely affect current and future core capabilities in rock 
salt repository science and technology. We are using these annual workshops on salt repository 
research, design and operation to address this recognized need.  
 
Topics addressed by the US/German salt repository collaborations align well with the findings 
and recommendations summarized by the US Blue Ribbon Commission on America’s Nuclear 
Future and are consistent with the aspirations of the key topics of the Strategic Research Agenda 
of the Implementing Geological Disposal of Radioactive Waste Technology Platform, and 
BMWi´s R&D concept as well. These workshops revived joint efforts in salt repository 
investigations after some years of hibernation by leveraging collective efforts for the benefit of 
respective programs. These efforts form a basis for providing attractive, cost-effective insurance 
against the premature loss of virtually irreplaceable scientific expertise and institutional memory.  
 
During the last 40-50 years extensive research, development and demonstration activities have 
contributed to the profound knowledge available concerning rock salt. These achievements were 
manifested in laboratory and in situ experiments, as well as in large-scale demonstration 
activities. In recent years noteworthy progress was made in the US and Germany on safety 
assessment exercises, geomechanical benchmark modeling, and technological developments, 
such as waste emplacement techniques. Because of this work, comprehensive knowledge and 
sound expertise in various fields of salt repository science and engineering have been developed. 
 
Sandia National Laboratories is a multi-program laboratory operated by Sandia Corporation, a wholly owned 
subsidiary of Lockheed Martin Corporation, for the U.S. Department of Energy's National Nuclear Security 
Administration under contract DEAC04-94AL85000. SAND2014-16139A. 
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Operational safety analysis for geologic repositories has been in transition over the past decade, 
with respect to the assessment of hazards and initiating events, to rely more on probabilistic 
methods. Nuclear power plants have traditionally been analyzed and licensed by compiling 
hazards and initiating events, analyzing the hazards and consequences of events, and 
emphasizing feedback into the “safety basis” including design, operation, and administrative 
controls. Efforts have been made to consider event likelihood and consequences together in a 
risk context, but without probabilistic aggregation for direct comparison to regulatory dose 
standards. A shift to a probabilistic approach is incorporated in the U.S. safety regulation specific 
to a Yucca Mountain repository (10 CFR Part 63). The approach is evolutionary in that event 
compilation, sequence development, and hazard analysis are performed using traditional 
methods, combined with probability estimation under uncertainty, and explicit simulation of 
dose consequences for comparison to quantitative, regulatory screening criteria. The different 
approaches are compared using examples from U.S. Department of Energy nuclear facility safety 
analysis (e.g., WIPP Documented Safety Analysis) and the Yucca Mountain License 
Application. In Germany deterministic methods also have a long history in safety case scenario 
analysis, but probabilistic methods are increasingly used as a complementary tool for screening 
events and hazards. This review with examples shows that operational safety analysis is 
changing, at the same time that safety experience is accumulating at existing facilities. There are 
significant opportunities to benefit from international cooperation in methodology development 
and demonstration, and in safety analysis implementation with feedback to system design and 
operational controls. 
 
Sandia National Laboratories is a multi-program laboratory operated by Sandia Corporation, a 
wholly owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of Energy's 
National Nuclear Security Administration under contract DE-AC04-94AL85000.   
SAND2014-17181A 








A Perspective on Removal, Retrieval and Reversibility as they relate to the Waste Isolation Pilot Plant 


Steve Wagner 7/28/14 


With respect to waste removal, retrieval or reversibility (RR&R) within the WIPP project, the overall 
concept can be addressed by answering general questions about what is required, what the project said 
they would do, and what was actually done.  The following answer these and other questions as they 
apply to RR&R and the Waste Isolation Pilot Plant (WIPP) radioactive waste disposal project. 


What is Required. 


The radioactive waste disposal concept in the United States (U.S.) included “retrieval” from the start.  
The U.S. Government is legally responsible for radioactive waste disposal.  The first geologic disposal 
concepts were based on recommendations in a 1957 National Academy of Science report on radioactive 
waste disposal.  All attempts at siting disposal facilities used the “Pilot Project” concept.  Eventually the 
U.S. government started investigating the bedded salt formation in the Delaware Basin of New Mexico.  
To gain acceptance at that time from the State of New Mexico and Local Municipalities, the disposal 
concept would first have a “test period” where all waste would be retrievable should the concept not 
meet disposal objectives.  In 1976, the Environmental Protection Agency (EPA) was given the 
responsibility to develop generic radioactive waste disposal regulations that eventually included waste 
retrieval and removal requirements.  At that time the ability to retrieve or remove waste became 
necessary past the “test period”.  The EPA’s rationale for waste removal was not to make recovery of 
the waste easy or cheap but to make it possible in case some future discovery or insight made it clear 
that the waste needed to be relocated.  Additional requirements imposed on the WIPP by the U.S. 
Congress and the State of New Mexico required a retrieval demonstration prior to actual waste 
emplacement.   


Additionally the WIPP project defines “disposal” as permanent isolation of radioactive waste from the 
accessible environment with no intent of recovery.  Disposal occurs in a mined geologic repository when 
all of the shafts to the repository are backfilled and sealed.  Where the WIPP project includes the 
concepts of waste removal and retrieval, the project does not intend to ever do so. 


What they said they would do. 


 As stated earlier, the WIPP is a pilot project that included the concept requiring the ability for waste 
retrieval before closure.  The disposal regulations also required that it be feasible to remove waste after 
operations ceased and the repository was sealed.  A waste removal after closure feasibility analysis was 
included in the Compliance Certification Application to the EPA and a remote retrieval demonstration 
was performed under conditions simulating a roof fall in the underground on simulated waste 
containers.   


International Perspective  


Most international disposal concepts are similar to what was developed in the U.S. in that most include 
the requirement for waste retrieval during the repositories operational period.  Recent attention has 







been given to the concept of reversibility.  The intent is to include reversibility in the disposal system 
design.  Whereas the U.S. concept only requires it to be feasible to remove waste after closure, 
reversibility requires a repository design that allows for waste retrieval during any phase of a disposal 
program. 


