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1.0 SUMMARY

1.1 NAME OF TRAVELER, POSITION, DOE CONTRACTOR, ORGANIZATION, DATE OF TRIP
REPORT

G. K. Beall
Engineering Department Manager
Office of Nuclear Waste Isolation
Battelle Project Management Division
December 30, 1986

1.2 DESTINATION

December 6-13, 1986
Gomez Pardo Foundation School of Mines
Alenza 2, 28003
Madrid, Spain

1.3 PURPOSE OF THE TRIP

Mr. Beall was invited to present a paper at an International Workshop on
Mathematical Modeling for Radioactive Waste Repositories sponsored by ENRESA, the
National Company for Radioactive Waste in Spain. The title of Mr. Beall's paper
is "Impact of Thermomechanical Behavior of Salt on Repository Design and
Analysis". See Section 3.4 for a copy of the paper.

1.4 ABSTRACT

A summary of information gathered at the workshop, observations, and copies of
pertinent material presented at the workshop are included in this report.

1.5 COMMITMENTS OR ACTIONS REQUIRED

None

1.6 RECOMMENDATIONS

1.6.1 Second Workshop

ENRESA is considering a second workshop in two years. Assuming the subject of
the next workshop is relevant to nuclear waste repositories, OCRWM should encourage
participation in the second ENRESA workshop.

1.6.2 Thermomechanical Benchmark Project

The Salt Repository Project should continue to follow the thermomechanical
benchmark project being managed by N. C. Knowles in the United Kingdom.
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1.7 COST

Staff Time Costs - 100 hours . . .. . . $5,000
Presentation Package Preparation (time and materials). . . . . . . 900
Travel and Subsistence Expenses Paid by ENRESA, the Workshop
Sponsor . . . . . . . . . . . . . . . . . . .

TOTAL $5,900
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2.0 TRIP REPORT

2.1 STATEMENT OF PURPOSE AND RELATIONSHIP TO THE OCRWM PROGRAM

The basic objective sought by the Spanish scientific community was to learn of
the achievements and plans of other countries on permanent storage of high-level
radioactive waste, particularly in the area of numerical modeling for repositories in
salt and crystalline rock formations.

The participation of Mr. Beall in this international workshop supports the Office
of Civilian Radioactive Waste Management objectives by allowing him to confer with a
group of engineers and scientists engaged in nuclear waste disposal similar to that
conducted by the Salt Repository Project. Of added interest to the OCRWM Program is
an information exchange on the topic of mathematical modeling with countries such as
Germany, Canada, France, Switzerland, Sweden, the United Kingdom, and Argentina.

2.2 BENEFITS TO THE OCRWM PROGRAM

For thermomechanical calculations (i.e., creep predictions), significant
differences exist between analytical calculations and the measured in situ test
results. This problem is starting to be documented in the literature, and it was
discussed at the workshop. A solution is not obvious, and additional work is
continuing to find a solution. N. C. Knowles, United Kingdom, is managing a bedded
salt thermomechanical benchmark project in which six countries are participating. The
Benchmark Project (scheduled for completion in December 1987) involves ten
organizations using twelve computer codes. Results from this work can be beneficial
to the Salt Repository Project if the results show good correlation between analytical
predictions and actual in situ test room response.

Other papers presented at the workshop which are outside of Mr. Beall's technical
expertise are being distributed to appropriate SRP organizations. This will provide
information on the type of work being conducted internationally in these areas.

2.3 ACTIVITIES OF THE TRAVELER

The Workshop on Mathematical Modeling for Radioactive Waste Repositories was
sponsored by ENRESA (the National Company for Radioactive Waste in Spain).
Approximately 70 people attended the workshop (by invitation), and 21 papers were
given by participants from the following ten countries:

United States . . . . . . . . . .. . . . . . . . . 4
France. . . . . . . . . . . . . . . . . . . . . . . . . 4
United Kingdom. . . . . . . . . . . . . . . . . . . . . . . 3
Sweden. . . . . . . . . . . . . .. . 3
Canada . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
Argentina . . . . . . . . . . . . . . . . . . . . . . . . . 1
Belgium . . . . .. .

Federal Republic of Germany . . . . . . . . . . . . . . . . 1

Switzerland . . . . . .. . . . . . . . . . . . 1
21
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The workshop was organized into the five following sessions:

* Thermomechanical Modeling
* Hydrogeological Modeling
* Modeling of Radionuclide Leaching and Migration
* Modeling of Radiological Effects
* Validation of Computer Codes and Global Models

Copies of 17 of the 21 papers presented are in the Appendix. Some of the papers
were not submitted in time for inclusion in the workshop handouts. The final workshop
proceedings with all of the papers will be published in February 1987.

ENRESA did an excellent job in setting up the workshop. The auditorium,
audiovisual equipment, workshop organization and agenda, and accommodations were all
first class. The people in Spain are very gracious, and ENRESA specifically expressed
their appreciation to me and for the Department of Energy allowing me to participate.

A general theme came out of the workshop that isn't specifically covered in the
papers. Some concerns exist within the international technical community about the
large computer programs that have been developed. The computer programs covered by
the workshop topics are complex or they are representative of complex natural
phenomena. These computer programs, at times, run literally for hours on large
computers. The concerns can best be expressed by a series of questions. First, are
the programs really solving what it is that "we" think they are solving? Then, are
the technical people spending enough time early in the problem definition to be sure
that the problem is defined properly? Next, are the computer programs being used
properly by people that are qualified to use them? Then, are people spending enough
time questioning the results of these programs to be sure that the answers are
realistic, and that the results are being interpreted and used correctly? And
finally, how will the technical community verify and validate these complex computer
programs in a licensing environment?

2.4 TRAVELER'S ROLE AT MEETING

Mr. Beall's role was to present the paper entitled "Impact of Thermomechanical
Behavior of Salt on Repository Design and Analysis." Informal discussions were held
with Dr. Wallner from the FRG concerning the design and construction of the Gorlebem
and Asse underground facilities. Dr. Wallner is scheduled to visit the United States
in the spring of 1987. If his schedule permits a visit to SRP, more detailed
discussions will be held at that time.

2.5 FUTURE ACTIVITIES AND RECOMMENDATIONS

2.5.1 Second Workshop

ENRESA is considering a second workshop in two years. Assuming the subject of
the next workshop is relevant to nuclear waste repositories, OCRWM should encourage
participation in the second ENRESA workshop.
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2.5.2 Thermomechanical Benchmark Project

Project COSA (Comparison of Computer Codes for Salt) is being managed by N. C.
Knowles from the United Kingdom. The project was established in December of 1983 by
the Commission of the European Communities to compare the thermomechanical code
predictions of twelve computer codes from ten organizations in six countries. The
first phase, which consisted of a hypothetical creep problem and a laboratory
experiment, was completed in July 1986. The second phase is based on in situ
experiments, and this phase is scheduled for completion in December 1988. Results
from this work can be beneficial to the Salt Repository project if the results show
good correlation between analytical predictions and actual in situ test room response.
The Salt Repository Project should continue to follow the work being performed in
Project COSA.
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3.0 APPENDIX

3.1 ITINERARY

DATE LOCATION CONTACT

12/6/86 In-flight to Madrid

SUBJECT

Travel

Travel12/7/86 Arrive Madrid
Miguel Angel Hotel
Miguel Angel Street
011-34-1-442-0022

Prof. J. Marti &
Carmon Bajos
011-34-1-455-3659

12/8/86 Madrid
Miguel Angel Hotel
Miguel Angel Street
011-34-1-442-0022

Prof. J. Marti &
Carmon Bajos
011-34-1-455-3659

Rest

12/9/86 Madrid
Miguel Angel Hotel
Miguel Angel Street
011-34-1-442-0022
and Gomez Pardo
Foundation
School of Mines
Alenza 2
28003 Madrid
011-34-1-442-0022

12/10/86 Gomez Pardo Foundation
School of Mines
Alenza 2
28003 Madrid

12/11/86 Gomez Pardo Foundation
School of Mines
Alenza 2
28003 Madrid

12/12/86 Gomez Pardo Foundation
School of Mines
Alenza 2
28003 Madrid

Prof. J. Marti &
Carmon Bajos
011-34-1-455-3659

Prof. P. Ramirez &
Prof. J. Marti
011-34-1-442-6500 &
011-34-1-455-3659

Prof. P. Ramirez &
Prof. J. Marti
011-34-1-442-6500 &
011-34-1-455-3659

Prof. P. Ramirez &
Prof. J. Marti
011-34-1-442-6500 &
011-34-1-455-3659

Pre-Workshop
Preparation

Workshop Attendance
Presentation of Paper

Workshop Attendance

Workshop Attendance

12/13/86 In-flight to Columbus Travel
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3.2 LIST OF WORKSHOP ATTENDEES

WORKSHOP ON MATHEMATICAL MODELING
FOR RADIOACTIVE WASTE REPOSITORIES

DECEMBER 10-12, 1986
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Alarcon, E.
E.T.S.I Industriales
Jose Gutierrez Abascal, 2
28006 Madrid
262 62 00

Alba, F.
Empresarios Agrupados
Maga1lanes 3
28015 Madrid (Sapin)

Aldana Mayor, F.
Director de la E.T.S.I. Industriales
Jose Gutierrez Abascal, 2
28006 Madrid
phone 262 62 00

Alomar Cremades, F
I N Y P S A
Gral. Diaz Porlier, 49
28001 Madrid (Spain)
phone 402 55 04

Alonso Diaz-Teran, J.
E.N.R.E.S .A.

P. Castellana, 135
28046 Madrid
phone 442 36 11

Alonso, A.
E T.S.I. Industriales
Jose Gutierrez Abascal, 2
28006 Madrid
phone 262 62 00



Andreu Posse, F.J.
EPTISA
Arapiles 14
Madrid
phone 445 03 00

Astutdillo, J.
E.N.R.E.S.A.
P. Castellana, 135
28046 Mandrid
phone 442 36 11

Ausin Alonso, V.
Geotecnia y Cimientos, S.A.
Los Llanos de Jerez, 10-12
Coslada (Madrid)
phone 671 34 66

Azuara Solis, J.A.
Dtor. Gral. de CIEMAT. Junta Energia Nuclear
Avda. Complutense, 22
28040 Madrid

Bajos, C.
Principia Espala
Orense 36
28020 Madrid
phone 455 36 59

Beall, K. Battelle .OMWI EMGR MRG
Battelle Project Management Division
505 King Ave
Columbus, Ohio 43201-2693 (U.S.A.)
Phone 614-424-4509



Bermudez de Castro, .
Dpto. Ecuaciones Funcionales. Fac. Matematicas
Universidad de Santiago de Compostela
Santiago de Compostela (Spain)

Biurrum E. Dipl. Ing.
Inst. F. Elektrische Anlagen
Schinkelstr 6
West Germany
phone (0241) 807690

Broyd, T.W.
Atkins R D
Woodcote Grove, Ashley Rd.
Epsom. Surrey, KTl85BW (United Kingdom)
phone 03727-261 40

Bruno, J. Research Associate
Dept. Of Inorganic Chemistry
Royal Institute of Technology
S-100 44 Stockholm, Sweden
Phone 08/7877987 TELEX 10389 KTHB

Burgib A.
E.T.S.I. Cminos, C. y P.
Jordi Girona Salgado, 31
08034 Barcelona

Carboneras P.
E. N. R.E.S.A.
P. Castellana, 135
28046 Madrid
Phone 442 36 11



Carlsson
S K B
Sweden

Carrera Ramirez. J.
E.T.S.I. Caminos, C. y P. U.P. Barcelona
Jordi Girona Salgado 31
08034 Barcelona
Phone (93) 204 32 52

Cerezuela Bonet, J.
Director General de Minas
Mo. Industria y Energia
P. Castellana, 160
28046 Madrid

Come, B
Commission of European Communities DG-XII-D-1
Rue de la Loi 200.
B-1049 Brussels (Belgium)
phone 32-2-235 4 01

Conde Lazaro, C.
Dpto. Calculo Numerico e Informatica
E.T.S.I. Minas.
Rios Rosas, 21. 28003 Madrid
442 65 00 ext. 131

Chacon Oreja
E.T.S.I. Minas. Cat. Estadistica
Rios Rosas 21

28003 Madrid
phone 442 65 00 Ext. 130



Chan. T
Station, 40, Whiteshell Nuclear Research
Egtoblishment, AECL, Pinawa Manitoba,
Canada. ROEILO
phone 204 753 2311

Farila Lopez, P.
Dames & Moore Iberica, S.A.
Pedro Muguruza, 8 2A
28036 Madrid (Spain)
phone 250 38 04

Fernandez Rubio, R.
E.T.S.I. Minas. Cat. Hidrogeologia
Rios Rosas 21
28003 Madrid
phone 442 65 00 ext. 186

Fu-Tsang C.
Earth Sciences Division. Lawrence Berkeley Lab.
California 94720
U. S. A.
415-486-5732

Gallego E.
E.T.S.I. Industriales. Dpto. Energia Nuclear
Jose Gutierrez Abascal 2
28006 Madrid (Sapin)
phone 262 62 00 Ext . 301

Goblet, P.
Ecole des Mines de Paris
85 Rue Saint Honore

77305 Fontainebleau (France)
phone: 64-22-48-21 Ext 434



Gomez Sanchez, M.
I .G.M.E.
Rios Rosas, 23
28003 Midrid
phone 441 65 00

Gonzalez A
E N C E

Gonzalez Fernandez, L.A.
E.N. Adaro
Doctor Esquerdo, 138
28007 Madrid
phone 252 99 00

Gonzalez Garcia, V
CIEMAT-- Junta de Energia Nuclear
P. Castellana, 160
28046 adrid

Gravalos, J.M
E.N R E. S. A.

P. Castellana, 135
28046 Madrid
phone 442 36 11

Grundfelt. B.
Kemakta Consultants Co.
Pipersgatan 27

Stockholm (Sweden)
Phone 46-(8) 540680



Hernandez de Lope, J, M

Rios Rosas, 21
28003 Madrid
442 65 00

Huertas,F.
E.N.R.E.S.A.
P. Castellana, 135

-28046 Madrid
phone 442 36 11

Iglesias Lopez, A.

