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FOREWORD

The International Symposium on the Siting, Design and Construction of 
Underground Repositories for Radioactive Wastes, organized by the International 
Atomic Energy Agency, was held in Hannover, Federal Republic of Germany, from 
3 to 7 March 1986. The Symposium was opened by Jialuo Zhu, Director of the Divi
sion of Nuclear Fuel Cycle of the IAEA. The objectives of the Symposium were
(a) to provide a forum for exchange of information internationally on the various 
scientific, technological, engineering and safety bases for the siting, design and con
struction of underground repositories, and (b) to highlight current important issues 
and identify possible approaches.

The Symposium was attended by about 210 participants from 29 Member States 
and 3 organizations. Forty-nine papers were presented, covering general approaches 
and regulatory aspects, disposal in shallow ground and rock cavities, disposal in deep 
geological formations and safety assessments related to the subject of the Sympo
sium. In the opening session a keynote address from the Federal Republic of 
Germany (K. Kühn) was presented. On the final day a panel on Performance and 
Safety Assessments and Their Interactions with Field Investigations of Deep Geologi
cal Repositories took place. An overview of the Symposium was presented in a paper 
from the United States of America (R. Stein).

The papers presented in the Symposium showed that the repository programmes 
described are generally at the correct stage for the needs of each particular country, 
with some countries further along in the process than others. It was also shown that 
the question introduced in the keynote address, “ Are we ready to construct and oper
ate an underground repository?” , can be answered affirmatively by the various coun
tries, though the grounds for their answers may be different. For some countries the 
answer may refer to the progress of technology, for others to the status of field activi
ties, and for others to actual underground construction and exploration, or perhaps 
a combination of all these. There was a general consensus that the technical commu
nity is able to site, design and construct underground repositories for radioactive 
wastes which will meet the safety requirements.

The International Atomic Energy Agency wishes to express its appreciation to 
the authorities of the Federal Republic of Germany and to the staff of the Institut für 
Tieflagerung der Gesellschaft für Strahlen- und Umweltforschung mbH München for 
the support, hospitality and services provided. These greatly contributed to the suc
cess of the Symposium.
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KEYNOTE ADDRESS

ARE WE READY TO CONSTRUCT AND OPERATE 
AN UNDERGROUND REPOSITORY?

K. Kühn
Institut für Tieflagerung,

Gesellschaft für Strahlen- und Umweltforschung mbH München, 
Braunschweig,

Federal Republic of Germany

Let me begin this keynote address with four quotations:

“ — Given a specific geographic site and specific type of waste, a specific answer 
as to feasibility and cost of waste disposal becomes possible. It is then a 
chemical engineering, geological and economical investigation with definite 
parameters for which a definite answer or a series of answers can be sought.

— Unlike the disposal of any other type of waste, the hazard related to radio
active waste is so great that no element of doubt should be allowed to exist 
regarding safety. Stringent rules must be set up and a system of inspection 
and monitoring instituted.

— We stress that the necessary geologic investigation of any proposed site must 
be completed and the decision as to a safe disposal means established before 
authorization for construction is given. Unfortunately such an investigation 
might take several years and cause embarrassing delays in the issuing of permits 
for construction.

— The most promising method of disposal of high level waste at the present 
time seems to be in salt deposits. The great advantage here is that no water 
can pass through salt.”

These four statements did not recently originate from the United States 
Department of Energy, or from licensing authorities in the Federal Republic of 
Germany, or from Friends of the Earth. They are taken from what has become a 
classic report, The Disposal of Radioactive Waste on Land, which was published 
as early as 1957 by the National Research Council of the United States National 
Academy of Sciences. I consider this report to be a corner-stone of radioactive 
waste disposal in geological formations.

1
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Thirty years, a whole generation, have passed since then. What have we 
achieved in the mean time?

(a) Not only salt formations are now considered as possible host rocks for an 
underground repository. With the development of the multiple-barrier 
system, which in the mean time has become internationally fully accepted, 
it is now considered possible to use also geological formations which 
contain relatively small amounts of water, be it interstitial water or extremely 
slowly migrating groundwater.

(b) A great number of underground research laboratories have been constructed 
in different countries and different geological formations. Investigations 
and tests in these laboratories have yielded important results for different 
waste disposal concepts.

(c) Safety assessment has been developed as a tool for analysis of radioactive 
waste repositories, with special emphasis on the very long term aspects.

(d) Radiation protection targets have been fixed for radioactive waste disposal 
systems, also taking the distant future into consideration.

(e) International co-operation in the field of radioactive waste disposal, which 
has existed from the very beginning, has been enlarged impressively and is 
still growing.

Let me now go into more detail. With the passage of time, a variety of 
geological formations other than salt have come to be considered as feasible for 
radioactive waste disposal and are being investigated. The main interest is in 
granite, argillaceous sediments, basalt and tuff.

Salt has always been considered as one possible host rock in the United States 
of America. Consequently, it is not surprising that six out of eight sites recently 
proposed to the President for selection are located in salt, be it in bedded salt 
formations or in salt domes. Right from its beginning in the early 1960s, the 
programme of the Federal Republic of Germany for radioactive waste disposal has 
concentrated on the salt domes of Permian age located in the northern part of the 
country. The same Permian basin extends to the west, north and east, so it is not 
surprising that the neighbouring countries are also looking into salt for the purpose 
of radioactive waste disposal.