What has been done – Actual retrieval  


DOE has retrieved a few of the emplaced containers from the underground.  The State of New Mexico 
required DOE to retrieve a waste container in August, 2007 when it was learned that the wrong 
container had been shipped to WIPP.  The DOE decided to retrieve another waste container in June, 
2008.  These drums were returned to the generator sites for remediation because they did not fully 
meet the waste acceptance criteria, not for health and safety reasons.  


Lessons Learned - Risk vs benefits 


One element that has been overlooked by the WIPP regulators and stakeholders is risk.  The regulations 
associated with waste retrieval/removal do not address risk or benefit and are silent as to the conditions 
that warrant retrieval/removal.  The project therefore has no recourse when regulators require retrieval 
of waste containers that may be deficient but can be shown to not have any impact on overall 
repository performance.  Lessons learned regarding removal/retrieval requirements recommend that 
other disposal program’s regulations outline specific risk vs. benefit elements in decisions that lead to 
waste retrieval.  The actual risk of retrieval, in many cases, have associated risks relating to occupational 
health, dose and transportation/accident risks that are real and may be greater than the risks associated 
with the newly discovered condition of the waste or repository.   


Sandia National Laboratories is a multi-program laboratory operated by Sandia Corporation, a wholly 
owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of Energy's National Nuclear 
Security Administration under contract DE-AC04-94AL85000. 


This research is funded by WIPP programs administered by the Office of Environmental Management 
(EM) of the U.S Department of Energy. 


SAND2014-16394A 
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Abstract 


The United States Department of Energy (US DOE) is conducting research and development 
(R&D) activities within the Used Fuel Disposition (UFD) Campaign to support disposal of used 
nuclear fuel (UNF) and wastes generated by existing and future nuclear fuel cycles. Disposal 
R&D focuses on identifying geologic disposal options and addressing technical challenges for 
generic disposal concepts in mined repositories in salt, clay/shale, and granitic rocks, and deep 
borehole disposal. This talk will first give an overview of the DOE UFD Campaign and its 
mission and then describe the R&D investigations that are being implemented to support a 
generic safety case for a geologic repository in salt host rock. These R&D investigations range 
from laboratory-scale investigations and modeling studies to the design of larger-scale field 
testing that would be beneficial for specific safety case objectives. 
 
 
Sandia National Laboratories is a multi-program laboratory operated by Sandia Corporation, a wholly owned 
subsidiary of Lockheed Martin Corporation, for the U.S. Department of Energy's National Nuclear Security 
Administration under contract DEAC04-94AL85000. SAND2014-16796A. 
 
 
 








Practical Analogues for Postulated Releases from 
Geologic Repositories - Natural Background Radiation 


 
Background radiation emanating from geologic and other 
natural sources is an obvious, yet routinely overlooked and 
neglected, analogue for theoretical, postulated, and calculated 
radiological releases from geologic repositories.  Natural 
releases have varied through Earth’s history and vary in 
terrestrial space by two orders of magnitude or more, with 
negligible to no deleterious effects (and significant indications 
of beneficial effects at low dose rates) on living organisms.  
Physical and geological evidence, rather than gratuitously 
imposed and enforced regulatory standards, should determine 
the outer bounds that scientists and engineers support and 
defend for hypothetical and real radiological releases from 
engineered geologic repositories.    
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Abstract 


In 2004, six German institutions started a joint project series on the comparison of constitutive 
models for the thermo-mechanical behavior of rock salt. General aims are 1) to investigate and 
check the abilities of the advanced models of the participants to describe correctly and reliably the 
relevant thermo-mechanical deformation phenomena in rock salt and their dependencies on 
boundary conditions, 2) to check and compare their procedures for the determination of salt type-
specific model parameter values, and 3) to compare their procedures for the performance of 
numerical calculations of rock salt around underground openings. Reliable and well-tested models 
and procedures are required for numerical simulations performed e.g. for the design, stability 
analysis, and evaluation of the long-term behavior of underground repositories for radioactive 
wastes in rock salt. 
The current third project (2010-2016) is a US-German collaboration of the following partners: 
From Germany: 


− Dr. Andreas Hampel (AH), Scientific Consultant, Mainz 
− Institut für Gebirgsmechanik GmbH (IfG), Leipzig 
− Karlsruher Institut für Technologie (KIT), Karlsruhe 
− Leibniz Universität Hannover (LUH), Hannover 
− Technische Universität Braunschweig (TUBS), Braunschweig 
− Technische Universität Clausthal (TUC), Clausthal-Zellerfeld 


From the United States: 
− Sandia National Laboratories (SNL), Albuquerque, NM 


In this project, selected benchmark calculations are carried out in order to check the ability of the 
involved models to describe correctly 1) the temperature influence on deformation and 2) the 
damage and dilatancy reduction and healing of rock salt. This contribution focuses on the second 
part.  
At first, a unique set of model parameter values for the salt type around the subsequently calculated 
in-situ structure was determined with back-calculations of an extensive and systematic series of 
laboratory creep, strength, and healing tests. Then, several 3-D simulations of an old bulkhead 
structure in the Asse II salt mine in Germany were performed. The corresponding drift was 
excavated in 1911. After three years, a 25 m long section was lined with a cast steel tube, the 
residual gap between the tube and the salt contour was filled with concrete. Each partner calculated 
the structure with his constitutive model for a period of 88 years after the excavation. For 
comparison, he also calculated the open drift without the bulkhead for the same period of time.  
In the presentation, a brief general overview of the project series, a summary of the calculations, 
some comparisons of results of the partners, and proposals for future collaborations are given.  
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Modeling WIPP Rooms B/D 


J. Guadalupe Argüello 
Solid Mechanics Department 
Sandia National Laboratories 


Albuquerque, NM, USA 


The US-German “Joint Project on Comparison of Current Constitutive Models and Simulation 
Procedures on the Basis of Model Calculations of the Thermo-Mechanical Behavior and Healing 
of Rock Salt,” hereafter known as “Joint Project III,” has been extended from its original scope 
to include two additional benchmarking problems based on full-scale in-situ tests conducted in 
the early 1980’s at the Waste Isolation Pilot Plant (WIPP), located in Southeastern New Mexico, 
USA. The isothermal “Mining Development Test,” WIPP Room D, and the heated “Overtest for 
Simulated Defense High-Level Waste,” WIPP Room B are the two test rooms that are being 
modeled.  Both of these rooms are among a series of excavations at the WIPP that have been 
modeled in the past by Sandia, prior to WIPP licensing, using legacy numerical codes and 
techniques of the time [1]. 