Ricos Rosas, 23
28003 Madrid
Phone 441 65 00

Iraundegui Echevarria, J.A.
C I A T
Piquer, 7
Madrid
phone 766 7 07

Jorquera Alonso, R.

Rios Rosas, 23
28003 Madrid
phone 441 65 00

Kindelan Gomez de Bonilla, J.M.
Pte. E.N.R.E.S.A.
P. Castellana, 135

28046 Madrid
Phone 442 36 11



Knowles, N.C.
Atkins Research Development
Woodcote Grove, Ashley Rd.
Epsom, Surrey. United Kingdom T185 BW
Phone 03727 26140

Lain Huerta L.
I.G.M.E.
Rios Rosas, 23
28003 Madrid
phone 441 65 00

Lewi, J.
IPSN 4/DAS/SAED
CEN-Far, B.P. 6.
92265 Fontenay-aux-Roses Cedex
Phone (1) 46 54 7 99

Long. J.
Lawrence Berkeley Lab. Earth Sciences Division
1 Cyclotron Road
Berkeley, CA 94720 (U.S.A.)
phone 415--4865782

Lopez Arechavala, G
E.N. Adaro
Doctor Esquerdo, 138
28007 Mdrid
phone 252 99 00

Lopez Bravo J.
I.G.M.E.
Rios Rosas 23
28003 Madrid
phone 441 65 00



Lopez Garcia A.
Dtor Gral. de E.N..R.E.S.A.
F. Cstellana, 135
28046 Madrid
phone 442 36 11

Lopez Garcia, J.
INTECSA
Francisco Gervas, 6
28020 Madrid
phone 270 43 16

Lopez Vilchez L.
Cia. General de Sondeos, S.A.
Corazon de Maria, 15
28002 Madrid
phone 416.85.50

Llamas, R.
Univ. Complutense. Fac. Geology. Dpto.Geodynamics
Ciudad Universitaria
28040 Madrid (Sapin)
phone () 449 00 60 TELEX 41798 UCGEO

Maravall F.
Mo. Industria y Energia
P. Castellana, 160
28046 Madrid

Marsily, G.
Ecole des Mines de Paris
35 Rue Saint Honore
77305 Fontainebleu (France)
phone 1-64224821



Marti Rodriguez J.
Principia Espala
Orense , 36
28020 Madrid
phone 455 36 59

Martin Bourgon
E.N.R.E.S.A.

P. Castellana, 135
28046 Madrid
phone 442 36 11

Martin Garcia, J.E.
E.T.S.I. Industriales. Dpto. Energia Nuclear
Jose Gutierrez Abascal 2
28006 madrid (Sapin
phone 262 62 00 Ext. 301

Martinez de Angulo L .
GEOCISA, S.A.

Los Llanos de Jerez, 10-12
Coslada (Madrid)
phone 671.34.66

McCombie, Ch.
N A G R A
Parkstrasse 23
5400 Baden (Switzerland)
phone 056/ 205 111

Mera Merino, Amalia
I.G.M.E.

Rios Rosas, 23
28003 Madrid

Phone 441 65 00



Michavila Pitarch, F.
Director de la E.T.S.I. Minas
Rios Rosas 21
28003 Madrid
phone 442 5 00

Molina Fernandez, R.
Consejo de Seguridad Nuclear
Sor ngela de la Cruz, 3
28020 Madrid (Sapin)
phone 456 18 12 Ext. 337

Molina Oltra, R.
IBERINSA
Avda. Burgos, 11
28036 Madrid
Phone 766 26 80

Montero Trujillano, J.L.
E.T.S.I. Industriales (Tecnologia Nuclear)
Jose Gutierrez bascal, 2
28006 Madrid (Sapin)
262 62 00 Ext. 301

Moreno Palacios, Pablo
P.M.S.A.
P. Juan XXIII 3
Madrid
phone 233 98 80

Olgado Clomina, .
INITEC
Principe de Vergara, 120
Madrid
phone 21.93. 00



Olmo, C.
E.N.R.E.S.A.
P. Castellana, 135
28046 Madrid
phone 442 36 11

Oustriere P.
DEA - ANDRA
31-33 rue de la Federation
75752 Paris Cedex 15 (France)
phone (1) 40-56-11-05

Pascual Martinez, F.
Pte. Consejo de Seguridad Nuclear
Sor ngela de la Cruz, 3
28020 Madrid

Pastor, M .
CETA-CEDEX. Area de Analisis y Programacion
Alfonso XII, 3
28014 Madrid (Sapin)
phone 468 24 00

Peaudecerf, P.
B.R.G.M.
191 rue de Vaugirard
75737 Paris Cedex 15 (France)
phone 1-47839400

Perez Pita. V.
Dtor Gral. de la Energia
M. Industria y Energia
P. Castellana, 160
28046 Madrid



Portaencasa Baeza, R.
Rector de la U. Plitecnica de Madrid

vda. Ramiro de Maeztu, s/n
28040 Madrid

Prado Herrero, P.
CIEMAT - Junta Energia Nuclear
Avda. Complutense, 22
28040 Madrid (Spain)
Phone (1) 244 12 00

Pusch, R.
Swedish Geological Co.
Ideon Science Park, Lund, (Sweden)
phone 46/46163530

Querol Muller, R.
I.G.M.E.
Rios Rosas, 23
28003 Madrid
phone 441 65 00

Ramirez Oyanguren P.
E.T.S.I. Minas. Cat. Laboreo de Minas
Rios Rosas 21
28003 Madrid
phone 442 65 00 ext. 177

Recreo Jimenez F.
Centro de Investigaciones Energeticas, M. y T.
Avda. Complutense, 22
28040 Madrid (Sapin)



Ruiz Lopez, C.
Consejo de Seguridad Nuclear
Sor Angela de la Cruz 3
28020 Madrid (Spain)
phone 456 18 12

Sahuquillo, A.
E.T.S.I. Caminos, C. y P.
Valencia

Salas Hernandez E.
E.T.S.I. Industriales. Dto. Tecnologia Nuclear
Jose Gutierrez Abascal, 2
28006 Madrid (Sapin)
phone 262 62 00 Ext. 301

Saltelli, A.
Joint Research Centre of European Communities
Ispra 21020 VA
(Itali)
phone (0039) 332.789626

Samper Calvete J.
E.T.S.I. Caminos, C. y P. (Hidraulica)
Ciudad Universitaria, s/n
28040 Madrid (Spain)
phone (1) 449 42 00 Ext. 271

Sanchez Delgado, M.
INITEC
Principe de Vergara, 120
Madrid
phone 261 93 00



Sanchez de Dios, L.
I. N.I.T.E.C.
Padilla, 17 - 4
Madrid

Santiago Albarran, J.L.
D'Appolonia Espala, S.A.
Julian Romea 21
28003 Madrid
phone 253 24 82

Sharma, D.
Principia Mathematica Inc.
110 Beaver Brook Drive
Evergreen, CO 80493
U.S.A.

Smith, G.M.
National Radiological Protection Board
Chilton, Didcot
Oxfordshire, OX11 ORQ
(0235) 831600 TELEX 837124 ADPRO

Tallos Gonzalez, A.
CIEMAT - Junta Energia Nuclear
Avda. Complutense 22
28040 Madrid (Spain)
phone (1) 244 12 00 Ext. 1402

Tapia Benito, J.
Empresarios Agrupados
Magallanes 3
Madrid
Phone 445 60 00 ext. 796



Thegerstrom, C
OECD/NEA
38 Bvd. Suchet
75016 Paris (France)
Phone (1) 5424967

Ulibarri A.
E. N. R.E.S.A.
P. Castellana, 135
28046 Madrid
phone 442 36 11

Virgos Soriano, L.I.
Compalia General de Sondeos, S.A.
Corazon de Maria, 15
28002 Madrid
phone 416 85 50

Wallner, M
Federal Institute for Geosciences and N. R.
D-3000 Hannover 51. Stillewg 2. Postfach 510153
Phone (0511) 643-2431
TELEX 0923730 bgr ha d

Zamarra F.
Junta de Energia Nuclear. Residuos
Avda. Complutense 22
28040 Madrid (Sapin)
phone 244 12 00 ext. 1402



3.3 BIBLIOGRAPHICAL LISTING OF LITERATURE ACQUIRED

3.3.1. Program for the Workshop on Mathematical
Modelling for Radioactive Waste Repositories,
December 10-12, 1986, Madrid, Spain

3.3.2. Brochure on ENRESA, the Spanish National
Company for Radioactive Waste
ENRESA
Comunicacion Social
Po de la Castellana, 135 - planta 10
28046 Madrid

3.3.3. Booklet on the Universidad Politecnia
de Madrid (in Spanish)

3.3.4. Booklet on details of ENRESA (in Spanish)

3.3.5. National magazine dealing with radioactive
waste in Spain (in Spanish)

3.4 BIBLIOGRAPHICAL LISTING OF LITERATURE SUPPLIED TO HOST

3.4.1 "Impact of Thermomechanical Behavior of Salt
on Repository Design and Analysis"
Paper presented by Ken Beall

3.4.2 Copy of Presentation Slides
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3.3.1

PROGRAM FOR THE WORKSHOP ON MATHEMATICAL
MODELING FOR RADIOACTIVE WASTE REPOSITORIES

DECEMBER 10-12, 1986

MADRID, SPAIN



WORKSHOP ON
MATHEMATICAL
MODELLING
FOR RADIOACTIVE
WASTE REPOSITORIES
December 10-12, 1986, Madrid (SPAIN)

Sponsored by:

ENRESA

Organised by:

E.T.S.I. MINAS
de la Universidad Politecnica de Madrid.

E.T.S.I. INDUSTRIALES
de la Universidad Politecnica de Madrid.



HONORARY COMMITTEE

Excmo. Sr. D. Francisco Pascual Martinez,
Presidente del Consejo de Seguridad Nuclear.
Ilmo. Sr. D. Fernando Maravall Herrero,

Secretario General de la Energia.
Ilmo. Sr. D. Victor Prez Pita,
Director General de la Energia.

Ilmo. Sr. D. Juan Jose Cerezuela Bonet,
Director General de Minas.

Excmo. Sr. D. Rafael Portaencasa Baeza,
Rector Magco. de la Universidad Politecnica de Madrid.

Ilmo. Sr. D. Jose Angel Azuara Solis,
Director General de CIEMAT - JEN
Ilmo. Sr. D. Francisco Michavila Pitarch,
Director de la E.T.S.I. Minas de Madrid.

Ilmo. Sr. D. Fernando Aldana Mayor,
Director de la E.T.S.I. Industriales de Madrid.
Sr. D. Juan Manuel Kindelan Gmez de Bonilla,

Presidente de ENRESA.
Sr. D. Alberto Lpez Garcia,
Director General de ENRESA.

ORGANISING COMMITTEE

Chairman: D. Carlos del Olmo Alonso (ENRESA)
Secretary: Prof Jose Maria Hernandez de Lope ( E.T.S.I. Minas)
Members: Prof Agustin Alonso Santos ( Depto. Tecnologia Nuclear - E.T.S.I.

Industriales )
Prof Carlos Conde Lazaro (Depto. Analisis numerico - E.T.S.I.
Minas)
Prof Joaquin MartiRodriguez (Depto. Mecanica - E.T.S.I. Minas)



SCHEDULE

December 10
09:00 OPENING ADDRESS
09:30 THERMOMECHANICAL MODELLING.

Chairman: Prof. P. Ramirez ( E.T.S.I. Minas - Spain).
Secretary: Prof J. Marti( E.T.S.I. Minas - Spain).
09:30 B. Come. ( CEC - Belgium)

Rock - mechanics modelling for radiactive waste
disposal in hard rocks and salt.

10:15 T. Chan, ( AECL- Canada)
Thermomechanical modelling in crystalline rocks

11:00 Coffee Break.
11:30 M.Wallner, ( BGR - Federal Republic of Germany)

Stability demostration concept and preliminary design
calculations for the Gorleben Repository.

12:15 K. Beall, ONWI- Battelle - United States)
Impact of Thermomechanical behavior of salt on
repository design and analysis.

13:30 LUNCH.

15:30 HYDROGEOLOGICAL MODELLING.
Chairman: Prof R. Fernandez ( E.T.S.I. Minas - Spain).
Secretary: Prof C. Conde ( E.T.S.I. Minas - Spain).
15:30 B. Feuga, ( BRGM - France)

Hydrologic modelisation of fractured rocks.

16:15 T. Chan, ( AECL- Canada)
Finite element modeling of coupled fluid, heat and
solute transport in deformable fractured rocks.

17:00 Coffee Break.
17:30 C. Tsang, ( LBL - United States)

Coupled Thermohydrological and hydromecanical
processes in single fractures, double fractures and
fractured porous media.

18:15 D. Sharna, (Principia - United States)
Hydrogeological modelling in high level radioactive
waste disposal.



December 11

09:00

09:45

HYDROGEOLOGICAL MODELLING (cont.)
09:00 J. Long, (LBL - United States)

Modelling of fluid flow and transport in fracture
netwoks.

MODELLING OF RADIONUCLIDE LEACHING AND
MIGRATION
Chairman:

Secretary:

09:45

10:30

11:15
11:45

12:30

Mr. V Gonzolez, ( CIEMAT - Spain ).
Mr. J. Maria Gravalos, (ENRESA - Spain).
P. Goblet, ( EMP - France )
The hydrology of low permeability rocks with an
emphasis on the various possible causes of
radionuclide migration.
R. Pusch, ( Swedish Geological Co - Sweden)
Radionuclide migration by water flow and diffusion
through clay barriers.
Coffee Break.
C McCombie, (NAGRA - Switzerland)
Radionuclide release and transport modelling;
specific application and requeriments for further
developments.
J. Bruno, ( Royal Institute of Technology - Sweden)
Modelling of spent nuclear fuel leaching.

13:30 LINCH.