The Netherlands started its programme in 1972. After some political 
difficulties some four or five years ago, the programme was recently reactivated 
at the same time as the decision to construct more nuclear power plants.
Denmark has no nuclear power programme. A basic requirement asked of the 
utilities by the Government for the introduction of nuclear power was that it had 
to be proved possible to dispose of waste generated in this type of energy 
production. For this reason two Danish utilities investigated a salt dome in 
northern Jutland, obtaining positive results, and developed a reasonable disposal 
concept. A couple of years ago the Danish parliament decided, for other reasons, 
not to use nuclear power. Consequently, the waste disposal programme is no 
longer pursued.
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The German Democratic Republic is using nuclear power and is accordingly 
producing radioactive wastes. In accordance with contracts between the USSR 
and the GDR, spent fuel elements from reactors in the GDR are shipped to the 
Soviet Union, so that only low and intermediate level radioactive wastes need 
to be disposed of within the GDR. For this purpose, an underground repository in 
salt, which will be described at this Symposium, is in operation.

Published literature on the Soviet waste disposal programme is scarce.
However, from the information available we know that the USSR is also considering 
salt formations as a suitable disposal option.

In France, although no final decision has yet been made in favour of one 
geological medium to host an underground repository, the waste programme is 
mainly focused on granite. However, during the last two or three years an 
increasing interest in salt formations has been observed.

A second large family, besides the ‘salt countries’, and probably the largest 
one, is the ‘granite family’. It is not surprising that those European countries 
located on the Precambrian Shield of Fennoscandia, i.e. Sweden and Finland, 
have advanced programmes of radioactive waste disposal using granite as a host 
medium. Sweden is not only working on the construction of an underground 
repository in granite at a depth between 400 and 1000 m, but it is also operating 
an intermediate storage facility for spent fuel elements (CLAB) in granite at a 
depth of some 50 m and constructing an underground repository for disposal 
of low and intermediate level wastes (SFR) at about the same depth, also 
located in granitic bedrock.

Canada has launched a compact programme to make use of the plutonic 
batholiths of the Canadian Shield for radioactive waste disposal. In the USA 
the crystalline rock programme is somewhat behind the other programmes for 
salt, basalt and tuff. Nevertheless, there is a good chance that the second US 
repository may be located in granite.

Three other countries in quite different parts of the world, namely Japan, 
Argentina and India, are also investigating granite formations for use as host 
rock. Recent developments in these countries will be described during this 
Symposium.

As I already mentioned, France is carrying out important research and 
development work on the disposal of radioactive wastes in granitic rock, although 
no final decision in favour of granite has yet been made. Four years ago the 
Government of the United Kingdom decided to discontinue field investigations in 
granite formations. However, in spite of meeting with many public difficulties, 
this programme furnished encouraging results.

Last, but not least, Switzerland’s programme must be mentioned. This 
country is also investigating the suitability of granite for disposal of high level 
wastes. Granite underlies the north-eastern part of the country to the north of 
the Alps and this part has been investigated with a series of deep boreholes.

Other types of rock considered as possible options for radioactive waste 
disposal are argillaceous sediments. Belgium is carefully investigating the
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Tertiary Boom clay, which underlies large parts of the country. Italy is also 
searching for suitable clay deposits on its territory.

The three hitherto mentioned geological formations -  salt, granite and 
clay — represent approaches to the problem of waste disposal according to the 
type of formation. Another approach is also possible, namely to select a 
specific site which shows excellent geological and hydrogeological properties, 
regardless of the generic type of formation. Let me name three examples. In 
the USA very thick Tertiary flood basalts in the Pasco Basin, in the State of 
Washington, are prime candidates to host a repository. In the State of Nevada, 
the unsaturated zone of the Yucca Mountain welded tuff is considered to be a 
good host medium. And finally, the Jurassic oolitic iron ore seam embedded 
in thick clay- and siltstones at the site of the former Konrad mine in the Federal 
Republic of Germany is going to be used as a repository horizon.

These three examples show that site specific conditions with regard to 
geology and hydrogeology are more important than any generic approach. This 
statement is clearly underlined by the modellers dealing with safety assessments 
of repositories, because they are always asking for site specific parameters in 
order to be able to do their job.

To produce these parameters for safety assessments, a great number of 
underground research laboratories have been and are operated all over the world. 
Other objectives of these laboratories are the development and testing of 
geoscientific investigation methods and tools as well as the development and 
testing of emplacement methods for different types of radioactive waste. New 
mining and drilling techniques are also explored in these laboratories. A fourth 
target of in situ investigations, which has been emphasized recently, consists of 
backfilling and sealing materials and techniques.

The oldest and almost ‘historical’ underground test facility, if I may say so, 
is Project Salt Vault, which was conducted by the Oak Ridge National Laboratory 
from 1965 to 1968 in a salt mine near Lyons, Kansas, USA. The use of the Asse 
salt mine in the Federal Republic of Germany dates back to the same year and 
a great number and variety of underground tests continue to be performed there.
I should also mention the salt mine of Avery Island, in the State of Louisiana, 
where some important underground investigations within the US salt programme 
have been performed.

The first underground research laboratory in granite is located in the Stripa 
mine in Sweden, some 200 km west of Stockholm. Since the initial phase, between 
1977 and 1980, of co-operation between Sweden and the USA, the underground 
research in Stripa has been carried out as an international project under the 
sponsorship of the Nuclear Energy Agency of the OECD, with nine countries 
participating.

The underground handling of spent fuel elements, combined with a series of 
geoscientific investigations, was demonstrated by the US Department of Energy 
in the Climax mine on the Nevada Test Site. Atomic Energy of Canada Limited
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is constructing and operating its Underground Research Laboratory in the granitic 
pluton of the Lac du Bonnet batholith in eastern Manitoba, and a wide spectrum 
of geotechnical investigations are being made. Similar objectives are being 
pursued in the Grimsel Underground Rock Laboratory in Switzerland, which was 
constructed in 1983-1984 in the Aare granite in the Alps on behalf of the 
National Cooperative for the Storage of Radioactive Waste, Nagra. The scientific 
programme in Grimsel is carried out in co-operation between Switzerland and the 
Federal Republic of Germany. A number of underground tests in granitic rocks 
have also been executed in Japan.