Approximately thirty years of hardware and software advances have occurred since that time and 
those advancements have yielded a new generation of massively parallel multi-physics 
computational capabilities, embodied in the SIERRA Mechanics code suite, to support the 
Sandia engineering sciences mission.  With SIERRA Mechanics, an unprecedented level of 
fidelity can be incorporated into the models of the room.  Heretofore Sandia’s recent efforts on 
WIPP Rooms D & B [2, 3] had been aimed at duplicating the legacy calculations of those rooms 
using roughly the same level of mesh discretization that was available at the time, and we were 
able to show that comparable results to the legacy ones could be obtained with SIERRA 
Mechanics for the thermo-mechanical response of the rooms.  In this work we extend the 
previous work and show some of the results from Sandia’s latest efforts as we have attempted to 
model these rooms, exercising the SIERRA code suite on models at levels of fidelity 
unobtainable in the 1980’s, and compare simulation results to the data obtained from these full-
scale tests.  This has been done in an effort to arrive at an updated definition of the two 
benchmark problems that will be exercised under the US-German Joint Project III.  The results 
from these efforts are important and pertinent to arriving at a set of agreed-to benchmark 
problems that will be analyzed by all participants. 


Acknowledgment: Sandia National Laboratories is a multi-program laboratory managed and 
operated by Sandia Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for 







the U.S. Department of Energy’s National Nuclear Security Administration under contract DE-
AC04-94AL85000.  SAND2014-16885A 
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1. Objective 


A joint project on the comparison of constitutive models for rock salt funded by BMWi started 
in 2004. The joint project includes procedures for the determination of characteristic salt 
type-specific model parameter values and for the performance of numerical calculations of 
underground openings in rock salt. Within the current project selected benchmark calcula-
tions for room D and room B of WIPP site are planed in order to check the ability of the in-
volved models to describe correctly the in situ load bearing behavior.  


Based on investigations in the 80´s to 90´s a comprehensive data base regarding the stress-
strain and creep behavior of WIPP salt exists. But, due to the development of new constitu-
tive laws considering damage processes, specific material parameters are missing. There-
fore a laboratory program was planed and realized to determine the load bearing capacity of 
rock salt from WIPP taken into account demands from different constitutive laws used by the 
partners of the joint project. To realize the laboratory program 5.5 tons of core material from 
WIPP was drilled and shipped by Sandia to Germany. Based on this core material IfG has 
prepared more than 150 cylindrical samples of clean salt as well as argillaceous salt. Clean 
salt in general was investigated by IfG, argillaceous salt in general was investigated by TUC. 
The test program, the test procedure and the results observed from triaxial short term tests to 
determine failure and dilation strength and triaxial long term tests to determine damage free 
and damage induced creep parameters are summarized in the following chapters. 


 
2. Overview test program argillaceous salt 
To enable a determination of strength, creep and damage parameter for argillaceous salt 
from WIPP taken into account different constitutive laws a lab program was evaluated by the 
project partners. The laboratory program planed for argillaceous salt from WIPP consists of 
61 triaxial short term tests to determine failure strength as well as dilation strength depending 
on minimum principal stress, temperature and strain rate.   
 
3. Test procedure and physical parameter 
Prior to the lab tests in each case 
(a) sample length and sample diameter were measured half way up the height of the 


specimen and along the central axis of the confining specimen using a slide calliper 
gauge, 


(b) sample mass were measured using a balance, 
(c) the rock densities were calculated from the masses and volumes of the specimens 


using Eq. (3.1): 
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 rock density (N/m3) 


m specimen mass (kg) 


d0 diameter of unstressed specimen (m) 


h0 height of unstressed specimen (m) 


g gravity (m/s2) 
 
(d) an unloaded ultrasonic wave velocity measurement was done using a dilational 


wave analyser. The measured ultrasonic wave velocities of the P or longitudinal 
waves (vp) and the S or transverse waves (vs) were entered into Eqs. (3.2) and 
(3.3) to calculate the dynamic elasticity modulus  Edyn and the dynamic Poisson’s 


number dyn: 
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 where 


 Edyn dynamic elasticity modulus (kPa) 


 dyn dynamic Poisson’s number  (-) 


    rock density(t/m3) 


 vp longitudinal wave velocity (m/s) 


 vs  transverse wave velocity (m/s) 


 
(e) a digital photography was taken.  
 
(f) At the end of the procedure characterized by (a) to (e) the specimens have been posi-


tioned in the triaxial cell and undergoes in each case an approx. 24-hour recompaction 
and tempering phase under an isotropic stress level of iso = 20MPa and a preset tem-
perature level of 27°C, 60°C, 100°C respectively. 


 
At the end of the recompaction phase, the specimens were subjected to an axial stress 1 at 
constant confining pressure 2 = 3 under a constant strain rate of 1 . The next phase of the 
test involves maintaining constant confining load during a stress-controlled stress release 
and stress build-up cycle to determine the Young´s modulus. The axial stress was then in-
creased under constant compression rate until the failure load is reached or above. Meas-
urement contains recordings of  


a) axial deformation by inductive transducers,  
b) the hydraulic pressure measured in the test cylinder by an absolute pressure trans-


ducer which has to been converted to determine the axial pressure acting on the 
specimen, 


c) the confining pressure by an absolute pressure transducer, 
d) the oil temperature within the annulus of the triaxial cell, 
e) the volume change of the specimen and  
f) the change in ultrasonic wave velocity.  