15:30 MODELLING OF RADIOLOGICAL EFFECTS.
Chairman: Prof A. Alonso, ( E.T.S.I. Industriales - Spain).
Secretary: Mr. P. Carboneras, ( ENRESA - Spain).
15:30 Abel Gonzalez, (ENACE - Argentina)

Radiation protection principles for the disposal of
solid radioactive waste recommended by I.C.R.P.

16:15 G. Smith, (NRPB - United Kingdom)
Pathways to man for radionuclides released from
disposal sites on land.

17:00 Coffee Break.
17:30 A. Saltelli, (JRC - Ispra - Italy)

Data uncertainty in long - term prediction. Present



trends in risk analysis with Monte Carlo techniques.
18:15 C Thegerstrom, ( OECD - France )

Integrated approach to performance assessment of
nuclear waste disposal systems including radiation
protection considerations.

December 12
09:00 PANNEL SESSION: VALIDATION OF COMPUTER CODES AND

GLOBAL MODELS.
Chairman: Prof G. de Marsily, ( EMP. France)
09:00 J. Lewi, ( CEA - IPSN - France)

MELODIE: A global risk assessment model for radiactive
waste repositories.

09:30 N. Knowles, ( Atkins R & D - United Kingdom)
Project COSA - A benchmark of computer codes for
the thermo - mechanical behaviour of rock salt.

10:00 Coffee Break.
10:30 B. Grundfelt, ( Kemakta Consultants - Sweden)

Verification and validation of geosphere assessment
models. Summary of the INTRACOIN and HYDROCOIN
studies.

11:00 T. Broyd (Atkins R& D - United Kindom)
The derivation of simple models and data sets using
detailed deterministic models of radiactive waste trasport.

11:30 Discussion.
' 13:00 END OF WORKSHOP
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With the exception of a single storage facility
for low and intermediate level radioactive waste
at Sierra Albarrana, Spain has designated no
sites which, studied in depth, can be considered
apt for such storage over long periods.

Technically adequate means nw exist for sto-
ring low and intermediate level waste, isolating
it for about a century.

During the operating lives of the nuclear power
stations contemplated in the National Energy
Plan, the total production of low and intermedia-
te level waste is expected to reach 100,000
cubic meters. A further 160,000 cubic meters
will have to be dealt with as nuclear plants
currently in operation are shut down by the year
2035. Meanwhile, Spain's present storage capa-
city is about 15,000 cubic meters.

There are no facilities in Spain for the disposal
of high-level radioactive waste, mainly spent fuel
assemblies from power stations. The total
amount of such waste generated in the nuclear
plants called for in the National Energy Plan is
estimated at 5,500 metric tonnes. The first per-
manent facility for storing high-activity waste will
not be commissioned before the end of the
century.

As matters stand, the on-site waste storage ca-
pacity of some power stations will be exhausted
for low-level waste in 1989 and high-level was-
te in 1993.

SOLUTIONS

To solve these problems the Empresa Nacional
de Residuos Radiactivos, S.A (ENRESA) was
formed and assigned the task of defining the
most appropriate strategies and devising a pro-
gram of activities to be undertaken in the short,
medium and long term within a General Plan
for Radiactive Waste. The Royal Decree whe-
reby ENRESA was founded list the company's
responsibilities as to prepare, transport, perma-
nently store and ensure the integrity of radiacti-
ve waste in such a manner that no harm results
to persons or the environment.

By an Order of the Ministry of Industry and
Energy issued in December, 1985, ENRESA was
assigned responsibility for management of the
low and intermediate level waste storage facility
at Sierra Albarrana, in the province of Cordoba.

ENRESA has undertaken studies aimed at loca-
ting a second site, on surface or at shallow
depth, for a low and intermediate level waste
deposit.

ENRESA is also conducting studies of the various
options for the temporary storage of spent nu-
clear fuel from power stations, which will provi-
de the basis for decisions in the short term.

At the same time a site will be selected for the
definitive storage of high activity waste, in a
deep geological formation, which is not expec-
ted to start service before the year 2010.
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DIRECTORES DE LA
ESCUELA
En concepto de Directores de Almaden.

D. Enrique Cristobal Storr de 1777 a 1785
D. Juan Martin Hoppensack de 1785 a 1792
D. Juan Federico Mayer de 1792 a 1796
D. Manuel Angulo de 1796 a 1799
D. Manuel Perez Stala de 1799 a 1802
D. Diego de Larrariaga de 1802 a 1814
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Como Directores Generales de Minas-

D. Fausto de Elhuyar de 1826 a 1833
D. Timoteo Alvarez de Verina de 1833
D. Francisco Penafiel de 1833 a 1835
D. Rafael Cabanillas de 1835 a 1849

Directores de la Escuela

D. Rafael Cabanillas
D. Guillermo Schultz
D. Felipe Naranjo y Garza
D. Ram6n Pellico y Paniagua
D. Policarpo Cia
D. Jose de Monasterio y Correa
D. Anselmo Sanchez y Tirado
D. Manuel Albeleira
D. Andres Perez Moreno
D. Luis de Escosura
D. Ramon Pellico
D. Perfecto M. Clemencin
D. Pedro Palacios
D. Jose Maria de Madariaga
D. Claudio Guitian
D. Leopoldo Barcena
D. Adriano Contreras
D. Eduardo Gullon
D. Antonio Marin Lanzo
D. Francisco Gomez Rojas
D. Manuel Abad
D. Miguel Langreo Contreras
D. Antonio Marin Hervas
D. Wenceslao Castillo G6mez
D. Pedro Arsuaga Daban
D. Marcelo Jorissen Bracke
D. Juan J. Miraved del Valle
D. Emilio Llorente G6mez
D. Francisco Michavila Pitarch

de 1849 a 1853
de 1853 a 1857
de 1857 a 1869
de 1860 a 1862
de 1862 a 1864
de 1864 a 1874
de 1874 a 1879
de 1879
de 1879 a 1882
de 1882 a 1900
de 1900 a 1903
de 1903 a 1910
de 1910 a 1912
de 1912 a 1916
de 1916 a 1920
de 1920 a 1921
de 1921 a 1922
de 1922 a 1927
de 1927 a 1929
de 1929 a 1931
de 1931 a 1939
de 1939 a 1949
de 1949 a 1954
de 1954 a 1959
de 1959 a 1961
de 1961 a 1967
de 1967 a 1978
de 1978 a 1984
de 1984 a
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Paisaje de El
Cabrile (Cordoba)

Memoria y Cuentas correspondientes al Ejercicio del ano
1985 que presenta el Consejo de Administracion a la

Junta General de Accionistas para su aprobacion.
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CONSEJO DE
ADMINISTRACION

a 31 de diciembre
de 1985

Presidente:
D. Juan Manuel Kindeln Gomez de

Bonilla.

Consejero Director General:
D. Alberto Lopez Garcia.

Vocales:
D. a Leonor Alvarez-Santullano Planas.
D. Manuel Cortizas Amado.
D. Valentin Gonzalez Garcia.
D. Alfredo Llorente Legaz.
D. Francisco Mingot Buades.
D. Jose Oliu Creus.
D. Francisco J. Paramio Fernandez.
D. Luis Julian del Val Hernandez.

Secretario y Letrado Asesor:
D. Alfonso Arias Canete.
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Presidente:
D. Juan Manuel Kindelan Gomez de -

Bonilla.

COMITE DE
DIRECCION

a 31 de diciembre
de 1985

Director General:
D. Alberto Lopez Garcia.

Director de Ingenieria y Proyectos:
D. Aurelio Ulibarri Arechabala.

Director de Comunicacion Social:
D. Felipe Mellizo Cuadrado.

Director Financiero:
D. Juan Pedro Zarranz Herrera.

Secretario General:
D. Alfonso Arias Canete.

ORGANIGRAMA DE ENRESA

PRESIDENTE

DIRECTOR GENERAL
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REAL DECRETO
POR EL QUE SE
AUTORIZA LA

CONSTITUCION
DE ENRESA

(publicado el
22-8-84)

MINISTERIO
DE INDUSTRIA Y ENERGIA
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BALANCE

DE SITUACION

Y CUENTA DE

PERDIDAS Y

GANANCIAS
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BALANCE DE SITUACION
ENRESA

31 DE DICIEMBRE DE 1985

A CT I V O

En miles ptas.

INMOVILIZADO MATERIAL

Terrenos y bienes naturales ............. ................................. 48.864
Edificios y otras construcciones ................ 431.967
Maquinaria, instalaciones y utillaje .............. ......................... 47.182
Elementos de transporte ............................................... 4.574
Mobiliario y enseres . .................................................. 11.046

543.633
Amortizacion acumulada inmovilizado material .............................. ( 978)

TOTAL INMOVILIZADO MATERIAL .......................... 542.655

INMOVILIZADO INMATERIAL .... .... 138.419

INMOVILIZADO FINANCIERO

Prestamos a largo plazo .. 4.413
Fianzas y depositos constituidos ....................... 4.420

TOTAL INMOVILIZADO FINANCIERO ... 8.833

GASTOS AMORTIZABLES 12.089

OTROS DEUDORES

Ofico .. 1.088.572
Hacienda Publica deudora .97.258
Otros deudores .462

TOTAL OTROS DEUDORES ........................

CUENTAS FINANCIERAS

Pagares del Tesoro . .................................................... 1.554.515
Pagares de Empresa . .................................................. 11.764.044
Certificados de Deposito ............................................... 1.195.000
Imposiciones a Plazo Fijo ............... ................................ 12.726.835

27.240.394
Caja y Bancos .61.929

TOTAL CUENTAS FINANCIERAS .............................

AJUSTES POR PERIODIFICACION

Pagos anticipados .. 1.487
Intereses a cobrar no vencidos (Nota 1) ............ ....................... 248.291

TOTAL AJUSTES POR PERIODIFICACION ..........

1.186.292

27.302.323

249.778

TOTAL ACTIVO .. 29.440.389
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BALANCE DE SITUACION
ENRESA

31 DE DICIEMBRE DE 1985

P A S I V O

En miles ptas.

538.000CAPITAL SOCIAL ............................................................

FONDO SEGUNDA FASE DEL CICLO DEL COMBUSTIBLE NUCLEAR (GESTION
RESIDUOS) ............................................................. 26.965.345

DEUDAS A PLAZO CORTO

Hispano Francesa de Energia Nuclear .. ................................... 909.527
Junta de Energia Nuclear . .......................................... 371.565
Empresa Nacional del Uranio ..................................... 4.017
Equipos Nucleares, S. A ................................................ 55.608
Acreedores diversos . ................................................... 7.021
Hacienda Publica acreedora IRPF .......... ............................... 7.315
Hacienda Publica acreedora ITP .......... ............................... 7.481
Organismos Seguridad Social acreedores ........ ......................... 3.112

TOTAL DEUDAS A PLAZO CORTO ...........................

AJUSTES POR PERIODIFICACION

Intereses anticipados (Nota 2) .......................................... 570.312
Pagos diferidos ............ ....... 1.086

TOTAL AJUSTES POR PERIODIFICACION ....................

1.365.646

571.398

TOTAL PASIVO ..................................... 29.440.389
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CUENTA DE PERDIDAS Y GANANCIAS
ENRESA

EJERCICIO CERRADO EL 31 DE DICIEMBRE DE 1985

En miles ptas.

INGRESOS

Recaudacion a traves de OFICO .......... ............... 27.410.584

Intereses de Pagares del Tesoro .......... ........................ 23.460
Intereses de Pagares de Empresas ......... .............................. 163.651
Intereses de Certificados de Deposito .................................... 9.905
Intereses de Imposiciones a Plazo Fijo .................................... 671.918
Intereses de Bancos cuentas corrientes ................................... 220
Intereses de Bancos cuentas de ahorro ............................. , .23.388
Intereses de prestamos al personal ......... .............................. 24

892.566

TOTAL INGRESOS ................ 28.303.150

GASTOS DE OPERACION

Estudios y Proyectos (Nota 3) ........................................... 87.159
Gastos de reprocesamiento ............................................. 909.527
Gestion residuos por terceros (Nota 4) .................................... 244.128
Asfaltado de diques esteriles ..................................... 11.443

TOTAL GASTOS DE OPERACION ............................ 1.252.257

GASTOS DE PERSONAL

Sueldos y salarios 36.921
Gastos de viaje 5.572
Seguridad Social a cargo de la Empresa .7.224
Otros gastos sociales .849
Otros gastos de personal .474

TOTAL GASTOS DE PERSONAL

TRABAJOS, SUMINISTROS Y SERVICIOS EXTERIORES

Arrendamientos .12.891
Reparaciones y conservacion .3.271
Suministros .79
Trabajos realizados por otras empresas (Nota 5) .9.927
Primas de Seguros ..................................................... 171

TOTAL TRABAJOS, SUMINISTROS Y SERVICIOS EXTERIORES.

51.040

26.339

978

7.191

26.965.345

AMORTIZACIONES ...........................................................

OTROS GASTOS .............................................................

DOTACION AL FONDO SEGUNDA FASE DEL CICLO DEL COMBUSTIBLE NUCLEAR
(GESTION RESIDUOS) (Nota 6) ............................................

RESULTADO ................................................
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NOTAS A LOS ESTADOS FINANCIEROS
ENRESA

31 DE DICIEMBRE DE 1985

En miles ptas.

NOTA 1 - INTERESES A COBRAR NO VENCIDOS

Su desglose es el siguiente:

De Imposiciones a Plazo Fijo ............................................ 239.967
De Cuentas de Ahorro ............ ..................................... 8.324

TOTAL NOTA 1 ..............................................

NOTA 2 - INTERESES ANTICIPADOS

Su desglose es el siguiente:

De Pagares del Tesoro ............ ..................................... 123.947
De Pagares de Empresa ........... ..................................... 446.365

TOTAL NOTA 2.

NOTA 3 - ESTUDIOS Y PROYECTOS

Se compone de las siguientes partidas:

Estudios hidrogeologicos El Cabril ....................................... 2.000
Stripa ............................................................... 20.035
Servicio de apoyo JEN a otros proyectos ................................. 65.124

TOTAL NOTA 3.