Belgium built an underground research laboratory at Mol from 1980 to 
1983 for its programme of waste disposal in clay. This laboratory consists of a 
vertical shaft 230 m deep and a horizontal gallery 25 m long where different 
geotechnical, corrosion, heat transfer and migration experiments are performed.

The Near Surface Test Facility at Gable Mountain on the Hanford site 
in Washington State was constructed and operated within the part of the US 
programme concerned with disposal in basalt.

I have not forgotten to mention the Waste Isolation Pilot Plant (WIPP) 
near Carlsbad, New Mexico, USA, in my list, but WIPP plays a different role for 
two reasons:

(a) WIPP is not covered by the Nuclear Waste Policy Act of 1982. This means 
that it is not part of the commercial nuclear waste programme of the USA.

(b) WIPP is designed and constructed and will be operated as a repository for 
transuranic waste and not as an underground research laboratory.

Nevertheless, all results originating from WIPP are of outstanding interest 
to all radioactive waste disposal programmes, because WIPP is the first repository 
in the world which was planned and constructed as such right from the empty 
plot of land. This interest is clearly underlined by the results available so far 
from the Site and Preliminary Design Validation (SPDV) programme, which 
allowed confirmation, through two shafts and underground workings, of the 
geology of the facility, formerly predicted from a surface exploration programme.

I have already mentioned the key words ‘safety assessment’. There is 
unanimous international concurrence that the long term safety of an underground 
repository can only be proven by such a safety assessment using computer models 
and codes. The results of computer calculations, on the other hand, can only 
be as good as the respective input parameters. Consequently, it is important that 
the different investigations in the above mentioned underground research 
laboratories are producing a set of such parameters. Even more important, 
however, are the site specific geology and hydrogeology data at a planned 
repository site, which can only be generated by an extensive programme of 
exploration from the surface and also from underground. Such site specific 
exploration programmes are presently under way at the WIPP site in the Permian 
salt basin in the USA, and on and in the Gorleben salt dome in the Federal
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Republic of Germany. The relevant investigations to characterize the future 
Konrad repository in the Federal Republic of Germany have been completed.

A site specific safety assessment for a planned repository is undoubtedly 
necessary. A number of generic safety assessments have shown, however, that 
possible future radiation exposure of man from an underground repository — 
under normal conditions as well as under accident scenario conditions -  is 
tolerable without any restriction on magnitude of dose. These results were 
shown, for instance, in the three Swedish KBS reports, in calculations performed 
with the Canadian SYVAC program, in the report of the US National Research 
Council’s Waste Isolation Systems Panel, and in the very recently completed 
Swiss Projekt Gewähr. Even a deterministic approach with conservative 
assumptions, performed in the Projekt Sicherheitsstudien Entsorgung of the 
Federal Republic of Germany, achieved tolerable results.

This leads automatically to the question: Which results, that is, which 
future radiation exposures, are tolerable? A number of highly recognized inter
national institutions, such as the International Commission on Radiological 
Protection, the International Atomic Energy Agency and the Nuclear Energy 
Agency of the OECD, will be publishing or have already published their respective 
recommendations. Specific limits have also been fixed already by some national 
regulatory bodies. These different fixed figures might vary slightly between 
countries. There is, however, international consensus that short term and even 
very long term radiation exposure of man from an underground radioactive 
waste repository should not be greater than that due to variation of natural 
background radiation.

As learnt from experience in other fields of nuclear technology, there is a 
very close connection between safety requirements and costs. And costs are often 
disregarded or neglected in safety discussions. I do not want to say that the 
safety of an underground repository should be diminished because of excessive 
costs, but what I want to underline is that safety and costs should be in a 
reasonable equilibrium.

The absolute costs for a site investigation programme and for the construction 
of an underground repository appear to be relatively high. The 1986 figures 
for the Gorleben repository project are as follows (in millions of Deutschmarks) :

— Site investigation from the surface: 185
— Site investigation from underground, including sinking

of two shafts: 944
— Construction of repository: 1511

The total amount is 2640 million Deutschmarks.
However, if we put these figures in a proper perspective, they are quite 

tolerable. A recent cost study of the complete fuel cycle for nuclear power plants 
performed in 1985 by the largest utility of the Federal Republic of Germany gave a 
result of 2.5 Pfg/kWh. Of these costs, 42%, i.e. 1.05 Pfg/kWh, are necessary
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for ‘Entsorgung’, which includes reprocessing, waste treatment and waste disposal.
If we take, very conservatively, 30% of the 1.05 Pfg/kWh for radioactive waste 
disposal, we obtain 0.3 Pfg/kWh. This figure is in excellent agreement with the 
1 mill/kW h which has to be paid by US nuclear power generators into the 
Nuclear Waste Fund, according to the Nuclear Waste Policy Act of 1982, for the 
coverage of long term storage and disposal of spent fuel or high level radio
active waste.

I have a few final comments on international co-operation. I think that 
the IAEA is doing a very good job. It not only holds international symposia, such 
as those in 1979 in Otaniemi, Finland, and in 1983 in Seattle, Washington, and the 
one this week here in Hannover, and specific topical meetings where results from 
Member States are presented and discussed. It is also continuing to publish on 
different aspects of radioactive waste disposal, for example in its Safety Series 
and Technical Reports Series.

The Nuclear Energy Agency of the OECD is playing a similar part. Moreover, 
it sponsors, as already mentioned, the international co-operation of the Stripa project.

The Commission of the European Communities (CEC) launched its third 
five-year research and development programme on radioactive waste management 
and disposal in 1985. The programmes consisted from the beginning of two parts: 
one is directly conducted by the CEC laboratories at Ispra, the other is performed 
by different Member States of the European Communities on a contract basis 
with the CEC, with a substantial financial contribution coming from Brussels.