The volume change was determined from the inductive readings of axial specimen deforma-
tion l and the volumetric change in the oil volume in the triaxial cell. The oil volume ±V 
displaced from the triaxial cell during the test was fed into a twin-chamber cylinder.  
The damage strength 1dil-vol was determined on the basis of the volume change character-
ises. The axial stress which is corresponding to a minimum volumetric specimen deformation 
was identified as damage strength 1dil-vol (primarily damage deformation after exceeding 
minvol).  
Ultrasonic transmitter and receiver are integrated within the cover and base pressure plates 
to determine the damage strength more precisely. The continuous transmission of the sam-
ples during the test to record the ultrasonic velocity enables the damage strength to be de-
termined independently of the volume measurement on the basis of the stress level ob-
served. This is done by detecting a reduction in ultrasonic travel times as a result of the de-
velopment of physical damage (microfissures). Damage strength 1dil-vp was defined as the 
axial stress at which the ratio vp/vp0 reaches a maximum.  
Based on test results it could be stated, that argillaceous salt from WIPP is characterized by 


typical average values of MPaEE EWdyn 28000  and 278,0dyn . A dependency be-


tween density and Young´s modulus respectively Poisson´s ratio is not observed. It must be 
pointed out, that core material excavated in 2010 obviously is different from core material 
excavated in 2013. A reduced density can be observed for core material taken in 2010 in 
comparison to core material taken in 2013. May be this is caused by a drying effect during 
storage. 
 
 
4. Results of short term tests to determine failure and dilation strength 
Short term tests were performed at different temperatures of 27°C, 60°C, 100°C respectively 
and at different strain rates of 1 = 0,6%/min, 1 = 0,06%/min, 1 = 0,006%/min respectively. 
Depending on the preset strain rate and the total strain realized during the tests, the duration 
of the short term tests varied between some 170 minutes at minimum and 4.6d at maximum 
adding 1 day recompaction and tempering phase. In case of a testing temperature of 100°C 
additionally 1 day cooling phase must be considered prior to a dismounting of the sample. 
The failure and dilation strength taken from tests is evaluated separately with respect to 
minimum principle stress, strain rate and temperature.  
As a result a different between failure strength determined at core material excavated in 
2010 and core material excavated in 2013 was observed. As mentioned above, the signifi-
cant scattering of core material excavated in 2010 is assumed to be caused by drying during 
storage.   
Referring to the observed dilation strength it must be pointed out, that due to the different 
between core material excavated in 2010 and core material excavated in 2013 some addi-
tionally tests are needed to evaluate an acceptably correlation between dilation strength and 
minimum principle stress.  
 
 
5. Results of long term tests to determine damage free and damage induced creep 


rate 
Lab tests to determine the damage free and damage induced creep behaviour are in general 
similar to classical creep tests. Simply the additionally online measurement of volume 
change and ultrasonic wave velocity enables to differ between damage free and damage 
induced parts of the observed total creep rate. The idea to differ between damage free and 
damage induced parts of the total creep rate is based on the knowledge of damage strength. 
Multi-level creep tests taken into account two load levels below damage strength to deter-
mine the damage free creep behaviour and one or two load levels above damage strength to 
determine the damage induced creep behaviour have been conducted. The damage induced 
part of the total creep rate at least can be calculated by a subtraction of the calculated dam-
age free part of the total creep rate regarding to stress level three from the observed total 
creep rate during stress level three. Because the quantity of the damage induced creep rate 







depends on the intensity of exceeding damage strength and - due to a time dependent ac-
cumulation of damage - additionally to the duration of exceeding damage strength, an online 
measuring of the damage process is required. In case the preset stress level is below dilation 
strength, no damage occurs and therefore no measure of dilatancy and ultrasonic wave ve-
locity is needed.   
Based on these measurements a first raw estimation of stationary and transient creep pa-
rameters corresponding to the constitutive model Lux/Wolters has been done. A typical cor-
relation between creep rate and equivalent stress can be observed for argillaceous salt from 
WIPP. Determination of parameter to determine the damage induced creep rate is in pro-
gress. 
  
6. Summary 
A comprehensive data set for argillaceous salt from WIPP site has been prepared which in 
general allows determination of constitutive model parameters to carry out the planned 
benchmark calculations for room D and B. At now it is estimated that merely a few future 
tests will be needed to clarify questions regarding determination of model parameter.  
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Abstract: 
 
In the frame work of the Joint Project on the Comparison of Constitutive Models for the 
Thermo-Mechanical Behaviour of Rock Salt (Part 3) benchmark calculations are planned for 
the WIPP-site, simulating the in situ-tests performed in room D and B. Although a compre-
hensive mechanical data base for WIPP-salt already exists from investigations in the 80 - 
90’s, due to the development of existing and new material laws tailored test series facilitating 
the derivation of specific material parameters are missing. Thus a comprehensive investiga-
tion program on WIPP-salt has been executed. In the scope of work the tests are not only 
designed to derive material-law specific parameters but also to act itself as a base to perform 
benchmark calculations. 
 
As a bedded salt repository, the idealized stratigraphy for the WIPP underground is com-
posed of mainly argillaceous salt with a clean salt layer above the disposal room between 
Clay G and Clay I, anhydrite MB 139, and a thin anhydrite layer located in the clean salt lay-
er, identified as anhydrite A. Thus, the main focus was on argillaceous salt and, subsequent, 
clean salt. As a representative material suite 60 12’’-diameter cores (∅ ≈ 30.48 cm, length: 
0.6 m; weight: 90 kg) were sampled at the WIPP site, i.e. 5.5 t, and delivered to IfG in three 
shipments. The preparation of the cylindrical samples (∅ = 100 mm x l = 200 mm respective-
ly 40 mm x 80 mm) is a special task of IfG. 
 
Laboratory studies allow generic or site-specific salt properties (mechanical, thermal and 
transport) to be measured in a controlled environment of loading and material conditions. A 
specific request, therefore, is to conduct a suite of triaxial strength tests on intact salt com-
prising a triplet of triaxial strength test series (at σ3 = 0.2, 0.5, 1.0, 2.0, 3.0, 5.0 and 20 MPa) 
with a standard deformation rate of 10-5 1/s at each of three temperatures: 27°C, 60°C, 
100°C) and, in addition, with two different deformation rates (10-4 1/s, 10-6 1/s) at 27°C, all 
with simultaneous measurements of dilatancy. 
 