NOTA 4 - GESTION DE RESIDUOS POR TERCEROS

El detalle lo componen los siguientes capitulos:

Servicio de apoyo JEN El Cabril (ano 85) .................................. 132.280
Servicio de apoyo JEN Andujar (ano 85) .................................. 105.427
Compra de bidones por JEN ............................................ 5.167
Asfaltado diques de esteriles por JEN .................................... 1.254

TOTAL NOTA4 .

248.291

570.312

87.159

244.128

NOTA 5 - TRABAJOS REALIZADOS POR OTRAS EMPRESAS

El desglose de este epigrafe es como sigue:

Gastos por creacion de ENRESA .......... .............. 9.188
Otros ............................................................... 739

TOTAL NOTA 5..............................................

NOTA 6 - DOTACION AL FONDO SEGUNDA FASE DEL CICLO DEL COMBUSTIBLE
NUCLEAR (GESTION RESIDUOS)

Se trata del remanente de los recursos recaudados por medio de la cuota es-
tablecida en la Orden del Ministerio de Industria y Energia de 12 de mayo de
1983, asignado a ENRESA por el Real Decreto 1.522/1984, de 4 de julio, des-
arrollado, asimismo, por Real Decreto 1.899/1984, de 1 de agosto.

9.927

26.965.345
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INFORME
DE LOS CENSORES

DE CUENTAS
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Palabras pronunciadas
por el Presidente de ENRESA,
D. Juan Manuel Kindelan,

y por el Director General de la JEN,
D. Gonzalo Madrid,

en la Junta General de Accionistas
celebrada el 30 de junio de 1986
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DON JUAN
MANUEL

KINDELAN,
PRESIDENTE

DE ENRESA
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DON GONZALO
MADRID,

DIRECTOR
GENERAL

DELAJEN
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FOREWORD

The National Waste Terminal Storage Program was established in 1976 by the
U.S. Department of Energy's predecessor, the Energy Research and Development
Administration. In September 1983, this program became the Civilian

Radioactive Waste Management (CRWM) Program. Its purpose is to develop
technology and provide facilities for safe, environmentally acceptable,

permanent disposal of high-level waste (HLW). HLW includes wastes from both
commercial and defense sources, such as spent (used) fuel from nuclear power
reactors, accumulations of wastes from production of nuclear weapons, and

solidified wastes from fuel reprocessing.

The information in this paper pertains to the conceptual design studies of

the Salt Repository Project of the Office of Geologic Repositories in the CRWM
Program.
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DISCLAIMER

This report was prepared as an account of work sponsored by the United
States Government. Neither the United States nor the Department of Energy, nor
any of their employees, nor any of their contractors, subcontractors, or their
employees, makes any warranty, expressed or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or usefulness of
any information, apparatus, product, or process disclosed, or represents that
its use would not infringe privately owned rights. Reference herein to any
specific commercial product, process, or service by trade name, mark,
manufacturer, or otherwise, does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States Government, any
agency thereof, or any contractor or subcontractor. The views and opinions of
the author expressed herein do not necessarily state or reflect those of the
United States Government, any agency thereof, or any contractor or
subcontractor.
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ABSTRACT

The U.S. Department of Energy's Salt Repository Project (SRP) is
investigating bedded salt as a possible site for the disposal of high-level

commercial and defense nuclear waste. One of the major advantages of salt as a

host rock for nuclear waste disposal is its capacity to creep. Under load, it

deforms and flows into openings resulting in a uniform low permeability medium

that is highly resistant to liquid flow. However, this property, creep, that

makes salt an attractive medium for waste disposal also results in technical

challenges associated with (1) underground opening stability during operations,

(2) maintaining the ability to retrieve waste, and (3) analysis of salt

deformation under thermal and mechanical loads imposed by waste disposal

activity. This paper treats the considerations of geology, repository design,

retrieval, and the thermomechanical analyses as they are affected by salt

creep.

During the site selection process for a nuclear waste repository,

the impact of the local geology on repository design must be carefully

evaluated. Selecting a repository site where the geology is uniform and

predictable is important for generating a design that will be suitable for

licensing. Salt purity, salt thickness, number of interbeds, uniformity of the

geology, rock temperatures, depth, etc., all have an impact on the repository

thermomechanical analyses and the resulting repository design.

The impact of salt creep on design approach is examined closely.

Designs associated with the waste package, ventilation, room and pillar design,

underground layout, repository development, and repository operations are all

sensitive to increased creep of salt with increasing temperature. These

factors must be carefully integrated into the repository design such that a

balanced design is achieved.

A number of the characteristics that make salt an excellent medium

for nuclear waste disposal also provide some technical challenges for retrieval

design. The Nuclear Regulatory regulations require any or all of the waste to

be retrievable for up to 50 years after emplacement. Studies are in progress

on how best to accommodate the retrievability requirements; moreover, retrieval

must be accomplished in a safe working environment using state-of-the-art

equipment and technology. An overview of this major design requirement is

provided along with emphasis on the impact of salt creep on retrieval design.
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Thermomechanical analyses are an important aspect of repository site

selection and design. For a licensed facility, one must be able to analyze and

predict the behavior of the host rock. The thermal analysis of salt is

relatively straight-forward; however, the nonlinear, inelastic response (creep)

of salt has been more difficult to predict. Significant resources in time and

money have been devoted to trying to understand and analyze the creep

phenomenon. Test data taken from at-depth test rooms show that deformations

and creep rates are significantly higher than originally predicted. Additional

work needed in this area is discussed along with the verification and

validation requirements for thermomechanical computer codes.
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INTRODUCTION

The discussion in this paper is based on eight years of experience on

three different nuclear waste repository projects, two in bedded salt and the

other in densely welded tuff. The bedded salt projects are the Waste Isolation

Pilot Plant (WIPP) Project in New Mexico and the Salt Repository Project (SRP)

in Texas. The densely welded tuff is the potential host rock being studied by

the Nevada Nuclear Waste Storage Investigations Project. All activities on

these projects were associated with designs from the concepts or conceptual

level to designs released for construction. In the last 20 years of my

professional experience, all major projects have proceeded through construction

except the last-two repositories. As a result, my current participation in

review or development of a repository design comes from the practical design

engineer's perspective. This includes being intimately concerned about safety

in the underground environment, proper interpretation and application of codes

and regulations, adequacy of the design, licensability, application of quality

assurance requirements, constructibility and operational considerations, and

economics. The design engineer knows the day will always come when one must be

able to state the design is good, it meets all of the requirements, and now

let's build it. It is from this perspective that the following discussion is

provided on the impact of thermomechanical behavior of salt on repository

design and analysis.

Rock salt was identified 30 years ago by the National Academy of Science

as being a potentially suitable host rock for the disposal of nuclear waste.

Salt has a number of characteristics that make it attractive for disposing of

nuclear waste:

* Salt deposits are available that are sufficiently deep, laterally

extensive, and geologically stable.

* Many salt formations have remained water free for millions of years.

* Salt has adequate radiation-shielding properties.

* Fractures at repository depths will tend to close plastically and seal

themselves.

* Salt has a high thermal conductivity compared to most other host

rocks.

Heat is generated by the nuclear waste, and the thermomechanical response

of the rock salt to this heat is a major design issue. Increased salt
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temperatures result in higher creep rates. Accelerated creep enhances the

closing and sealing of fractures in the salt. On the other hand, the higher

creep rates impact the retrievability and underground repository designs.

Understanding the nature and magnitude of the thermomechanical response of

the host rock is important throughout the site selection and design process.

It is imperative that the performance assessment specialist, geologist,

hydrologist, and design engineers work closely together during the evolution of

a repository design to be sure the performance and design requirements are

integrated effectively. For a repository in salt, scoping calculations should

be performed at the early stages of site selection to allow objective

comparisons of any differences in the thermomechanical behavior of salt at

different sites or in different salt formations at the same site.

This paper is organized into six sections that discuss considerations of

the influence of salt creep on geology, repository design, retrieval, and

thermomechanical analyses. The first section includes a discussion on site

selection and the role of thermomechanical analyses in this process. The

second section covers the impact of salt creep on some of the design features

of the repository. Section three contains a discussion of the retrievability

issue. The fourth section discusses thermomechanical analyses and associated

uncertainties. Section 5 discusses verification and validation of computer

codes, and Section 6 provides concluding remarks.
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1.0 SITE SELECTION

Selecting a nuclear waste repository site is a long and involved process

in the United States. The thermomechanical response of the host rock is only

one of a multitude of issues that must be considered in the site selection

process. It is not the purpose of this paper to discuss this involved process;

however, it is important to emphasize the significance of thermomechanical

analyses in the site selection process for a nuclear waste repository in bedded

salt. As the site screening process narrows from regions to areas and finally

to sites, the thermomechanical calculations become more important.

Because uncertainty in thermomechanical calculations already exists (as

will be discussed later), sites should be selected with simple geology, when

possible, to keep the thermomechanical calculations as simple as possible.

Within the repository area, the geology should be uniform and predictable.

Depositional features such as barrier reefs, river channels, solutioning

fronts, etc., should be avoided. In selecting a good repository site, one

should strive for cleaner salt, salt thickness of hundreds of feet, minimum

number of interbeds, low formation dips, low in situ rock temperatures, and a

minimum depth consistent with performance assessment and regulatory

requirements. In general, the purer the salt, the higher the strength and

thermal conductivity. Salt is the material that forms the cocoon around the

nuclear waste and forms one of the barriers that isolates waste from the

accessible environment. The number of interbeds should be minimized to reduce

the complexity of the thermomechanical model and increase the confidence of

thermomechanical calculations. It is more desirable to have a repository site

with in situ temperatures of 25C than to have a site with 50C. Since

significant quantities of heat must be accommodated in the disposal of high-

level nuclear waste, lower in situ rock salt temperatures will result in a

smaller nuclear waste repository with lower creep rates.

This can be summarized in two examples, a complex geology and a simple

geology. Figure 1 is an example of the type of geology that should be avoided

for a nuclear waste repository in salt. The geology shown is complex.

Formation thicknesses vary significantly and there are a large number of

interbeds and clay seams occurring on a regular basis. The formations have a

significant dip, the in situ rock temperature is relatively high (example is

50C), and the salt beds are thin. Independent of the other implications
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Figure 1. Complex Geology



associated with the geology shown in Figure 1, developing an accurate
thermomechanical model of the formation shown would be, at best, difficult and

expensive.

Figure 2 is an example of a simple geology for a nuclear waste repository.
The formations are uniform with salt beds that are very thick. The dip is low,

and there are only a few clay seams. The in situ rock temperature is low

(example is 25C), and the purity of the salt is higher. The thermomechanical
model in this formation will be less complex, and the confidence in the results
will be higher.

The simplified situation of a complex or simple geology is, of course, not
the real world. For most sites, the geology is somewhere between the two

geologies described. The point is, for thermomechanical analyses, a site
tending toward the simple geology is more desirable. It is also obvious that
this is not, and cannot, be made an absolute requi ment.
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2.0 IMPACT OF SALT CREEP ON THE DESIGN APPROACH

Salt creep is one of the major design issues that is ever present with the

design engineer, and the importance of accurate thermomechanical calculations

to the design approach cannot be overemphasized. The thermomechanical response

of the salt to the underground excavations and emplacement of nuclear waste has

an impact on many aspects of repository design such as the overall underground

repository layout, underground ventilation, room and pillar design, and the

waste package.

Ideally, one would like to stop salt creep during the operational and

retrievability time periods. Then after operational and retrieval requirements

have been fulfilled, start, and perhaps even accelerate, creep. Several

things can be done in developing the underground repository layout so that this

ideal condition can be approached. First, the extraction ratios should be kept

low, preferably 20% or less. Low extraction ratios keep the deviatoric

stresses lower and result in reduced creep rates. Next, the waste-generated

heat per unit of disposal area should be kept low. The Salt Repository Project

is presently using an areal heat load of 10 W/M2. This areal heat load results

in lower host rock temperatures and in reduced creep rates. In addition,

excavation of emplacement rooms should not be completed far in advance, but

only immediately before the waste is emplaced. Finally, the waste emplacement

rooms should be backfilled with a crushed salt or reconstituted (brick) salt to

reduce the total creep and to enhance final closure of the room.

An underground conceptual layout for the SRP is shown in Figure 3. This

figure is based upon current work being performed by the SRP repository

architect engineer. The shop area, main entries, and ventilation return drifts

should have an operating life of about 100 years. The rooms will continue to

close during this time period as a result of creep. The amount of creep

closure must be known so the ventilation system can be designed for the higher

pressure drops associated with smaller and rougher underground drifts.

Eventually the creep closure will be large enough to require remining of the

ventilation drifts to maintain adequate cross sectional areas and smoothness.

The amount and frequency of the remining will be estimated from the

thermomechanical analyses for many areas under varying conditions. The drifts

that contain operating equipment will also have to be remined periodically to

maintain adequate clearances.
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On the Salt Repository Project, the conceptual design of the waste package
for consolidated spent fuel is about 85 cm in diameter, and about 450 cm long.
Figure 4 shows a cross section of the emplacement package with an outer
container (ASTM 216 steel) designed for the temperature, pressures, and
corrosion conditions. In salt, the container must be designed for lithostatic
pressures; however, higher pressures can be induced by the local thermal
expansion of salt around the container if inadequate void space around the
container is provided. Also, the corrosion of the container is sensitive to
temperatures at the salt/container interface. It is important that analytical
methods are available to accurately predict the waste package container design
environments of pressure and temperature. Accordingly, salt creep strongly
affects the design conditions in the vicinity of the waste package. These
design conditions must be accurately bounded.
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3.0 RETRIEVABILITY

In the United States, retrievability is an important requirement that

increases the importance of thermomechanical modeling and analyses for nuclear

waste repositories disposing of high-level nuclear waste. In the Code of

Federal Regulations, the U.S. Nuclear Regulatory Commission (NRC) requires that

any or all of the emplaced waste be retrievable for up to 50 years. The

emplaced nuclear waste must also be retrieved in approximately the same time

period as it took to emplace it. Since the operational time period to emplace

all of the 70,000 MTU of nuclear waste is estimated at about 25 years, all of

the nuclear waste will be emplaced before the 50-year retrievability

requirement expires. Reasonable assurance must be provided to the NRC that

retrieval of any or all of the waste will be possible during the 50 years.