A few months ago, the Secretaries of State and of Research and Develop
ment of several western European countries held their second Eureka conference 
here in Hannover to discuss closer co-operation in modern technologies. Maybe 
there is a chance to ‘eurekefy’ -  a word created by the British Secretary of State -  
radioactive waste disposal in geological formations.

In addition to the above mentioned international organizations, a great 
number of bi- and trilateral co-operation agreements exist in our field. These have 
proven to be especially valuable for conducting exactly defined and concrete 
projects on selected topics.

I believe we can be proud that all the results achieved in different countries 
in connection with radioactive waste disposal programmes are published and can 
be exchanged and cross-checked. This might be due in great part to the challenging 
task of guaranteeing safety for a very long time into the future and to the 
possibility that consequences arising from an underground radioactive waste 
repository in one country might well occur in another country.

As I have shown, and as we will hear again during this Symposium, it is a 
fact that at present each country with a programme in nuclear energy is also 
conducting a research and development programme on radioactive waste disposal 
and is searching for a repository site within its territory. As I am speaking here 
today as an individual, not as a government spokesman, I take the freedom to 
ask if it is justified, in view of the quantities of waste produced and of the costs
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for an underground repository, that the small countries using nuclear power, 
such as Belgium, the Netherlands and Switzerland, also have to have their own 
repositories? Maybe in coming years the present conditions of politics and 
public acceptance will change towards favouring the idea of international
repositories.

In conclusion, I believe that I can answer the questioning title of my 
keynote address with a clear yes. My impression is that in the last four to five 
years it has become recognized and accepted politically that the construction 
and operation of underground repositories is an indispensable part of a nuclear 
energy programme and can be done safely. I feel that the politicians could 
pronounce this opinion clearly in public. Public opinion is also slowly moving 
towards a positive acceptance of radioactive waste disposal. There is more than 
enough information available for everybody in the public who wishes to be 
informed. The legal and organizational prerequisites for licensing, construction 
and operation of underground repositories have been created in many countries. 
Thus, the only logical conclusion from all my statements is: “Let us move ahead.
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Abstract

THE UNITED STATES GEOLOGIC REPOSITORY PROGRAM: AN OVERVIEW.
The Nuclear Waste Policy Act o f 1982 established activities and schedules that m ust be 

followed to  develop a geological repository for safe disposal o f  high level radioactive waste and 
spent nuclear fuel. The status o f  the Geologic R epository Program is described in term s o f five 
programme phases that will lead to  the issuance o f a licence to  receive and emplace wastes in a 
geological repository  by 1998. These phases are: (1) recom m endation o f sites for characteriza
tion , (2) characterization o f sites, (3) selection and approval o f one site for developm ent as a 
geological repository , (4) licensing and construction authorization  for the approved site, and 
(5) construction and perform ance confirm ation testing for the geological repository. 
Program matic activities have been concentrated in Phase 1. Following the publication o f Siting 
Guidelines th a t established perform ance requirem ents for a geological repository  system , the 
qualifications for potential sites and how the  site selection process should be carried ou t, the 
D epartm ent o f Energy issued draft environm ental assessments th a t nom inated five sites as 
suitable for site characterization and recom m ended three  o f these for characterization. A fter 
review o f  public com m ents and revision o f the drafts, the environm ental assessments will be 
subm itted to  the  President for approval. W ith th is approval, critical p a th  activities can be 
undertaken to  im plem ent later phases o f  the  programme.

INTRODUCTION

The safe disposal of spent nuclear fuel and high level radioactive waste has 
been a national concern in the United States of America since the first civilian 
nuclear reactor began generating electricity in 1957. Since then, electric utilities 
have accumulated about 11 000 tonnes of spent fuel in storage pools at more than 
90 licensed commercial nuclear plants in 27 states, and the equivalent of almost 
that much high level waste from defence sources. By the year 2000 it is estimated 
that about 50 000 t of spent fuel will have accumulated from civilian reactors in 
the USA.

Recognizing the need to protect the public and the environment from these 
highly radioactive wastes, the United States Congress passed an unusually complex
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and sophisticated statute, the Nuclear Waste Policy Act (the Act) in 1982. This 
Act establishes activities and schedules that must be followed to develop the 
technical means to dispose of high level waste and spent fuel safely, and to 
involve states, Indian tribes and local communities in the United States 
Geologic Repository Program. More specifically, the Act authorizes the Depart
ment of Energy (DOE) to site, design, license, construct, operate and close 
geological repositories for the disposal of civilian nuclear reactor spent fuel and 
high level waste. Not only does the Act lay out a detailed schedule and step by 
step siting process, but it also requires that the President, Congress, the states, 
affected Indian tribes, the DOE and other Federal agencies collaborate in this 
process.

Seldom, if ever, has an intricate, time bounded technical programme been 
conducted so openly and with such unprecedented interaction between the 
Federal Government and the public. Because of this extensive participation and 
concerns about meeting the schedules in the Act, the progress of the Geologic 
Repositories Program is of keen interest. This paper describes the status of the 
programme in terms of five phases that will lead to the issuance of a licence for 
receipt and emplacement of wastes in a geological repository by 1998:

( 1 ) Recommendation of sites for characterization
(2) Characterization of sites
(3) Selection and approval of one site for development as a geological repository
(4) Licensing and construction authorization for the approved site
(5) Construction and performance confirmation testing for the geological 

repository.

PHASE 1: RECOMMENDATION OF SITES FOR CHARACTERIZATION

Among the first steps in recommending a site for characterization, the DOE 
published its Siting Guidelines (10 CFR Part 960) on 6 December 1984 [1 ].
These Siting Guidelines

— Establish the performance requirements for a geological repository system
— Define the technical and environmental qualifications that potential sites 

must meet
— Specify how the DOE will carry out the site selection.

Needless to say, these Siting Guidelines were the product of a long review process, 
including several public hearings held around the USA and consultation with 
states, affected Indian tribes and key Federal agencies.