Fortunately in the long term the response of salt masses is governed by its steady state 
creep behaviour. Thus, in addition, a series of creep tests has been performed at loading 
conditions in the non-dilatant stress zone for a wide range of differential stresses. However, 
because in experiments the time necessary to reach true steady creep rates can last time 
periods of some few days to years, depending mainly on temperature, an innovative but sim-
ple creep testing approach is suggested.  A series of multi-step tests with loading and un-
loading cycles allow a more reliable estimate of stationary creep rates in a reasonable time 
schedule. 
 
Two index tests with permeability measurements with gas were performed indicating tight-
ness  of the salt (kGas < 10-20 m2) in the undisturbed state, as well, the capability of the rock 







for efficient crack closure after significant damage, i.e. a permeability decrease from 10-16 m2 
to <10-20 m2 was observed within some few weeks at hydrostatic pressures of σ3 = σ1 = 20 
MPa. 
 
109 strength and 37 creep tests were carried out in close cooperation between the rock me-
chanical labs of IfG and TUC. Most of lab tests on “clean salt” were carried out at IfG. The 
results will be presented in relation to data from “argillaceous salt”, which were obtained at 
Clausthal University, IfG and additional test at the BGR and the Technical University of 
Braunschweig. 
 
The outcome can be summarized as follows: 


• The investigated “Wipp salt” is generally of excellent quality, i.e. undisturbed (intact) 
and largely homogeneous. 


• The moisture contents of the "clean salt" (CS) are in the order of 0.15 wt. -%, respec-
tively, for the "argillaceous salt" (AS) in a data range:  0.2 - 0.4 - 1.0  wt. -%. The meas-
ured humidity content is lower than average values from the literature. However, they 
are therefore generally higher than those of domal rock salt.  


• The strength tests on "clean salt" are already completed. A very consistent set of data 
and parameters could be obtained: 


o Temperature-increase results in significant strength decrease 
o Referred to in situ deformation rates <10-10 1/s the strength will be reduced 
o The onset of dilatancy, i.e. described by the dilatancy boundary, is nearly in-


dependent from temperature and the deformation rates but shows significant 
data scattering. 


o The comparison with the present strength data for the Asse salt shows gener-
ally slightly lower strength values, but is overall in the known properties field of 
pure rock salt.  


• The creep test on “clean salt” and mostly on "argillaceous salt" are now also finished: 
o Unique creep data sets of high quality were obtained for room temperature, 


60°C and 80°C, applying the new creep test approach, both for CS and AS. 
However, differences to older data sets are obvious (SAND92-7291), espe-
cially at higher temperature. This may be due to the higher water content of 
the tested salt specimens. 


o AS creeps slightly faster (2x) than CS, but both show slightly higher creep 
rates as they have been identified for Asse salt 


o At stresses < 10 MPa the creep behavior deviates from a simple power law re-
lationship which may be referred to a mechanism change from dislocation 
creep to additional effects of fluid-assisted creep. 


• Gas tightness of the WIPP-salt is demonstrated, as well its efficient sealing capability. 
 
With these investigations, a comprehensive data fundus for the WIPP-salt has been set 
which allows an extrapolation to the expected underground conditions and to carry out the 
planned benchmark calculations for room D and B. 
 
 








Ingo Plischke:  


Complementary laboratory tests on WIPP salt at normal and higher temperatures 


 


Abstract 


It has been confirmed that differences in mineralogy, microstructure, cristallography and 


water content have an influence on long term deformation behaviour of rocksalt. Therefore 


two different facies types (clean and argillaceous salt) of WIPP rocksalt were and will be 


tested on its creep behavior. Hence 16 creep tests were carried out during the last year on 


rocksalt from the WIPP site of which 9 tests were uniaxial tests at normal temperature (22°C) 


and 7 tests were conducted at higher temperatures of up to 140°C, thereof two under triaxial 


conditions. In addition, two tests on the same facies types were already carried out in 2001 in 


the rock mechanic laboratory of BGR. All test contained a change of temperature or stress. 


The test series is not finished and will still be ongoing until 2015, to be completed by more 


triaxial and uniaxial creep tests at higher temperatures. The results will then be compared with 


results from creep tests of flat bedded rocksalt from the northern German basin, which runs in 


the past in the rock mechanic laboratory of BGR. 


                                                                                                                                                                                                                                    


A comparison of the first existing results from WIPP rocksalt with flat bedded rocksalt from 


the northern German basin offers no greater deviation in creep behaviour. However, the 


database is still small due to the time-based length of the creep tests at BGR.  
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Petrography, fluid distribution, geochemistry and microstructures of halite rocks from  


WIPP-Site (and Gorleben) 
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In view of expected differences according to petrography, fluid distribution, geochemistry and 


microstructures of halite rocks from flat bedding salt formations (WIPP; USA) and salt domes 


(Gorleben, Germany), several salt samples from WIPP have been analyzed at BGR 


Hannover, Germany. 


WIPP drilling SNLCV302 which contains Marker Bed 139 (MB139) at 2.46 ft - 6.15 ft was 


used for thin sections and geochemical studies in order to analyze an exemplary profile 


crossing a salt cycle in North American Permian Salt Basin (Delaware-Basin). The results 


were compared with the data we gained from Gorleben exploration mine. For studies of 


hydrocarbon distribution and origin samples from drillings QGU 12, 14, 36, 38 and 39 were 


used. 