Retrieval must be conducted in a safe working environment using state-of-the-

art equipment and technology. However, this requirement does not preclude new

engineering development or designs to meet the requirements.

And so, salt creep, one of the major advantages of salt as a host rock,

becomes a major design issue with respect to long-term retrievability.

Battelle, in support of the Salt Repository Project, started a retrieval

compliance study a few months ago. This study will establish a plan which will

ultimately provide the retrieval and proof-of-principle details necessary to

support repository advanced conceptual design and facility licensing. The

objectives of this study are as follows:

* Develop an interpretation of the retrievability/retrieval issue.

* Define key circumstances that may ultimately call for retrieval.

* Define the approach to retrieval system design.

* Establish an approach to licensing as it applies to retrieval.

* Develop and define the SRP interpretation and approach to testing for

prototype equipment and retrieval demonstrations.

In most of these objectives, the thermomechanical response of salt to the

excavated opening and emplaced waste will be very important. Thermomechanical

models will be developed, and calculations will cover time periods of up to 100

years. These models must include accurate representations of the geologic

formations and the response of these formations to varying room and pillar

designs and thermal environments. In addition, the emplacement rooms will be

backfilled with crushed salt. Over time, this salt will be reconsolidated as a
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result of room closure pressures and increased temperatures from the emplaced

waste. Hence, the thermomechanical codes will need to have the capability to

analyze rooms backfilled with crushed salt.

Long-term retrievability is, therefore, a requirement that places new

demands upon the geotechnical and design engineers. The challenges are

complicated and multiple. As the design requirements and designs become more

sophisticated, the associated thermomechanical analytical methods must be

expanded to meet these challenges.
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4.0 THERMOMECHANICAL ANALYSIS

Thermomechanical analyses, therefore, play an important role in the design

of a nuclear waste repository. The Salt Repository Project must comply with

the requirements defined by the Nuclear Regulatory Commission in 10 CFR Part

60, and those systems and components important to safety or waste isolation

will be reviewed by the Nuclear Regulatory Commission. To meet the

requirements for a licensed facility, one must be able to analyze and predict

the behavior of the host rock, and the analyses must provide reasonable

assurance to the NRC that the repository will perform as designed.

In addition, wk on a nuclear waste repository is performed under

constant public scrutiny; public confidence and trust are very important to

such projects. All project work is available to the public, and it is subject

to multiple internal and external reviews by the U. S. Department of Energy,

other project participants, other Federal agencies, state and local

governments, and other interested organizations and citizens. As a result, the

thermomechanical analyses will be reviewed thoroughly by many organizations.

Analyses of the repository host rock usually fall into one of three

categories. First are the thermal calculations of increased temperatures of

the host rock resulting from the heat being produced by the nuclear waste

package. These temperatures are used to help establish the local waste package

environment, the spacing of the nuclear waste packages, and the thermal

environment of waste disposal rooms during retrieval.

Next are the mechanical calculations (isothermal) of the host rock at

ambient temperatures. These calculations are used in establishing the

underground design of drifts not subject to heat from the waste packages.

Shaft pillar areas, where the shops and warehouses are located, are in this

category. Also included are the main entries and ventilation return drifts.

In the third category are the thermomechanical analyses of emplacement

rooms which are heated by nuclear waste packages which act as transient heat

sources. These calculations are used to evaluate the response of the waste

disposal rooms to the emplaced waste and to evaluate the creep response of the

heated salt during waste retrieval.

Initial indications are that the thermal calculations and associated codes

of the first category are relatively straightforward, and the comparison of

results between different codes is quite good. Specifically, thermal
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calculations on the same problem have been compared at Battelle using HEATING6

and SPECTROM41 (Ref. McNulty, Scott, 1985). Results from these codes for the

same problem usually are within 10%-20%. In the second Waste Isolation Pilot

Plant (WIPP) benchmark problem (Morgan, 1981), the calculated salt temperature

histories at the three locations were quite similar for seven of the nine codes

tested. In addition, test results reported by Molecke and Beraum (1986) showed

good correlation with the calculated temperatures, except for the first few

days after the heater startup.

The salt creep phenomenon of the second category has been studied for many

years. The last eight years have provided many opportunities for addressing

and resolving design issues associated with the repository underground designs.

At the start of the WIPP pliminary design, salt creep and the associated room

and pillar designs were identified as major design issues. Since most of the

nuclear waste scheduled for disposal at WIPP is non-heat producing, the WIPP

salt creep design issue is not nearly as involved as the salt creep issue for a

repository disposing of spent fuel. Eight years ago, it seemed obvious that

the salt creep phenomenon would be solved, but data to date from WIPP indicates

a solution has not been found. The WIPP quarterly geotechnical field data

report (WIPP-DOE, 1984) indicates the measured vertical closure is almost twice

that predicted. Other investigators (Morgan et al. 1985) analyzing WIPP data,

indicate that measured closure data are 2 to 4 times larger than calculated.

Numerous calculations were performed to try to understand the difference

between the calculated and measured closures. The results of this work are

summarized in the following quote from the work by Morgan, et al. 1985:

"In fact, even when the most promising salt property variations are
combined with the most promising non-salt parameter variations, the
computed and measured closures are still significantly different.
This seems to imply that some important phenomenon or phenomena, yet
to be identified, are missing from the model."

In a series of reports on the pretest reference calculations for various

heated room tests at WIPP, Morgan and Stone expect the unresolved discrepancies

observed in the south drift to also appear in the measured data from the heated

room tests.

With test data to date indicating calculated closure rates may be low by a

factor of 2 to 4 or more, it seems our ability to perform thermomechanical

calculations on bedded salt exceeds our ability to accurately predict actual in
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situ room response. This doesn't mean we should stop performing these

calculations. However, design engineers should use the results with caution

and with an understanding of the associated uncertainties. The codes are still

a valuable tool for performing tradeoff studies and for making comparisons of

alternate designs. Likewise, they should not take closure rates as absolutes,

but use them only as relative indicators.

A new generation of thermomechanical codes is needed to support the design

engineer. How the codes should be modified is not necessarily obvious, nor

will it be easy. Several areas look promising for improving code accuracy.

Consideration should be given to modifying the constitutive equations to

account for multiple load paths. Additionally, large strain codes need to be

developed to handle large deformations in salt.

15



5.0 COMPUTER CODE VERIFICATION AND VALIDATION

The SRP is also required to meet the quality assurance requirements as

defined in 10 CFR Part 50, Appendix B, NQA-1, and other DOE orders. These

requirements result in a series of formal rigorous procedures, some of which

place specific procedural requirements on the design and on verifying and

validating computer codes. Verification is required for all codes, whereas

validation is only required for codes used in support of a license application.

Verification is the process which assures that the mathematical

calculations are performed correctly in the numerical model. Verification can

be accomplished by comparing the results with hand calculations, with other

analytical solutions or approximations, or with the results of a verified code

that performs the same type of analysis (benchmarking).

Computer code validation is the process which assures that the results of

the computer code are a correct representation of the actual process or system.

Validation is usually achieved by comparing the computer code results with

physical data or with the results from another validated computer code that

performs the same type of analysis (validation benchmarking). In addition,

code validation can be achieved with a peer review when it is the only means

available for validating the code.

At Battelle, for code verification, a verification plan is prepared.

Included in the verification plan is the computer code version number, a

description of the verification process, and a definition of the documentation

required in the verification report to assure that the verification has been

completed. The plan is subject to an internal review, and all comments to the

plan are resolved. At least one of the individuals involved in the details of

the verification process must be independent of the code development effort.

The results of the verification process are included in a verification

report. If the verification is unsuccessful, recommended modifications to the

code are described for correcting the error(s). If the verification is

successful, the conditions under which the verification was completed are

described. This includes the ranges, options, and any appropriate

restrictions. In either case, the verification report is subjected to an

internal review, and the review comments are resolved. The approved

verification plan and verification report become part of the permanent record

for that particular code.
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A similar process is used for computer code validation with one possible

exception: a validation panel may be established which includes one or more

members who are independent of the code development effort. The validation

panel participates in the review of the validation plan and validation report.

Again, the approved validation plan and validation report become part of the

permanent record for that particular code.

The thermal and thermomechanical codes being used by Battelle have been

verified. When the codes are transferred to Battelle's computer, they are

reverified by comparing the results of verification problems obtained on the

new system to the results obtained during the external verification process.

Again, this process is documented in the verification plan and report.

The Salt Repository Project is in the site characterization phase. Part

of the work to be accomplished during this phase is the construction of the

Exploratory Shaft Facility (ESF). The ESF will consist of two 3.66 M diameter

shafts constructed to the repository depth and approximately 1500 meters of

test rooms. Data obtained from these test rooms will be used as part of the

validation process, if required. Also, peer reviews may be used for validation

of the long-term (100 years) thermomechanical response of the repository rooms.
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6.0 CONCLUDING REMARKS

An overview from a design engineer's perspective has been provided on the

need and importance of thermomechanical analyses in repository site selection

and design in bedded salt. Computer codes are available that accurately

calculate temperature distributions around emplaced nuclear waste. Initial in

situ test results have confirmed the accuracy of these analytical methods.

However, the actual thermomechanical response (creep) of excavated rooms has

been significantly higher than the calculated creep rates.

With the published differences between calculated and measured creep data,

more emphasis should be placed on the importance of early site characterization

and in situ testing. Early creep data from the actual repository host rock

formation will be valuable to both the geotechnical and design engineer. In

addition, efforts should continue on developing analytical methods that

correctly describe the creep response of excavated rooms in salt. While this

work is continuing, the design engineer should use the results of

thermomechanical calculations cautiously. Thermomechanical calculations can

and should be used for comparing relative differences between sites and design

options. However, the calculated closures and creep rates cannot be used as

yet to set absolute values. In fact, actual closures and creeps may be

significantly higher. So where does this leave the design engineer who must

develop a design?

If possible sites should be selected where the geology is simple, uniform,

and predictable. The repository horizon at a given site should be selected

where the geology near the underground openings has minimal bedding and

discontinuities. Simple designs should be developed with reasonable

flexibility for adjusting the design for unforseen circumstances. Extraction

ratios for the underground excavations should be kept below 20%, and the

initial areal heat load should be kept low to accommodate retrievability

requirements.

Even if the uncertainties in the thermomechanical calculations are not

resolved in the near future, repository designs in bedded salt can and will be-

generated. These uncertainties can be accommodated by including reasonable

conservatism in the repository design. This will provide flexibility, if

required, to adjust the designs in the future.
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Retrievability



Retrievability

* Any or All Waste

* Up to 50 Years

* State-of-the-Art Technology

* Retrievability Compliance Study



Thermomechanical
Analyses



Thermomechanical
Analyses

* Thermal

* Mechanical

* Thermomechanical



Computer Code Verification
and Validation



Computer Code Verification
and Validation

* Definitions

* Procedures

* Peer Reviews



In Conclusion . .

Objective

* Importance of T/M Analyses

* Uncertainties in T/M Analyses

* Accommodation of the Uncertainties



In Conclusion

So where does this leave
the design engineer who
must develop a design?



In Conclusion . .

When Possible

* Use Simple Geology
* Minimize Bedding and Discontinuities
* Maintain an Extraction Ratio Below 20%
* Establish a Low Areal Heat Load
* Keep the Design Simple
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STABILITY DEMONSTRATION CONCEPT AND PRELIMINARY DESIGN CALCULATIONS FOR THE GORLEBEN REPOSITORY

Manfred Wallner

Bundesanstalt fur Geowissenschaften und Rohstoffe (BGR)

Hannover, Federal Republic of Germany

ABSTRACT

Geological investigations have been carried out in order to determine the suitability of the Gorlepen

site for the construction of a final repository for all kinds of radioactive wastes. As part of the

necessary safety analysis, a practical concept for demonstrating eotechnical stability is presented.

The essential point of this concept is proper geomechanical modeling to evaluate barrier efficiency.

The stability demonstration concept therefore must consist of an interrelated effort of engineering-

geological and geotechnical investigations, laboratory and in situ-testing, computations, and i situ

monitoring, integrating experiences in mining. Validation of the eomechanical model is necessary.

Preliminary design calculations are oriented towards roblem identification and trend indication.

Some characteristic results are presented.

1. INTRODUCTION

In the Federal Republic of Germany the objectives valid for the oeration of a repository mine for

radioactive wastes are specified by the atomic-law and the radiation rotection regulation. According

to these objectives the final disposal of radioactive wastes in a geological medium should guarantee

the rotection of man and environment from harm caused by ionizing radiation of these wastes during

the oeration of the repository. After the completion of the oerational phase the total repository

must be closed off securely from the biosphere.

Criteria which guarantee these objectives have been developed by the Reactor Safety Commission and

have been published as notification of the Federal Minister of the Interior Dec 17. 1982 [1]. The

main feature of this notification is the statement, that no generally valid uantitative safety cri-

teria can be established, because the engineering concept for the repository mine design and the re-

quirements for the disposal products result from the existing, nonstandardized, total geological si-

tuation. The necessary safety of a repository mine in a geological formation consequently must be de-

monstrated by a site specific safety analysis, considering the secific geological situation, the

repository mine design, and the waste oroduct/package within the total system, also taking into ac-

count coupled processes in the near-field and far-field of the elaced waste.

Especially the temperature increase, resulting from the decay heat of high level waste, will cause

geomechanical and geochemical reactions which may be of extremely important influence on the barrier

integrity. Within a RD-Project, the Federal Institute for Geosciences and Natural Resources (BGR),

Hannover, is developing a realistic and acceptable concept for geotechnical stability demonstration.

These investigations will lead to suitable design criteria for the repository mine and a practical rc

cedure to validate long-term stability of the final repository [5] .



2. MULTI-BARRIER PRINCIPLE AND SAFETY ANALYSIS

Final disposal is considered to be a maintenance-free, time-unlimited, safe storage of particular

harmful materials. A final repository design for radioactive waste therefore has to fulfill the regu-

irement of isolating this waste from the biosphere until it no longer prevents an environmental risk.