Following publication of the Siting Guidelines, the DOE published draft 
environmental assessments (EAs) on 20 December 1984 for nine potentially 
acceptable sites for the first repository. The identification of these sites was
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based on site screening efforts that had been under way at the time the Act was 
passed. The draft EAs provided a description of the sites, an evaluation of each 
site against the Siting Guidelines, and a comparison of the sites, guideline by 
guideline, against each other.

On the basis of these evaluations and the intercomparison, the DOE 
proposed in the draft EAs to nominate five sites as suitable for site characteriza
tion. The proposed sites were:

-  Davis Canyon site (bedded salt) in Utah
-  Deaf Smith County site (bedded salt) in Texas
-  Richton Dome site (domal salt) in Mississippi
-  Hanford site (basalt) in Washington
-  Yucca Mountain site (tuff) in Nevada.

Of these five potential sites, the DOE proposed to recommend three to the 
President for detailed characterization. These are the Deaf Smith County site, 
the Hanford site and the Yucca Mountain site.

Early in 1985 the DOE held numerous public hearings and formal briefings 
around the country to acquaint the public with the draft EAs. We received over 
20 000 comments, which will be addressed in comment response documents and 
incorporated in the final EAs as appropriate.

The EAs are expected to be published by mid-1986 together with the 
nomination and recommendation of sites for characterization to the President. 
Presidential approval of the recommended sites is expected shortly thereafter and 
certain critical path activities in Phase 2 of the programme can then be started.
The following discussion of later phases deals with future plans rather than current 
actions.

PHASE 2: CHARACTERIZATION OF SITES

Site characterization consists of activities undertaken in the laboratory and 
the field to study the geological conditions of a potential repository site, evaluate 
its suitability for location of a repository, design the repository and support the 
application for construction authorization. After Presidential approval of the 
recommended sites for characterization, the DOE will issue site characterization 
plans (SCPs) in accordance with the provisions of the Act and regulatory require
ments ( 10 CFR Part 60) [2].

The SCPs will describe the site, the conceptual design of the repository and 
the waste package development programme. They will also identify issues to be 
resolved during testing and discuss the plans for testing at each of the sites. These 
plans will be submitted to the Nuclear Regulatory Commission (NRC), the states 
and the affected Indian tribes for review and comment, and will be made available 
to the public. Public hearings will be held in the vicinity of each potential site to 
inform area residents of the plan and to receive their comments on the SCPs.
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The DOE plans to construct two shafts at each site. These shafts will be to 
a depth of about 1000-4000 ft (300-1200 m). Shaft construction at the three 
sites will take approximately two years, with in situ tests being planned for late 
1987 through to mid-1990. In addition to underground studies, site 
characterization will consist of surface based testing to establish the regional 
characteristics of the site. Environmental and socio-economic field studies will 
also be performed.

Site characterization activities are currently expected to cost nearly five 
hundred million US dollars at each of the three sites up to the end of 1990. Studies 
performed in parallel, such as advancement of repository design, development 
of the waste package and performance assessment, are expected to cost another 
five hundred million dollars per site up to the end of 1990.

During Phase 2 the DOE will issue semi-annual progress reports on the site 
characterization that will describe issues resolved, new issues identified or previous 
issues that no longer require resolution.

PHASE 3: SELECTION AND APPROVAL OF ONE SITE FOR DEVELOPMENT 
AS A GEOLOGICAL REPOSITORY

The activities undertaken during site characterization will serve as the basis 
for the recommendation to the President of one site for development as the first 
repository. This recommendation will be accompanied by an environmental impact 
statement (EIS) that will have been prepared in accordance with the Act and the 
National Environmental Policy Act requirements. In addition, a site selection 
report will be presented to the President in support of the recommendation.

When the President recommends to Congress the site for the first repository, 
the governor or legislature of the host state or the affected Indian tribe on whose 
reservation the repository is to be located may issue a notice of disapproval within 
60 days of the President’s recommendation. The disapproval can be overridden 
only by a resolution of both Houses of Congress.

If the disapproval is not overridden by Congress, the President must submit 
another site recommendation to Congress within 12 months. If no disapproval is 
submitted, or if the disapproval is overridden, then the site designation is effective 
and the DOE will submit a construction authorization application to the NRC 
within 90 days.

With respect to the notice of disapproval, the DOE is fully committed to work 
with the public, local units of government, states and affected Indian tribes to 
identify and resolve, to the extent practicable, their concerns. The DOE is currently 
funding state and Indian tribal participation in the review of the programme..
The DOE is also in the process of negotiating formal consultation and co-operation 
(C&C) agreements with the states and affected Indian tribes as a means to define 
relations between the DOE and the state or tribe. A significant feature of these
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C&C agreements will be a formal mechanism for issue resolution. The DOE has 
every intention to work closely with the states and affected Indian tribes to provide 
an understanding of the repository programme and the siting process in order to 
minimize the likelihood that they will file a notice of disapproval with Congress. 

Major milestones for Phase 3 include:

— Issuance of draft EIS for 
public comment

— Issuance of final EIS
— Site selection report
— Presidential recommendation 

of site to Congress
— Site designation becomes 

effective
— Submission of licence 

application for construction 
authorization to the NRC

June 1990 
December 1990 
January 1991

March 1991

May 1991

May 1991

PHASE 4: LICENSING AND CONSTRUCTION AUTHORIZATION FOR THE 
APPROVED SITE

Phase 4 begins with the submission of the licence application for construction 
authorization to the NRC in May 1991. The Act allows the NRC a three-year 
review period, and authorizes the NRC to extend its review by one year if needed. 
The NRC has indicated that three years is the minimum licensing period required 
unless effective steps are taken to identify and resolve potential licensing issues 
during Phases 2 and 3. The DOE believes that licensing issues can be identified 
and resolved by continuing, close and extensive interaction between itself and the 
NRC.