The microscopic analyzes of the samples show distinct differences between salt rocks from 


WIPP and Gorleben. The halitic matrix at the bottom of MB139 (top of the previous salt 


cycle) is dominated by numerous inclusions of columnar, idiomorphic crystals of polyhalite. In 


addition intercalations of idiomorphic, columnar anhydrite as well as accessory idiomorphic, 


columnar crystal of celestine and intersections of clay are visible at the grain boundaries of 


halite crystals. At the base of MB139 we have an 0,59” thin layer of clay followed by vertical 


orientated anhydrite with intersections of halite and clay streaks up to 5’ 9.09”. Until 4.9 ft the 


cores are dominated by layers of lenticular spiked aggregates and idiomorphic columnar 


crystals of polyhalite within an anhydritic matrix changing with layers of matted lenticular 


aggregates of polyhalite with magnesite at the boundaries of the aggregates. Both shapes 


show intersections of halite-filled pores with large, idiomorphic anhydrite crystals. In the 


upper part of MB139 up to 2.46 ft anhydrite crystals dominate the rock (sometime with 


pseudomorphic relics of former gypsum crystals ) intersecting with halite and occasionally 


polyhalite, magnesite or clay. Typical are idiomorphic crystals of celestine all over the 


anhydritic zone. The halite in the top of MB139 is dominated by halite with intersected cluster 


of polyhalite. Noticeable are macroscopical visible fluid inclusions up to 0.2” containing brine, 


brine and gas or brine and crystals of polyhalite, anhydrite or sometimes clay. The content of 


hydrocarbons within samples from drillings QGU 12, 14, 36, 38 and 39 ranges between 0.2 


and 2.4 mg/kg [C10-C40] with a maximum of 4.1 mg/kg [C10-C40]. The concentration of short-


chained hydrocarbons (<C10) is below detection limit. In comparison, samples from Gorleben 


exploration mine (crosscut 1 west and 1 east) have an larger range of dispersion with an 







hydrocarbon content between 0.006 and 6.88 mg/kg [C1-C40] and 11 samples with > 


6.881mg/kg [C10-C40] up to a maximum of 442 mg/kg [C10-C40]. 


However, the rock salt from Gorleben salt dome shows a nearly homogeneous texture. It 


consists of halite with clews of anhydrite and accessory crystals of carbonate and sometimes 


pyrite, celestine or authigenic quartz. 








ELSA – shaft seal project “Phase 2” 
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Abstract 


Salt and clay formations are potential regions for future HLW-repositories in Germany. To fulfill 
the principle of a geological barrier, the shaft seals are the most important elements in the 
geotechnical barrier system for underground repositories. The isolation potential of shaft seals has 
to be as close as possible to the geological barrier. 


While approved shaft seal concepts for HLW‐ repositories universal suitable for salt and clay 
formations are actual not available, the emphasis of the ELSA project is to design and construct 
functional components of a long-term stable sealing system for a shaft seal and demonstrate the 
constructability and functionality. 


The ELSA project is a joint research project between TUBAF and DBE-TEC and is portioned into 
3 phases, while the phase 1 “Compilation of boundary conditions and design requirements” is 
finished with an available report (02E10921). At present, the phase 2 “Concept development for 
shaft seals and demonstration of functional components” is in progress. 


The general aims of the ELSA project are: 


 Development of a modular and non‐site specific shaft sealing concept for salt and clay 
formations and 


 Test of functional components in laboratory scale and half scale. 


Specific investigations are carried out in phase 2 on the following topics: 


 producibility of backfill columns from compacted crushed salt (<0.9	0ߩ) 
 calottes from Basalt blocks to support a low‐settling gravel column 
 abutments and seals from long‐term stable (3‐1‐8) MgO concrete 
 grouting technologies to seal DRZ and contact between host rock and sealing elements 
 emplacement technologies for bitumen / asphalt sealing elements 
 bentonite sealing elements in argillaceous host rock 
 model‐theoretical analysis on different states of construction, as well as loading and flow 


processes 


The first results showing, that a crushed salt with an optimized grain size distribution gets a better 
compaction behavior than straight mine‐run salt. Investigations on the compaction of an optimized 
crushed salt with added clay suggests that this material mix has an instant sealing potential. 


The MgO‐concrete with a 3‐1‐8 phase is an additional material option for long-term stable 
abutments and seals in shaft‐sealing systems for HLW‐repositories. 


The generation of a CPA based particle model to analyze the behavior of a gravel column is nearly 
finished. After calibration of the particle model, the behavior of gravel columns during 
emplacement and operation can be assessed by simulations. 


As before, bitumen / asphalt are still a good option as diverse redundant sealing material. Especially 
since the wetting of the bituminous binder with the host rock (salt and clay) can be improved with a 
patented primer (no. DE 102008050211). A “cast in place” bitumen / gravel element is an 
additional option for a combined abutment / sealing element. 
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Abstract 
Mechanical and hydrological properties of reconsolidating salt are functions of porosity which 
decreases as the surrounding salt formation creeps inward and compresses granular salt within 
the rooms, drifts or shafts. Construction circumstances within a vertical shaft provide substantial 
advantage for dynamic compaction techniques capable of creating high emplacement density and 
low initial porosity. Placement of granular salt in a horizontal drift suffers from a less favorable 
construction orientation and may yield lower emplaced density and significant initial porosity for 
its evolutionary evaluation. Drift placement of granular salt is expected to function as a low-
porosity, low-permeability structural element with vital repository performance expectations. 
The material covered in this presentation demonstrates collaboration on a key technical issue to 
establish the state-of-the-art for a Salt Club report. It provides a review of essential aspects of 
engineering barriers of low-porosity crushed salt, which will continue to consolidate and 
decrease permeability.  


The current state of knowledge benefits from large amounts of pertinent information on granular 
salt reconsolidation ranging over a length scale from atomic spacing to tens of meters. However, 
repository applications are concerned with very long time periods and in some cases properties 
of reconsolidating salt are predicted to occur far into the future after initial placement. 
Extrapolation based on modeling is often invoked to estimate engineering performance beyond 
the human experience, which by its very nature introduces an element of uncertainty. 
Construction techniques capable of emplacing granular salt seals, perhaps with additives, to near 
final performance conditions greatly reduce the need for extrapolation. Much of the potential 
performance uncertainty can be removed by deepening the mechanistic understanding through 
continued research and additional validation garnered from analogues from industry practice and 
nature.   
Sandia National Laboratories is a multi-program laboratory operated by Sandia Corporation, a wholly owned 
subsidiary of Lockheed Martin Corporation, for the U.S. Department of Energy's National Nuclear Security 
Administration under contract DEAC04-94AL85000. From SAND2014-4502P. SAND2014-16021A. 