In principle, all final disposal concepts should be safeguarded by a system of parallel or interloc-

king natural and technical barriers (multi-barrier principle), although the effectiveness of such

technical and natural barriers may receive different weighting in different disposal concepts (Fig. 1)

Biosphere

Seal

Hostrock

Backfill

Canister

Waste Form

Fig. 1: Seneratic Multi-barrier System

Technical barriers are the packaging of the waste roducts, and any artificial sealing materials. The

natural barrier is provided by the rock formation surrounding the repository. From a rock mechanics

point of view, a final repository in a salt formation can be constructed as an encapsulated system

wnich is not the case in other host rock formations, showing jointing. The favorable barrier function

of rock salt originates from the mechanical properties, as insignificant permeability, high ductility,

and good heat conductivity.

The stability of a particular geological formation for final waste disposal can only be demonstrated

after a comprehensive safety analysis has shown that the interaction of the whole system "waste

product/disposal facility/overall geological situation" can maintain the pre-determined protection

aims.

A safety verification concept (fig. 2) should include the following main features [6):

a) Separate analysis of tne effectiveness of individual barriers from the technical oint of view

[type of waste. package, sealing), rock-mechanical systems (boreholes, drifts, repository mine)

and geological systems (hydrogeology, tectonics) using methods appropriate to each case, e.g.:



- statistical risk analysis in the case of the technical system,

- proof of eotechnical stability in the case of the rock-mechanical system.

- prediction of future eochemical, hydrogeological and tectonic processes in the case of the geo-

logical system.

b) Analyses of the physical and geochemical processes which may result form the mutual interaction of

the barriers of the various systems with evaluation of their significance for the undesired trans-

oort of harmful materials, both in the near-field and the far-field, e.g.:

- investigation of the corrosion of waste package and sealing materials in a natural environment,

- evaluation of the geomechanical long-term processes in soil and rock,

- calculation of the thermally induced stresses and deformations with respect to the heat potential

of te disposed waste and the characteristics of the formations in the vicinity of the

repository

c) Comprehensive safety analysis of the final repository by ientifying and evaluating the mutual

interaction of all barriers for the case of articular theoretically possible events (accidents,

failure) which could lead to a risk of the release of radionuclides, e.g. judgement of the possible

paths of release, and the thereby ensuing damage (scenario analysis, failure analysis).

MULTIPLE BARRIER
SAFETY ANALYSIS
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- statistical risk analysis in the case of the technical system,

- proof of eotechnical stability in the case of the rock-mechanical system,

- rediction of future geochemical, hydrogeological and tectonic processes in the case of the geo-

logical system.

b) Analysis of the physical and geochemical processes which may result form the mutual interaction of

the barriers of the various systems with evaluation of their significance for the undesired trans-

port of harmful materials, both in the near-field and the far-field, e.g.:

- investigation of the corrosion of waste package and sealing materials in a natural environment.

- evaluation of the geomechanical long-term processes in soil and rock,

- calculation of the thermally induced stresses and deformations with respect to the heat potential

of the disposed waste and the characteristics of the formations in the vicinity of the

repository.

c) Comprehensive safety analysis of the final repository by identifying and evaluating the mutual

interaction of all barriers for the case of particular theoretically possible events (accidents,

failure) which could lead to a risk of the release of radionuclides, e.g. judgement of the ossible

paths of release, and the thereby ensuing damage (scenario analysis, failure analysis).
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3. GEOMECHANICAL MODELING

3.1 Geotechnical Stability

Although the radionuclide release, namely solubility, nuclide transport, barrier permeability, and

retardation behavior, are first order characteristics in a safety analysis, it can be realized from

the above mentioned items that the mechanical stability of a barrier is a prior necessary condition

for the barrier efficiency.

In this context, stability of the mining openings can be defined as the ability to withstand additio-

nal loads or stress redistribution due to excavation or thermal loading to an extend that transient

stresses do not lead to fractures or inadmissible large deformations.

Related to the different stages in the repository life, different geotechnical stability problems

have to be considered:

- for the construction and oeration hase:

stability of the mine (rock bearing capacity, convergency, usability) to guarantee safe

construction and oeration,

- for the post-operation hase:

long-term integrity of the salt formation and the technical barriers (backfill and seals) to revent

or localize the release of radionuclides.

Beside that, the assessment of rock mechanical impact on ossible or hypothetical events is uestioned

The resulting reference loading is of particular interest as esign criteria for sealing structures.

Common engineering methods are not sufficient or even inadequate for evaluating the entire geotechnica

problem. cue to the complexity of eotechnical factors and processes which have to be considered.

The practical demonstration of the stability of the final repository can only be carried out by a com-

bination of various investigations and commutations. Engineering-geological and geotechnical investiga

tions. rock-mechanical measurements. commutations, in situ-monitoring, and mining experience must

receive euivalent consideration. [7]

3.2 Objectives of computations

Numerical calculations are of particular significance, because the licensing procedure requires a

prior reliable and convincing demonstration of safety. Thermally induced deformations, stresses, and

resulting stability problems, however, are neither covered by previous mining experience nor have

they teen subject of practical alications.

Therefore, computations on the thermomechanical behavior have the following objectives:

- analysing thermomechanical processes by calculations shall lead to a proper assessment of

consequences:

- experience-based conclusions can be extended by computations;



- rock-mechanical criteria for a stable mine design can be developed from computational parametric

studies:

- the long-term assessment on the salt barrier integrity can not be evaluated from experiments alone

but is only possible by computations.

3.3 CONSTITUTIVE MODELING

The proper idealization of the repository mine in the salt formation into a computation model is the

basis for a realistic calculation. Te geolocial environment has to be considered with complex

properties, as internal structure, thermo-mechanical behavior, and initial conditions. Thereby, the

correct description of the thermo-mechanical behavior of rock salt within a constitutive model is of

fundamental importance.
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In the last two decades, world-wide an extensive laboratory testing program on rock salt under well-

defined test conditions has been carried out. Within the salt program in Germany, the GR has performed

a comprehensive test program.

Based on numerous test results, it became evident that the mechanical behavior of rock salt is highly

nonlinear dependent on e.g. stresses, temperature and time [9]. Beside an elastic response, rock salt

deformation behavior is characterized by long-term creep deformation under any deviatoric loading.

Under constant test conditions (stresses, temperature, humidity) these creep deformations converge

against a steady state. As an example, test results from variable-temperature creep experiments on

Gorleben rock salt showing the temperature dependence on steady state creep are plotted in fig. 3 [3].

Although peviatoric stresses are reduced by creep deformations, fracture phenomena also occur at re-

latively high loading rates or under almost uniaxial stresses. Strain rate controlled triaxial tests

under various confining pressure conditions are particularly suitable to define stable creep

deformation against failure, as shown in fig. 4. In this evaluation failure is characterized by peak

strength and residual strength as well as dilatency, the samples showing one or more shear fractures.

The transition from failure to creep may also be defined as long-term strength [11].
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From the laboratory test evaluation oint of view the thermo-mechanical behavior of rock salt seems

to be well understood. Nevertheless, one has to confess that, up to now it is still discussed whether

all aspects of the mechanical behavior are formulated consistently. The requirement of consistency

originates from the necessity to predict rock response to thermal loading far ahead of time. From the

numerical modeling viewpoint it is certainly possible to consider any mathematical description for the

stress/strain behavior within a computation. However, it seems to be necessary, at least from an

engineering point of view, to simplify the complexity of the entire stress/strain behavior to an

extend at which only dominant parameters (with respect to the geotechnical problem in question) are

involved.

In this context it should be mentioned that concerns pertaining to testing and constitutive modeling

cover the following items [13]:

- What is the relative importance of time-independent plasticity (fracture model), transient and

steady-state creed in (1) short-term studies and (2) long-term predictions?

What experiments snould/can be used to determine these components?

- How many and what different type of measurements are needed to evaluate model parameters indepen-

dently?

- What is te magnitude in natural data scatter and what are both causes and consequences?

- Are there still errors/inefficiencies in generalizing creep models to constitutive models?

- In principle, credible rationale for extrapolation involves correlations between models and physical

processes controlling steady state creep. How will establishment of "true" steady state creep be

demonstrated? What criteria should be met to demonstrate satisfactory correlation between creep data

creep laws and deformation mechanisms?
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Fig. 5: Principle of Constitutive Modeling



Without any doubt it is necessary to consider the complex constitutive behavior of rock salt in order

to calculate, predict and interpret salt rock response correctly. But I think it is also evident that

every complex constitutive model has to be investigated with respect to consistency or inconsistency,

respectively.

It is my strict conviction that the most ossibly simplified but consistent constitutive model is not

only the most efficient one with respect to computation time but also gives the right basis for

necessary parametric studies, which are necessary from an engineering point of view. The principle of

constitutive modeling is schematically illustrated in fig. 5.

The euivalent GR Reference Constitutive Model is summarized in eq. 1-5, saying that the total

strain rate is composed of an elastic, a thermal, a creep, and a fracture strain rate part. The

elastic art (eq. 2) and the thermal part (eq. 3) are standard formulations.

The steady state creep formulation (eq. 4) is based on a multi-mechanism creep model, suggested by

Munson and Dawson [8]. Transient creep is not incorporated because up to now the consistency of

transient creep formulations are still discussed.

As a first rough aroximation, fracture deformation due to long-term strength is described by a

viscoplastic model (eq. 5) using an extended (curved) Drucker/Prager criterion and an associated flow

rule:
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3.4 NUMERICAL MODELING

It is uite evident that geotechnical problems related to the storage of heat-producing radioactive

waste can only be numerically solved. Moreover, the finite element method is a technique particularly

suitable to solve those highly nonlinear transient geotechnical problems.

In order to provide an efficient tool for the solution of thermomechanical response of rock salt in a

nuclear waste repository, BR in close cooperation with Control Data, Hamburg, developed the Special

Purpose Code for Analysis of Nonlinear Thermomechanical Response of Rock Salt ANSALT [10].

The ANSALT code mainly consists of 4 modules with interactive data flow as schematically shown in

fig. 6.
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Due to the modularity of ANSALT, well defined interfaces allow to incorporate new code capapilities,

such as new finite elements, new constitutive laws etc. by adding a few subroutines, without changes

to the existing code. Different solution algorithms and strategies with respect to computational

efficiency are available. ANSALT has a library of material laws for elastic, viscoelastic, visopla-

stic, strain- and temperature-dependent material laws. The structure of this library allows the

implementation of user-defined material laws in an easy and well defined procedure.

A summary of the features, material laws, geomechanical model description, solution strategies, and

special geomechanical conditions is shown in fig. 7.
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Fig 7: ANSALT Code Capabilities
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3.5 Model Validation

It is obvious that geomechanical modeling can only reach a certain level of accuracy, because the real

thermo-mechanical behavior of a complext geological structure will always remain unknown up to a certai

extend.

The scientificly based engineer's appraoch, to overcome this general difficulty, is a continuous

improvement of the model, appropriate to the improved knowledge of the input data. The main features

of this approach are the establishment of a consistent constitutive relationship for the mechanical

behavior, validation of this model, and uantification of site relevant input data. The principle of

geomechanical model validation is sketched in fig. 8.

Developing a realistic geomechanical model, one has to bear in mind, that in a first step this already

means necessary simplifications with respect to:

- geometry (determination of load-bearing behavior represented in satial, lane, or axisymmetric

models)

- geological structure (discretization of strata into zones of the same kind, namely the same eo-

technical behavior)

- boundary and initial conditions (determination of stresses. temperatures, displacements, loads etc.

at tne boundary of the geometric model as well as their initial states or their changes through

time).



Often these basic assumptions will not be clearly realized or at least will not be very well justi-

fied. Nevertheless, it is of crucial importance to represent those factors as realistically as

possible.

Model validation itself has to follow a strict scientific procedure:

- Prior to validation the numerical code, used for computation, has to be verified. This means, it

has to be proved that the code gives mathematically correct answers.

Analytical solutions can verify portions of various numerical procedures. As a part of verification,

benchmarks among various codes will be applied. However, benchmarks do not verify but can only

resolve why discrepancies occur.

- Model validation is achieved through successful redictions for laboratory test results or in situ

results, taking into account a consistent constitutive model, roper boundary conditions, and

initial conditions. Model validation in this sense is not curve fitting process by back-analysis.

but a demonstration to what extend a articular consistent model is able to describe the thermo-

mechanical response of the host rock, although the constitutive model perhaps does not take into

account the entire mechanical behavior.
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Complex structures have been recognized in all boreholes, thus showing an intensive folding. Up to

now, the structure of the salt dome can only be roughly described. The Gorleben salt dome has a

length of almost 14 km. In the vertical direction it extends from 250 into 3,100 - 3,300 m below sur-

face. The width of the salt dome reduces with depth and amounts to about 3 km at the repository

level. A representative geological profile of a cross-section of the Gorleben salt dome is shown in

fig. 10 91.
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The question, how good the salt formation is capable of sustaining thermal loading, was rised early

and has been subject of many investigations. From the geomechanical oint of view, thermally induced

deformations and related stresses, as well as their influence on the barrier integrity, have been

regarded.