To achieve this objective, the DOE has established an ongoing programme to 
keep the NRC regularly informed of its plans and of progress regarding site 
characterization, repository design and waste package development. Additionally, 
the NRC has issued several general technical statements and detailed site specific 
technical statements that provide early guidance on the issues that need to be 
addressed during site characterization, as well as on the types of information 
required in the site characterization plans and licence application for 
construction authorization. The DOE and the NRC are also co-ordinating 
activities leading to the establishment of a regulatory database management 
system to facilitate storage and retrieval of key licensing and support documents. 
Continued and enhanced technical communication of these types should enable 
the DOE to submit a high quality licence application immediately the site designa
tion becomes effective and should expedite a licensing review by the NRC.
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PHASE 5: CONSTRUCTION AND PERFORMANCE CONFIRMATION 
TESTING FOR THE GEOLOGICAL REPOSITORY

Upon receiving construction authorization, the DOE will begin construction 
of the surface and subsurface facilities. Performance confirmation testing will 
continue throughout this period. In addition, the DOE will complete any necessary 
pre-operational testing in order to receive a licence to accept waste and operate 
the facility.

The DOE will construct the repository in two stages. Stage 1 consists of the 
construction of the surface and subsurface facilities that are required to allow the 
DOE to accept small quantities of spent fuel in 1998. Stage 2 consists of the 
construction of the remaining facilities needed to develop the repository to its 
full scale capacity. It is estimated that the Stage 1 facilities will permit the 
emplacement of 50-400 t of commercial spent fuel per year. However, no special 
consolidation or packaging will be possible as these facilities will be of limited 
capability. The Stage 2 facilities will be able to receive and dispose of 3000 t of 
spent fuel and high level waste per year.

A two-stage construction has been adopted because it provides a mechanism 
for the initial acceptance of waste by 1998. It also offers the advantage of 
beginning with a lower rate of waste acceptance, to allow transportation and 
operator experience levels to mature at a comfortable pace.

SECOND REPOSITORY

Although the Act does not authorize the construction of a second repository, 
it does require the DOE to carry out siting and development activities essential 
to preparation for such a facility. National surveys identified for further study 
about 250 near surface and exposed crystalline rock formations in three regions 
covering 17 states. The results of these surveys, the Regional Geologic Characteriza
tion Reports and Regional Environmental Characterization Reports (RCRs), 
were published in August 1985 [3, 4]. In addition, a screening methodology 
document was published in April 1985 that described the methods to be used in 
identifying a smaller number of potential areas [5].

On 16 January 1986 a draft Area Recommendation Report was issued that 
used the results of limited field studies, the RCRs and the screening methodology 
to identify and document the selection of areas for further field testing and study
[6]. This report identified 12 areas in seven states: Georgia, Maine, Minnesota,
New Hampshire, North Carolina, Virginia and Wisconsin. An area characterization 
plan that identifies the scope of data collection and field-work to be conducted is 
expected to be issued in late 1986 or early 1987.

After the field investigations are completed, the process of siting and developing 
the second repository will be very similar to that of the first repository. It is
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anticipated that the two-stage approach will not be used for the second repository. 
Instead, the current strategy is to proceed with construction of the full scale 
repository facilities.

MONITORED RETRIEVABLE STORAGE

The DOE will submit a request to Congress for authorization to construct 
and operate a facility for the monitored retrievable storage (MRS) of spent fuel 
at a site to be specified. As required by the Act, the DOE developed designs for 
two alternative storage concepts at three alternative sites. The preferred storage 
concept is surface storage in sealed concrete casks; the alternative is storage in field 
dry wells. The three alternative sites are all in Tennessee, on land owned by the 
Federal Government. The preferred site is the former site of the Clinch River 
Breeder Reactor in Oak Ridge.

An MRS facility would receive and prepare spent fuel for emplacement in 
one or more geological repositories that would permanently isolate the waste from 
the accessible environment. The principal waste preparation functions would be 
spent fuel consolidation and loading into canisters. Being uniform in size and free 
of surface contamination with radioactive material, these canisters would facilitate 
handling, shipping and further processing at the repository.

The canisters of spent fuel would be loaded into shipping casks and shipped 
to the repository in special trains. The DOE is proposing that the total storage 
capacity be limited to 15 000 t U. An integral MRS facility of this capacity will:

-  Improve system development
-  Accelerate waste acceptance from the utilities
-  Improve the reliability and flexibility of the waste management system
-  Improve the operations of the repository
-  Improve the performance of the transportation system.

To establish the credibility of MRS with respect to the safety and operation 
of the facility, the DOE is proposing important measures that include (a) the 
provision of opportunities for state and local governments to participate in the 
project, (b) assurances about safety and environmental quality, and (c) financial 
assistance. Also, to allay concerns that an MRS facility would diminish the resolve 
to develop a geological repository, the DOE is proposing to Congress that no waste 
be accepted at the MRS facility until a construction authorization for the first 
repository is received from the NRC.

CONCLUSION

The passage of the Nuclear Waste Policy Act in 1982 provided the mechanism 
needed to focus efforts Of the US Government on operating a national programme
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for the permanent disposal of high level radioactive waste and spent nuclear fuel. 
The Act established activities and schedules that must be followed to develop 
the technical means to dispose of waste and spent fuel safely, and to involve states, 
Indian tribes and local communities in the programme. The DOE is committed to 
beginning the operation of the first geological repository in 1998. The DOE 
acknowledges that keeping to this date is dependent upon meeting an intensive 
schedule and requires the co-operation of the public, local units of government, 
states and affected Indian tribes, and other Federal agencies, particularly the NRC.

We continue to meet and very often exceed the high standards set by the 
Act. When a schedule was changed, it was because we wanted to allow more time 
for increased participation in the programme, or because we believed that more 
data were necessary before making a programme decision. We have continually 
said that we will not sacrifice the process to meet the schedule.