Reflections on the ISIBEL Project and Perspectives on Modeling Salt 
Reconsolidation 
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ABSTRACT 


The thrusts of R&D project ISABEL were to summarize the state of the art in high level waste 
(HLW) disposal in salt and to determine if the demonstration of HLW disposal in salt is 
technically feasible.  The repository concept envisioned in the ISABEL project took full 
advantage of the favorable properties associated with salt formations, and their benefits in 
regard to underground waste disposal.  The Waste Isolation Pilot Plant (WIPP), located in 
southeastern New Mexico, has been developed by the U.S. Department of Energy (DOE) for 
the geologic (deep underground) disposal of transuranic (TRU) waste.  U.S. legacy TRU waste 
is transported to the WIPP facility and interred underground in a bedded salt formation.  The 
bedrock upon which WIPP performance assessment (PA) sits is an understanding of the 
features, events, and processes (FEPs) that must be considered when quantifying repository 
performance.  From these FEPs, scenarios are developed that represent the state of the 
repository for undisturbed and disturbed conditions.    Numerical models provide responses of 
the repository over the set of scenarios, where epistemic and aleatory uncertainties are 
captured through sampling.  Results are tabulated and assembled into curves that are then 
compared to regulatory compliance limits.  The safety and demonstration concept developed as 
part of the ISIBEL project has many components in common with those used for the WIPP.  As 
the ISIBEL concept provides a framework for a HLW repository in salt, many physical processes 
important to the ISIBEL project are those important to the WIPP project as well.  Comparisons 
are made of the ISIBEL and WIPP projects, highlighting areas in which these projects are 
similar as well as ways they are different. 


As part of the ISIBEL concept, void volume in emplacement areas and mine workings are to be 
filled with crushed salt, which will naturally compact due to creep closure of the surrounding salt 
rock.  The ability of the reconsolidated crushed salt to provide sufficient sealing must be 
demonstrated.  Recently, the temporal and physical characteristics of run-of-mine (ROM) salt 
reconsolidation were investigated as part of a proposed WIPP component design change.  The 
1998 rulemaking that certified WIPP to receive TRU waste placed conditions on the waste panel 
closure design to be implemented in the repository.  The engineering of the panel closure has 
been re-assessed, and a revised design has been established that is simpler, cheaper, and 
easier to construct.  It consists of 100 feet of ROM salt with barriers at each end.  The ROM salt 
is generated from ongoing mining operations at the WIPP and may be compacted and/or 
moistened as it is emplaced in a panel entry.  The representation of ROM salt reconsolidation in 
WIPP PA was a result of an iterative process with the federal regulator, the U.S. Environmental 
Protection Agency (EPA).  The DOE has submitted a planned change request to the EPA, 
seeking regulatory approval to replace the currently mandated panel closure design with the 
ROM salt design.  The modeling approach used for ROM salt reconsolidation, and insights 
gained from the regulatory change process, are discussed. 


† Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia Corporation, a 
wholly owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of Energy’s National Nuclear 
Security Administration under contract DE-AC04-94AL85000.  SAND2014-16786A 


This research is funded by WIPP programs administered by the Office of Environmental Management (EM) of the 
U.S Department of Energy. 
 








Title:  PA Development (PFLOTRAN) and the Safety Case 


Author:  Glenn Hammond, Sandia National Laboratories 


Abstract:  This presentation introduces the massively-parallel, reactive multiphase flow and transport 
code PFLOTRAN and describes Sandia’s recent enhancements to the code that enable its use within 
nuclear waste repository performance assessment models.  Code capability and infrastructure support 
are briefly outlined followed by a presentation of the conceptual model description and simulation 
results for a generic salt repository performance assessment model. 


 


Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia 
Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of 
Energy’s National Nuclear Security Administration under contract DE-AC04-94AL85000.             
SAND2014-17007A 
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VIRTUS is a “virtual underground laboratory” which can illustrate repository concepts, geologic 
situations and physical processes taking place in an underground lab or a repository. It centrally 
provides the necessary consolidated data (geologic models, mine structures, material data for 
numerical simulation) as well as means for the integrated visualization and evaluation of various 
types of information. 


VIRTUS consists of a visualization software platform, material database and interfaces to CAD 
programs like BGR’s openGEO which provide geologic models and to process level codes 
(PLC) for numerical model simulations. A “hot spot” system allows easy access to all available 
information. 


Geologic models are imported into VIRTUS, powerful editing functions allow the creation of 
mine structures. The resulting combined models can be exported to PLC pre-processors, where 
they are used as input for model calculations on the coupled thermal-hydraulic-mechanical be-
havior of the system consisting of waste, technical components and rock formation. The simula-
tion results can be visualized in VIRTUS in context with the underlying geology. 


The above features have been implemented. Testing and improvement are continuously per-
formed. 


Three demonstration experiments have been defined for prototypical simulation by the partners 
using their individual PLCs: 


· An isothermal mechanical simulation of a drift passing through different types of rock (BGR: 
JIFE) 


· A thermal simulation of an array of emplacement boreholes (DBE TEC: FLAC3D) 


· A coupled thermal-mechanical simulation of a heated drift in rock salt approaching a potash 
layer and anhydrite blocks (GRS: CODE_BRIGHT) 


The geometrical models have been extracted from VIRTUS and the simulations are underway. 


For a given repository or underground laboratory site, the capabilities of VIRTUS can help to fa-
cilitate design of meaningful experiments, to prepare benchmark exercises or simulation vari-
ants for optimization and compare their results, to evaluate simulation results to make sure that 
safety criteria are met, to design actual repository structures in a given geology, and to present 
repository research to the public. 