Heat generation, due to radioactive decay, decreases with time. Therefore, in the beginning

temperatures are increased in the vicinity of the repository, causing thermal expansion. This,

however, results in thermally induces stresses because the rock mass builds up a transient resistance

to deformation. Along with decreasing temperatures in later times, the rock mass then tenas to

contract and stresses are reduced in the repository area.
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4.2 3-D-Computations

From thermal calculations it is known that for long-time ranges a 2-D-model becomes invalid because it

does not any more represent proper boundary conditions. Therefore, it is necessary to assess the

effect on the thermo-mechanical response, resulting from the three-dimenstional behavior.
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Fig. 10: 3-D Gorleben repository model

(1) Salt Dome

(2) Overburden

(3) Adjacent Rock
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Fig. 11: Temperature Distribution and Surface Lifting after 1,000 years

4.3 2-D-Computations

The geological situation can only be modeled at a somewhat higher resolution at reasonable costs withi

a two-dimensional computation. The seculative cross-section of the Gorleben salt dome, as lotted in

fig. 12, was assured taking into account 15 separate homogenous layers.
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Fig. 12: Cross-section of the Gorleben Salt Dome as Assumed for Computation
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Finite Element discretization is shown in fig 13 consisting of 1,028 elements or 6,534 unknown,

respectively. Due to the current state of site specific data evaluation, all thermal and mechanical

parameters, as summarized in table II, are still assumed values. They are based on engineering-

geological judgement. Especially the steady state creep behavior of all salt layers is uniformly con-

sidered to be at a lower bound. The heat loading in the repository corresponds to an initial heat

generation of 0,219 W/m3

Temperature istribution after 1,000 years (fig. 14) and the related far field deformations (fig. 15,

deformations are scaled by a factor of 100) illustrate the computed results. A maximum temperature of

455 K was calculated after 150 years. Ater 2,000 years, the maximum surface lifting amounts to 3,3 m.

The main ojective of these computations was to ascertain wnether fracturing due to thermal loading

may occur within the salt dome. Of course, this could not be determined by a single computation but

only within a arametric study. Computations of this kind will be continued taking into account im-

proved knowledge of the existing geological situation and the mechanical properties of the different

layers. The computations carried out up to now indicate that thermally induced fractures will occur

in the anhydrite layers. The salt layer between the repository mine and the anhydrite, however, will

remain unfractured. Moreover, the top of the salt dome is likely to be fractured. The extend of these

thermally induced tensile fractures depend, self-evident, on the integral thermal loading but also on

the ductility of the salt and the geometry of the disposal field.
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Fig. 13: Finite Element Mesh.
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Fig. 14: Temperature Distribution 1,000 Years After Waste Implacement
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Fig. 15 Deformations 1,000 Years After Waste Implacement. Scaled by a Factor of 100.
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Fig. 16: Temperature and Horizontal Stress Distribution with Deoth

5 CONCLUDING REMARKS

This paper resents some fundamental ieas with regard to demonstrating structural stability of a fina

repository. Although tightness of the multi-barrier system is the first objective, mechanical stability

of the barrier is a rior condition. Therefore, reliable redictions on the efficiency of the various

barriers, based on numerical calculations, are of articular interest.

In a salt formation, the rock mass itself naturally rovides the main barrier function. Proper geo-

mechanical modeling and validation of the geomechanical model is necessary in order to be able to

assess the long-term geotechnical stability of the geological formation.

Some computed results on the thermomechanical response, resulting from the final disposal of high

radioactive waste, are resented as application case examples. Still highly idealized, the model for

the Gorleben repository is able to characterize the thermo-mechanical effect, sufficiently.

The existing modeling technique provides a useful tool to compute barrier integrity calculations. Due

to tne resent state of exploration, assumptions still have to be made, concerning the internal struc-

ture of the Gorleben salt dome and the definite repository configuration. However, the importance of

various parameters, like thermal loading, ductility of rock salt, geometric configuration of the repo-

sitory, etc., to the integrity of the salt barrier can be evaluated in a sensitivity study. Thereby,

the non-occurance of tensile stresses within the salt-barrier is considered to be a criterion fo a

efficient and safe disposal mine layout.

Along with the underground exploration o the Gorleben site, further development of the model ust

attempt to consider the internal structure of the salt dome in more details. Further computations will

be carried out with the intention to adapt a preliminary repository design to the explored internal

structure of the Goeleben salt dome.
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Rock mechanics odelling for radioactive waste disposal in hard rocks and salt

Bernard COME

Commission of the European Communities, Brussels

Rock mechanics modelling studies are a key component of geological radioactive waste

disposal investigations, in order to build stable repositories and to predict the

long-term behaviour of the host medium. Examples of Community research in this field

are given about hard rock and salt, particularly

- admissible thermal loading" in granite and salt;

- epository design studies, and modelling of in-situ thermo-mechanical tests n granite

and salt.

Demonstration activities and benchmarking of computer codes will contribute to improving

the reliability of these analyses.

l. Introduction

Among the numerous studies relating to geological disposal of radioactive waste, rock echanics

investigations are of paramount importance. Firstly, one must be able to design and construct

stable and safe repositories before they are backfilled, .e., during the "operational" phase of

waste deposition; and secondly, the large-scale and long-term mechanical behaviour of the host

formation must be rliably predicted. as a contribution to the total safety assessment of the

disposal concept on a specified site. For this kind of analyses, computer codes mainly using the

finite-element method are the most adequate tools /1/. A specific feature of such calculations

for high-level waste is that the heat emission from the waste has to be considered. Although the

'instantaneous" thermal power of a typical vitrified waste container is not very high (fig. 1)

the total heat output, emitted between burial time and infinity. is about 2.1012 J. This heat

quantity propagates in the surrouding rock and brings about two inter-related kinds of effect

(a stresses and strains due to the thermal expansion of the rock, and (b) possible changes in

the geological properties of the host medium, e.g., drop of strength, enhanced creep and/or

creation of fractures. Several studies 2/. /3/ have already addressed this "thermal loading" of

the geological formations, i.e., the density of thermal energy released per unit volume of host

rock. and the associated effects. The present paper will concentrate on examples of Community

research in this field, and will be limited to granite and salt host formations. urther details

can be found for instance in the proceedings of the first and second Community Conferences on

Radioactive Waste Management



2. The Concept of Admissible Thermal Loading

The geological host formation and the surrounding terrains will have to play the fundamental role

of "geological barrier" to ensure retardation and/or confinement of disposed radionuclides even

after the eventual degradation of the engineered barriers. Therefore, the favourable properties

of this geological barrier (e.g., imperviousness, tability, continuity) must be preserved during

-and after the operational phase of a repository. As a consequence, any disposal system (i.e..

waste + engineered barriers + repository) must be designed and constructed so that the thermo-

mechanical effects of heat emission from the waste do not lead to early and irreversible degrada-

tion of the geological barrier. Particularly, thermally induced stresses and strains ust be

kept at an acceptable level, preventing excessive deformation, and possible fractures, of the

rock. This is achieved by controlling the temperature increase in the repository area, a direct

result of the heat density deposited in the rock. Evaluating the "admissible thermal loading" of

the host formation is therefore a key element of any safety study related to specific site and

disposal concept.

A first attempt at deriving numerical values of the admissible thermal loading in various host

media (granite, plastic clay, salt) was the subject of a Community study performed in 1980 /2/.

It must be noted that many aspects of the influence of beat were considered, particularly the

behaviour of waste glass and engineered barriers, rock-mechanics problems, and also the influence

of heat on induced and/or modified groundwater flows and associated radionuclide migration. For

the purpose of this paper, only the most important rock-mechanics items investigated are recalled

here

- behaviour of the rock (and possible buffer material) in and around dsposal holes. i.e., close

to the waste canisters;

- stability of repository galleries, either open or backfilled, when subjected to the heat

emanating from the underlying wastes;

- behaviour of the entire host rock in the repository area;

- behaviour of terrains in the vicinity of the host formation (c g. sedimentary sequences near

a salt dome).

The study showed that adequate design solutions were available so that no excessive disturbance

was brought about in the rock in any of these 'compartments". Furthermore, the disposal concepts

identified were "admissible" not only from a rock-mechanics point of view, but also as regards

the durability of the other barriers (waste glass, metal overpacks), due to the low temperature

ripes involved. It is the purpose of the following paragraphs to describe these concepts deve-

loped for granite and salt, the associated computer modelling, and also the back-up experimental

programmes now being performed.

3. Repository Design, Modelling and Associated Experiments for Granite

3.1. Repository Concept

The design was elaborated in the framework of a conceptual study carried out by GEOSTOCK and SGN

/6/. Following a preliminary phase, a deep repository was designed for 30,000 high-level waste
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containers emplaced after 30 years' cooling time in a "notional" granite batholith. The system

consists of 2 parallel galleries each 2.2 km long. at 26 distance between centre lines. 1,000

m deep, connected to the surface via 6 large diameter shafts. In the floor of the galleries, 100

m deep vertical disposal holes are machine-drilled at 30 pitch. These 6000 disposal holes

accommodate each 5 waste canisters separated by 20 vertically (fig. 2). The galleries are

excavated by drill and blast techniques. Once 3 galleries are excavated, the disposal of wastes

can start and continues per groups of 3 galleries. The total operation of the repository,

including backfilling with clay/sand mix, and shaft sealing, extends over 81 years.

All calculations for this concept were carried out at the Laboratoire Central des Ponts et

Chaussees, Paris. using the general purpose code ROSALIE /71.

Table I puts together the rck properties used for calculations.

3.2. Thermal Calculations

Prior to the thermo-mechanical study, the evolution of the temperature feld in the vicinity of

the containers, and in the surrounding rock, was calculated. It was assured that all heat

sources were placed in the repository at the same time, each emitting about 935 watts at disposal

time. Fig. 3 gives a typical temperature evolution curve at the centre of the repository area;

the maximum global temperature rise of 22'C above the 40-C ambient is obtained 65 years after

repository closure. Close to the heat sources, the total temperature does not exceed 115C, 2

years after deposition.

The thermal stresses induced by the heating were then superimposed to the initial stresses of

geostatic origin, the ratio between horizontal and vertical stresses (Ko) being assumed to be 0.7

then 1.3.

3.3. Mechanical Calculations - Disposal Hole

In normal operation phase, a dense clay-based buffer material is supposed to fill any void

between containers and host rock. Therefore, the rock near the containers is in a confined

triaxial state of stress so that no failure can take place tLere. However, a "worst-case"

calculation was performed assuming that empty disposal holes are subjected to the full geostatic

and thermal stresses. Given the strength of the granite (compressive strength 150 MPa), it could

be shown that the disposal hole would remain stable except at the bottom of the hole, where

higher stress concentration would take place. This favourable stuation world allow to consider

retrievability of the waste for 50 years after deposition.

3.4. Mechanical Calculations - Open Galleries

Open galleries were calculated in plane strains, assuming that mid-planes between galleries were

planes cf symmetry and of all horizontal deplacement. At the level of the galleries, the maximum

temperature rise was about 15C. There were two kinds of mechanical phenomena affecting stabili-

ty (a) a vertical upwards translation of the whole gallery, amounting to about 1.5 cm at the



4.

time of the maximum heating; and (b) an additional horizontal stress of 6 MPa maximum value.

The resulting deformed shape of gallery cross-section. compared to the nitial contour, is

given in fig. 4 for the case Ko - 1.3. .e.. the worst situation. Even in this case, there still

remains a large margin between the maximum compression stress at the wall of the gallery (105 MPa

at the bottom corner) and the compressive strength of the rock.

3.5. Mechanical Calculations - Host Formation

The temperature curves presented in 3.2 were used to calculate the stresses and displacement at

the scale of the entire batholith, assuming the rock to be perfectly elastic and continuous.

With these hypotheses, an additional horizontal compressive stress of 8.5 MPa develops at the

time of highest temperature rise, then decreases slowly. On the other hand, the rock cover above

the repository is subjected to a horizontal tensile stress, which comes In deduction of the

initial geostatic stress. This horizontal tension does not vanish at ground surface and culmi-

nates at 0.6 MPa after 60 years. Similarly, the maximum ground surface uplift at this time is

about 2 cm. Fig. 5 shows an (exaggerated) picture of these effects. Similar tudies /8/ have

shown the magnitude of the thermal horizontal tensile stresses to be strongly dependent upon the

depth and shape of the repository. A deep, flat repository like the one considered here induces

only a small amount of tensile stresses. Any risk of deep cracks being initiated and/or propaga-

ted through the rock cover, in this case, is virtually negligible. This is a favourable aspect

of this concept compared with others /9/.

Parallel studies in /2/ also considered the possibility for heat-induced convective currents to

appear in the water f large, thin, vertical fractures within the granite. More realistic works

based on field data. for which an initial regional groundwater flow was introduced, have shown

that the heat emission from the repository would only slightly disturb the original groundwater

regime /10/.

3.6. Summary of Preliminary Parameters for "Admissible Thermal Loading" in Granite

It must be stressed here that the figures given below must be considered as indicative only, as

they were obtained from a "generic" study /2/. For any specific site and disposal concept, all

calculations should be resumed with the actual site features.

Canister diameter (cm) 35

height (cm) 150

volume (1) 150

Heat output at disposal time () : 935

Elementary rock cell (m
5
/kW) : 15,000

Specific surface (m
2
'kW4) 150

Cooling time prior to disposal 30 years minimum
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Table 1. Thermal and echanical data for granite calculation
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Table 2. Thermal and mechanical data for

(values ainly derived from the
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3.7. In-situ Experiment and Clculations to Back-up the Concept

A. in-situ experiment in a test room of the FANAY-AUGERES uranium mine near Limoges, France, is

being prepared by the Commissariat A l'Energie Atomique (CEA-IPSN). The aim of the test is to

heat a large volume of rock: at the floor of the room by means of heaters inserted from another

gallery nearby /11/. Fig. 6 shows a cross-section of the test arrangement. It is anticipated

that some scaling between time and space for heat propagation t/1 being the governing ratio.

with t - time and 1 - length scale) would make it possible to - at least partly - simulate, by

this experiment. the behaviour of a granite mass with a real scale repository. Particularly, the

influence of thermal stresses on existing fractures will be monitored by strain and permeability

measurements. Fig. 7 gives the predicted deformation of the floor surface for the maximum

temperature of 92-C.

4. Repository Design, Modelling and Associated Experiments for Salt

4.1. Repository Concept

The favourable properties of salt as regards heat propagation (high thermal conductivity) and

mechanical behaviour (enhanced creep deformability under heating) were considered for repository

design studies in the Federal Republic of Germany and in the Netherlands /4/ /5/. As disposal

should take place in a salt dome, with restrictions as regards lateral space available, reposito-

ries are of a compact type" and waste canisters are to be piled up n deep boreholes (300

deep, and even more), widely spaced, dry-drilled from galleries excavated by point attack a-

chines. A typical lay-out for such a repository was considered in the framework of a Community

study about "cost and financing of radioactive waste disposal" /12/, and is consistent with the

thermal calculations reported in-/21. The access galleries are 840 m deep, with 0 between

centrelines; the 310 deep disposal holes are dry-drilled also at 50 m pitch (fig. ). This

would allow a "safety distance" of 200 m minimum to be kept between the boundary of the host salt

dome and the repository area itself.