Although we have a great deal of work ahead of us, we are confident that 
the programme has the technical expertise and human talent to meet these 
challenges successfully. We continue to believe that the overall goal of having a 
safe and environmentally acceptable geological repository on-line in 1998 can 
be met.
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Abstract

RADIOACTIVE WASTE MANAGEMENT IN CANADA.
The overall objective of Canadian radioactive waste management is to ensure that there 

will be no adverse effects on man and the environment from such wastes. Canadian radioactive 
waste management programmes encompass: (1) used fuel from nuclear electricity generating 
stations, (2) low and intermediate level radioactive wastes, and (3) uranium mine and mill 
tailings. Research and development pertaining to highly radioactive nuclear fuel waste is 
performed within the Canadian Nuclear Fuel Waste Management Program. The programme 
covers interim storage, transportation, immobilization and subsequent disposal. The term 
‘fuel waste’ is defined as both used fuel discharged from CANDU reactors and high level 
radioactive liquid wastes that would result from recycling of used fuel, should recycling be 
implemented in the future. A number of low level radioactive waste management programmes 
are being pursued. These are directed at siting and constructing disposal facilities for the various 
types of low level waste produced in Canada. The paper summarizes the achievements to date 
in both the Canadian Nuclear Fuel Waste and Low and Intermediate Level Radioactive Waste 
Management Programs.

1. INTRODUCTION

Canada, like many other countries, has a comprehensive programme for 
managing radioactive wastes. The overall objective is to ensure that these wastes 
will not adversely affect either man or the environment. At present, the major
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effort pertains to research on, and development of, technologies for the per
manent disposal of

( 1 ) Nuclear fuel waste from nuclear electricity generating stations
(2) Low and intermediate level radioactive wastes
(3) Uranium mine and mill tailings.

This paper discusses the Canadian Nuclear Fuel Waste and Low and 
Intermediate Level Radioactive Waste Management Programs. Current practices, 
research and development programmes, and programme participants and reviews 
are discussed. The Canadian programme for uranium mine and mill tailings has 
been presented at other international conferences [ 1 ).

2. NUCLEAR FUEL WASTE MANAGEMENT PROGRAM

2.1. Introduction

The Canadian Nuclear Fuel Waste Management Program is in the sixth 
year of a ten-year generic research and development phase. It encompasses 
technologies for the interim storage and transportation of used fuel, the 
immobilization of fuel waste and the permanent disposal of the immobilized 
waste. Fuel waste can be either used CANDU fuel or radioactive waste that would 
result from recycling the fuel, should this be implemented in the future. The 
Canadian concept is to dispose of the immobilized waste deep in stable, plutonic 
rock in the Canadian Shield. The generic research programme is assessing the 
basic safety and environmental aspects of a system of multiple barriers designed 
to prevent radionuclide migration into the biosphere in amounts that would 
present unacceptable risks to man and the environment.

In 1978 the Governments of Canada and Ontario agreed to co-operate in 
the development of technologies for the safe, permanent disposal of Canada’s 
nuclear fuel waste [2]. Under the agreement, the provincially owned utility, 
Ontario Hydro, is responsible for developing technologies for the interim storage 
and transportation of used fuel, while Atomic Energy of Canada Limited (AECL), 
a federal crown corporation, is responsible for co-ordinating and managing the 
research and development programme for the immobilization and disposal of 
nuclear fuel waste.

In April 1981 the Canadian Government approved, in principle, a ten-year 
generic research and development programme on nuclear fuel waste management. 
The objectives of the present phase of the programme are

(a) To develop and demonstrate the technology for storage, transportation, 
immobilization and disposal to the extent necessary to assess the concept 
of isolating immobilized fuel waste by burial in plutonic rock;
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(b) To develop and demonstrate the methodology and technology required to 
characterize and select sites for disposal facilities;

(c) To assess the environmental and safety aspects of the disposal concept;
(d) To develop the basis for securing acceptance of the disposal concept through 

scientific and regulatory review and public information, interaction and 
participation.

2.2. Current practices

CANDU reactors operate on a natural uranium, once-through fuel cycle. 
However, technologies for immobilizing used fuel or recycled waste are being 
developed so that either waste form can be disposed of in future if required.
Used fuel is currently stored in water filled storage bays at the reactor sites.
This storage method can provide safe and reliable storage for at least 50 years [3]. 
Ontario Hydro’s current on-site storage capacity for used fuel eliminates the need 
for large scale shipments of fuel. The present storage facilities allow adequate 
time for developing an integrated disposal strategy.

2.3. Research and development

A comprehensive research and development programme is now well 
established [4], providing technology for storage, transportation and immobilization 
of fuel waste, and for the construction of disposal facilities. It supports safety 
assessments by providing recommended models and data distributions, charac
terized waste forms, and engineered and natural barriers, and develops procedures 
and equipment for site characterization and selection.

2.3.1. Used fuel storage

Ontario Hydro is examining several alternatives which include wet and dry 
storage methods. Current trends, such as increased international interest in 
longer term storage, have led to a review of Ontario Hydro’s storage policy. As 
the inventory of used fuel increases at the reactor sites it may become more 
attractive to establish a separate management facility dedicated to longer term 
storage. These trends and considerations have a significant implication for Ontario 
Hydro’s activities in used fuel storage.

2.3.1.1. Wet storage

Used fuel has been stored safely and reliably in water filled storage bays 
at the reactor sites for the past 20 years [3]. Ontario Hydro has been examining 
high density storage, and at the Pickering Generating Station a conversion to this 
method has resulted in an increased storage capacity of approximately 50% [5].
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2.3.1.2. Dry storage

Ontario Hydro examined four dry storage systems as alternatives to wet 
storage [5,6]:

(a) Convection vaults
(b) Concrete canisters
(c) Concrete integrated casks (CICs)
(d) Metallic casks.