VIRTUS has been developed in the frame of a joint project of the Gesellschaft für Anlagen- und 
Reaktorsicherheit (GRS), the Federal Institute for Geosciences and Natural Resources (BGR), 
the DBE TECHNOLOGY GmbH (DBE TEC), and the Fraunhofer Institut für Fabrikbetrieb und –
automatisierung (IFF). The VIRTUS project is financed by the Federal Ministry of Economics 
and Technology (BMWi) under contract 02E10890. The current phase of VIRTUS is ending in 
October 2014. 
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Abstract 
Feature, event, and process (FEP) analysis and scenario development are an integral part of the 
iterative performance assessment (PA) process, and are used to inform the construction of post-
closure PA models of SNF/HLW repositories. Uncertainty and sensitivity analyses of the results 
produced by those PA models indicate which FEPs are most important to post-closure repository 
performance. This information is then used in the next iteration to help refine the set of FEPs and 
scenarios, and their representation in the PA model.   


FEPs have traditionally been organized using a classification scheme developed as part of 
Nuclear Energy Agency (NEA) International FEP Database. The NEA FEP database uses a 
hierarchical numbering and classification scheme that is based on two overlapping sets of 
categories: features (e.g., waste form, waste package, backfill, host rock, etc.) and multi-physics 
processes (e.g., thermal, chemical, mechanical, hydrologic). The categories are overlapping in 
the sense that a specific FEP (e.g., flow through the waste package) may be classified both by a 
feature category (e.g., waste package) and by a process category (e.g., hydrologic). As a result, 
related FEPs are not always mapped to the same category and it can be difficult to group and/or 
find all related FEPs within the FEP list. In addition, the overlapping categories sometimes lead 
to the creation of the same or similar FEPs under different headings.  


To better inform PA modeling and safety case development, a new FEP organizational structure, 
the FEP classification matrix, has been developed that alleviates the issues associated with the 
overlapping categories and duplicative FEPs in the NEA-based classification scheme. The FEP 
classification matrix is based on the concept that a FEP is typically a process or event acting 
upon or within a feature. The FEP matrix provides a two-dimensional organizational structure 
consisting of a Features axis that defines the “rows” and a Processes/Events axis that defines the 
“columns”.   


The FEP matrix approach is being applied to develop a comprehensive set of FEPs for a generic 
salt repository, based on the FEP experience and work carried out in the US and Germany. The 
ultimate goal is to populate an international FEP database for salt repositories that can promote 
easy searching for FEPs and pertinent information. The populated FEP matrix can be a useful 
tool for developing a PA model and a robust Safety Case in salt repositories. 


Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia 
Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S. 
Department of Energy’s National Nuclear Security Administration under contract DE-AC04-
94AL85000.  SAND2014-17016A 
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Abstract 


IGD-TP was founded as a technology platform for Implementing Geological Disposal of Radioactive 
Waste in Europe, in order to co-ordinate R&D activities, demonstrate technology and safety and 
underpin the development of a common European view on the related issues. Non-European 
countries are welcome to participate. The IGD-TP Strategic Research Agenda (SRA) defines several 
topics of specific interest; topic 1.3 specifically addresses sensitivity and uncertainty analysis. 
According to this demand, a Joint Activity (JA) was defined, titled “Handling of Uncertainties in the 
Safety Case for Deep Geological Repositories”. To work on this issue, a Technical/Scientific Working 
Group (TSWG) was founded, currently consisting of 14 organizations from 10 European countries and 
the USA; further participants are welcome. The work of the TSWG is expected to lead to an EC-co-
ordinated international project. The presentation explains the goals of the Joint Activity and its 
current status. 
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Abstract 


Probabilistic uncertainty and sensitivity analysis of the performance assessment model is an essential 
part of the safety case for final repositories. Current investigations at GRS and TU Clausthal aim at 
testing various classical and newly-developed mathematical methods of sensitivity analysis, 
identifying the typical problems arising with sensitivity analysis of complex final repository models 
and proposing solutions. The presentation gives an introduction to the general subject as well as an 
overview of possible approaches and methods and presents some recent results, using the example 
of a hypothetical repository for low and intermediate-level waste. This system was developed based 
on the experiences with the model for the German ERAM site. 
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Rock salt is a potential host rock medium for the underground disposal of high-level nuclear waste 


because it has several assets, in particular its water and gas tightness in the undisturbed state, its ability 


to heal technically induced fractures and its high thermal conductivity as compared to other shallow-


crustal rock types. To comply with the safety requirements of a repository for high-level nuclear waste, 


the long-term integrity of the geologic as well as geotechnical barriers has to be evaluated. For this 


purpose, numerical simulations regarding the long-term behaviour of geologic as well as geotechnical 


barriers of a high-level nuclear waste repository are required, based on state-of-the-art knowledge and 


using verified and validated numerical simulation tools. 


We present an overview on the physical behaviour of rock salt as well as results of two benchmark 


exercises performed by Clausthal University of Technology and Lawrence Berkeley National 


Laboratory to validate the numerical simulation tools FLAC-TOUGH (TUC) and TOUGH-FLAC 


(LBNL) [1]. The first benchmark exercise concerns the TSDE-experiment [2] which has been 


performed during the 1990s within the German Asse-mine to investigate the compaction behaviour of 


crushed salt under HLW-disposal conditions in salt rock mass. Thus, this experiment provides 


excellent data on crushed salt compaction. Moreover, the three-dimensional modelling of the 


experiment has led to the calibration of some parameters needed to describe the time-dependent 


response of the natural salt host rock [3], whose determination is difficult in laboratory tests, e.g. due 


to very low deviatoric stresses resulting in extremely long test durations. The second benchmark 


exercise concerns the long-term analysis of THM-coupled processes in the near-field of a generic salt 


repository for high-level nuclear waste. Therefore, a two-dimensional model of an emplacement drift 


is investigated, including a heat- and gas-generating waste package and the crushed salt backfill 


material within the drift. Due to the compaction of the crushed salt and the corrosion-induced gas 


generation, a gas pressure build-up occurs within the emplacement drift, leading to a pressure-driven 


fluid infiltration into the surrounding salt rock mass. This infiltration process has to be regarded as a 


two-phase flow scenario. 







The results of the performed benchmark exercises are very satisfactory and increase the credibility of 


numerical predictions concerning the long-term behaviour of a high-level nuclear waste repository in 


salt rock mass. 
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