Typical properties for salt from Northern Germany are listed in Table 2 /2/.

4.2. Thermal Calculations

Several sets cf calculations were performed by t Gesellschaft fr Strahlen- und Umweltforschung

(GSF) and its sub-contractors, using the finite element computer codes ADINAT, AST-BEST, then

ANTEMP /13/. Considering 30 years old high-level waste containers, the maximum global tempera-

ture in the repository area should reach 200C 40-50 years after disposal. Close to the waste

containers themselves, a maximum temperature of 230-C should be otained.

A notable complication caused by heating of salt is the slow migration of sall liquid inclusions

(e.g., brine), contained in the salt, towards the hot waste containers. This problem was studied

extensively by the GST both in the laboratory ad by n-situ tests in the ASSE alt mine /14/.

It was shown that, even with extreme assumptions, the total volume of brine collected by one

linear meter of disposal hole should not exceed 2-3 litres /2/.
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4.3. Mechanical Calculations - Disposal Holes

These near-field" studies were performed e.g.. by the Kernforschungazentrum Karlsruhe (KfK)

using the ADINA finite element computer code /15/.

If a. void annulus is left Initially between the wall of the disposal hole and a waste canister,

then t will tend to close due to the enhanced creep deformation of the heated salt. Calcula-

tions showed that a 5 c annulus in a 40 cm diameter disposal bole would take 6 to 12 months to

close o that the salt would flow onto the container (fig. 9). This would result in a rlatively

high radial pressure of 24 MPa applied to the container surface.

Additionally, the influence of a small anhydrite block or layer upon the deformation behaviour of

a disposal hole was investigated in a preliminary, parametric way. It was assured that the hole

was drilled perpendicularly to a small anbydrite block with perfect friction between anhydrite

and salt. It was shown that the influence of such a feature was noticeable only close to the

anhydrite block and could not endanger the stability of the disposal hole (fig. 10).

4.4. Mechanical Calculations - Backfilled Galleries

Crushed salt from repository mining operation is the ost commonly advocated material for back-

filling galleries after disposal of waste in salt.

Due to the compressibility of crushed salt, there is a complex mechanical interaction between the

backfill compaction and the convergence of the gallery due to creep. Preliminary investigations

in this field were carried out by the KfK using a specially designed finite ifference computer

code, KOLA /15/. The constitutive laws of crushed salt are of two types

[COULD NOT BE CONVERTED TO SEARCHABLE TEXT]

Figure 11 depicts a typical curve of backfilled gallery convergence as a function of time, for

realistic crushed salt parameters. It must be borne in mind that further research, both experi-

mental and theoretical, is still necessary in order to obtain a satisfactory description of these

phenomena.

4.5. Mechanical Calculations - Host Formation

In this case, the whole salt dome behaviour is calculated together with overlying formations. An

interesting calculation as performed by the Rheinisch Westfalische Technische Hochschule Aachen



(FRG) using the MAUS computer code, and quantifying the large-scalt influence of the galleries by

locally modifying elastic parameters of the salt. With the realistic values chosen, it was shown

that the existence of the alleries could be neglected for the calculations of stress changes due

to temperature evolution within the salt dome 116/..

Structural analyses were also performed in France at the Ecole Polytechnique using the finite

element code ASTREA /17/. The salt dome as supposed to be surrounded by an elastic overburden

with Young's modulus 12.7 gPa. 250 M thick. Calculations showed tat the ground surface uplift

would be 1.2 m, about 40 years after repository closure for a global temperature of about 18C.

In practice, this would imply the development of such high tensile stresseS in the overburden

that this latter Would not remain continuous, so that the resulting uplift would probably be

higher. The consequences of such disturbances are yet to be addressed.

Most of the above calculations were performed using the usual creep law given in Table 2. with n

- 5 as power exponent for the equivalent stress. Additional investigations performed at the

University Utrecht (NL) have shown that this description could not be correct for very low

stresses and creep strain rates (fig. 12). The effects of this phenomena, in terms of stress

redistribution after heat emission in a salt dome, still need to be assessed /18/.

4.6. Summary of Preliminary Parameters for "Admissible Thermal Loading" in Salt Domes

Here again, it must be stressed that the values quoted here are only suitable for conditions

prevailing in north German (and utch) salt domes. Any assessment on a specific site anyway

would necessitate that the hole series of investigations and calculations be carried out using

the site specific data. Particularly, the picture may be completely different if bedded balt is

considered as potential host medium.

For compact" repositories in salt domes, the main parameter is the number of kilowatts per nit

volume of rock salt, or its reciprocal in terms of rock volume per initial deposited kilowatt.

From the investigations described above, it appears that a unit rock cell of 1,000 to 2.000 m

per initial deposited kilowatt would be an adequate figure in terms of near-field effects,

although the far-field effects depicted in paragraph 4.5. above still require some consideration.

4.7. In-situ Experiments and Models to Back-up the Concept

A first aspect to be demonstrated was the feasibility of dry-drilling deep disposal holes with

large diameters to accommodate waste canisters. For this purpose, a pilot borehole, 310 mm

diameter, 300 meters deep, was dry-drilled from an existing room in te Asse salt mine at the

750 level. This work was carried out in 1980 by the ECN (NL) in cooperation with the GSF in

the framework of the Community Programme /19/. The crushed salt powder produced by the drilling

tool was transported upwards by compressed air. Given the satisfactory performance of the

dry-drilling system, t was decided to extend this work by drilling a larger and deeper borehole

in the same mine. The experiment is being planned; GOLIA and other codes are used for modelling.



Near-field phenomena induced by electric heaters in salt were the subject of a series of in-situ

tests in the Asse mine operated by the CSF within the Community programme 4/. /. 14/.

Temperature Tests 3 and 4 ere mainly heat transfer experiments, whereas Temperature Test 5 aimed

at quantifying the release of liquid and gas components from the heated salt with impurities such

as polyhalite /20/. An additional result was obtained concerning the time necessary to close the

annular gap between salt and heater. Te 4 cm annulus closed in about 6 onths for a temperature

of 250-C. and subsequently the heater tube buckled and collapsed due to the high pressure applied

by the creeping salt. Another heater test. o. 6 "exagone". was prematurely shut down due to

failures of the high-power electric heaters; however, temperatures in excess of 250C could be

produced /14/. All these tests were odelled using the codes ADINA. MAUS, ASALT /14/.

5. Conclusions and Perspectives

From the above-mentioned research, it can be seen that rock-mechanics computer modelling for

radioactive waste disposal has undergone a substantial development and improvement during the

last years; in parallel, 1arge-Scale experiments were - or are being - performed in underground

laboratories so that the reliability of the numerical predictions can be assessed. All these

efforts should lead to improved evaluations of the "admissible thermal loading" of geological

formations.

Next steps towards the validation of rock-mechanics computer codes, including thermal phenomena.

will be carried out within the third Ccmmunity Programme (1985-1989) in two directions.

5.1. "Demonstration" Facilities

Underground installations are being planned and/or constructed, in which emplacement of simulated

or real high-level wste forms ill be carried out, followed by long-term monitoring of the host

rock behaviour subject to radiation, heat and effects of excavation. Computer calculations will

of course be performed for this purpose; periodical comparison of predictions and experimental

results will allow better validation of the codes. This so-called "Part B of the 3rd Community

programme comprises the following facilities /21/ :

a. the HAW project in the Asse salt ine, in which doped waste glass canisters are to be inserted

very soon in the floor of ined galleries;

b. the HADES project in the Boom clay at ol, for which the construction of te underground

gallery should start in 1987;

c. the ATLAS project in France, in a formation to e specified;

d. the PES project in a granite formation in Spain near the Portuguese border. The latter is

now the subject of a research proposal from the ENRESA (the spanish waste management agency)

to the Community.
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5.2. Benchmarking of Rock-Mechanics Computer Codes

In 1984. the CEC launched the Community project COSA (Comparison of Computer Codes for Salt)

aimed at giving a snapshot of the current capabilities n numerical modelling of salt, at Europe-

an scale. Ten computer teams of the Community participated in the project, under the impartial

coordination of the British engineering firm ATKINS R&D, Epsom. The Technical University Delft

joined the project by providing an experimental case which was te subject of a preliminary

'validation" exercise /22/. Results of the first phase of the project are covered by another

paper n this Workshop /23/. It i now ntended to continue with a second phase, in which an

in-situ, long-term test in salt, skin to repository design, would be modelled by the partici-

pants. This COSA II project should run for 2 years. starting end of 1986.
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Figure 1. Thermal power (Watts) versus time for high-level
waste arising from the reprocessing of one ton of
spent fuel and corresponding to 100 liter glass
reprocessing 5 years after reactor discharge
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Figure 2. Conceptual design for a repository in hard rock

(a) artists' view

(b) top view with detailed arrangement

(c) top view with overall dimensions
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Figure 3. Conceptual repository in hard rock

Temperature evolution at the centre of the repository

after placement of all canisters



[COULD NOT BE CONVERTED TO SEARCHABLE TEXT]

Figure 4. Conceptual repository in hard rock

Effect of heat from deposited canisters on the behaviour of the overlying open galleries

Initial contour (dashed line) and deformed contour (solid line) at t - 80 years
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Figure 5. Conceptual repository in hard rock

Effect of large-scale heating in the batholith

initial surface (dashed line) and deformed surface (solid line) at t - 80 years
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Figure 6. Cross-section through the thermo-hydro-mechanical (TEM) test at Fanay-Augeres (F):

(a) test room

(b) access gallery

(c) adjacent gallery for eater holes drilling

(d) heater holes

(e) heaters
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Figure 7. THM test room - FEM calculation showing initial (solid) and
deformed (dashed) contour of room floor at maximum heating
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Figure 8. Cross-section through an integrated repository in a salt dome
(a) silos for LLW disposal

(b) boreholes for intermediate level wastes with low heat emission
(c) disposal holes for high-level wastes
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Figure 9. Calculation of HLW disposal hole convergence in salt

using ADINA with two different boundary conditious

(a) no radial displacement at 28 m from borehole

(b) 21 MPa lateral pressure (geostatic load) at 28 m from borehole
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Figure 10. Computer modelling of the influence of an nhydrite block

intersecting a HLW disposal hole using ADINA :

(a) general arrangement

(b) finite-element mesh
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Figure 11. Calculation of convergence vs time for a

crushed salt backfilled gallery in salt using KOLA
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Figure 12. Summary of stress relaxation creep data obtained at

University Utrecht showing the influence of confining pressure and inherent/added brine



Impact of Thermomechanical Behavior of Salt on Repository Design and Analysis

6. Kenton Beall

Office of Nuclear Waste Isolation
Battelle Project Management Division

ABSTRACT

The U.S. Department of Energy's Salt Repository Project (SRP) is investigating

bedded salt as a possible site for the disposal of high-level commercial and defense

nuclear waste. One of the major advantages of salt as a host rock for nuclear waste

disposal is its capacity to creep. Under load, it deforms and flows into openings

resulting n a uniform low permeability medium that is highly resistant to liquid

flow. However. this property, creep. that makes salt an attractive medium for waste

disposal also results in technical challenges associated with (1) underground oening
stability during operations. 2) maintaining the ability to retrieve waste, and (3)

analysis of salt deformation under thermal and mechanical loads imposed by waste

disposal activity. This paper treats the considerations of geology, repository

design, retrieval, and the thermomechanical analyses as they are affected by salt

creep.

During the site selection process for a nuclear waste repository, the impact of

the local geology on repository design must be carefully evaluated. Selecting a

repository site where the geology is uniform and predictable is important for

generating a design that will be suitable for licensing. Salt purity, salt

thickness, number of nterbeds, uniformity of the geology, rock temperatures, depth,

etc., all have an ipact on the repository thermomechanical analyses and the

resulting repository design.

The impact of salt creep on design approach is examined closely. Designs

associated with the waste package, ventilation, room and pillar design underground

layout, repository development, and repository operations are all sensitive to

increased creep of salt with increasing temperature. These factors must be carefully
integrated into the repository design such that a balanced design is achieved.

A number of the characteristics that make salt an excellent medium for nuclear

waste disposal also provide some technical challenges for retrieval design. The

Nuclear Regulatory regulations require any or all of the waste to be retrievable for

up to 50 years after emplacement. Studies are in progress n how best to accommodate

the retrievability requirements: moreover, retrieval must be accomplished in a safe

working environment using state-of-the-art equipment and technology. An overview of

this major design requirement is provided along with emphasis on the impact of salt

creep on retrieval design.



G. Kenton Beall.

Thermomechanical analyses are an important aspect of repository site selection

and design. For a licensed facility, one must he able to analyze and predict the

behavior of the host rock. The thermal analysis of salt is relatively straight-
forward; however, the nonlinear, inelastic response (creep) of salt has been more
difficult to predict. Significant resources in time and money have been devoted

to trying to understand and analyze the creep phenomenon. Test data taken from at-

depth test rooms show that deformations and creep rates are significantly higher than

originally predicted. Additional work needed is this area is discussed along with

the verification and validation requirements for thermomechanical computer codes.

FOREWORD

The National Waste Terminal Storage Program was established n 1976 by the U.S. epartment

of Energy's predecessor. the Energy Research and Development Administration. In September

1933, this program became the Civilian Radioactive Waste Management (CRWM) Program. Its
purpose is to develop technology and provide facilities for safe, environmentally acceptable,

permanent disposal of high-level waste (HLW. HLW includes wastes from both commerical and

defense sources, such as spent (used) fuel from nuclear power reactors, accumulations of
wastes from production of nuclear weapons, and solidified wstes from fuel reprocessing.

The information in this paper pertains to the conceptual design studies of the Salt

Repository Project of the Office of Geologic Repositories in the CRWM Program.
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