The results of the studies showed that site specific dry storage facilities can be 
competitive with water pools. The next phase of the research and development 
programme is directed at the design, construction and demonstration of the key 
technological features of dry storage, and specifically the fuel transfer system, 
which involves loading used fuel from water pools and dry transfer to demons
tration areas at reactor sites.

The concrete integrated cask programme is focused on developing a concrete 
cask for storage, transportation and disposal. The initial phase of the programme 
is directed at establishing feasibility and testing of key performance parameters.

A joint AECL-Ontario Hydro experimental programme on concrete canisters 
has been under way for eight years. These studies are providing information on 
the long term behaviour of used fuel stored under both dry and moist conditions [3].

2.3.2. Used fuel transportation

Ontario Hydro is continuing its programme to develop and acquire the 
technology for large scale transportation of used fuel currently stored at reactor 
sites [5]. The first step of this programme is to design, license and construct a 
cask for road transportation. The reference cask design has a two-module (192- 
bundle) payload, rectangular geometry and monolithic stainless steel wall 
construction. The heat dissipation capabilities of the reference cask have been 
investigated in a full scale simulation using electrically heated, simulated fuel 
bundles, and experimental results indicate that fuel sheath temperatures can be 
maintained at less than 200°C. Should sheaths fail under accident conditions, 
only a small fraction of the contained radioactive material would be released. 
One-seventh scale models are being used in the 9 m drop and 1 m punch tests 
as a rehearsal and for confirmation of theoretical analysis prior to construction 
and testing of large scale prototypes. Completion of design, construction and 
licensing of a full size cask is scheduled for 1988.

2.3.3. Fuel waste immobilization

The fuel waste immobilization programme involves the development of 
durable containers for the disposal of intact used fuel bundles and the characteri
zation of used fuel as a waste form [7]. Development work has concentrated
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on simple containers with a high integrity, corrosion resistant metallic shell to 
isolate the fuel during its high toxicity phase. Containment systems that could 
offer substantially longer isolation, using materials such as ceramics, are also 
being studied.

Several container designs are being evaluated [8]. Prototypes of these 
containers were fabricated from either stainless steel or grade 2 titanium, and then 
subjected to tests in a hydrostatic chamber at pressures up to 10 MPa and 
temperatures up to 150°C [9]. While short term tests have shown all containers 
tested to be acceptable, a detailed structural analysis indicated that a stressed shell 
container fabricated from ASTM grade 2 titanium would begin to buckle under 
creep deformation after about five years at a pressure of 9.4 MPa and temperature 
of 100°C [10].

The long term corrosion behaviour of potential container materials is also 
being studied [11, 12]. Initial results indicate that grade 12 titanium and 
Hastelloy C-276, a nickel based alloy, are much more resistant to localized 
corrosion than grade 2 titanium [13]. Studies of the corrosion behaviour of copper 
in simulated high salinity groundwater have shown that copper is a suitable 
alternative to passive metal [ 14].

Determination of the leaching and dissolution properties of used U 02 fuel 
constitutes the major part of the fuel characterization programme. It has been 
determined that U 02 has excellent corrosion resistance and retains most fission 
products. During the past two years, emphasis has been on estimating the 
fractions of 13SCe and 129I that are released from the gap between fuel and sheath 
during the early stages of used fuel dissolution. The gap inventory of 135Ce and 
129I at the time of fuel discharge from the reactors is estimated to be about 2.2%. 
Recent studies have shown a correlation between fuel power history and fuel 
leaching properties [15].

Processes and products are being developed for immobilizing the waste that 
would arise if the fuel from CANDU reactors were recycled [7, 16]. Glasses, 
ceramics and glass-ceramics are being evaluated as possible waste forms. A Waste 
Immobilization Process Experiment facility, consisting of a rotospray calciner 
and a ceramic electromelter, designed to produce 10 kg-h-1 of sodium borosilicate 
glass, is now operating at the Whiteshell Nuclear Research Establishment (WNRE).

The behaviour of glass waste forms and their durability in the hydrothermal 
environment anticipated in a disposal vault are being studied. A survey of 
borosilicate glasses [17] showed that durability increases with Si02, Fe20 3 or 
A120 3 content but decreases with increasing Na20  or K20  content. Sodium 
aluminosilicate glasses [18] have a low, relatively constant leach rate (less than 
10~9k g m _2 • s"1 ) within a wide composition range.

The ceramic waste forms being considered contain sphene (CaTiSiOs). 
Calculations indicate that sphene should be stable in groundwaters typical of the 
Canadian Shield (high Ca2+, low SO |_ and C 03") in the temperature range 
25-150°C. Three types of sphene based matrix are being studied: natural
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minerals, ceramic pellets formed by pressing and sintering, and glass-ceramics 
formed by melting and controlled crystallization of the system Na20-Al20 3- 
Ca0-Ti02-S i02 [19].

Disposal vault sealing studies involve the development of the buffer material 
(clay-sand mixture) to surround the containers, and other barriers to close the 
man-made openings to the surface: namely, the backfill and the plugs and grouts 
for shaft and borehole seals [20].

A study of the physical and chemical properties of buffer and backfill 
clays [21] has provided information on the basic mineralogical, chemical and 
physical properties and on the behaviour of clays under wet-dry cycling. 
Bentonites are suitable as buffers because of their high swelling potentials, low 
hydraulic conductivities, low effective porosities and high sorption capacities for 
radionuclides [22]. A compaction study of potential buffer materials has been 
completed [23] and the hydraulic conductivities of two such materials have been 
measured [24]. Experimental studies have shown that shrinkage, long term creep, 
drying and rewetting, and the removal of the buffer material by groundwater are 
unlikely to prejudice the effectiveness of the buffer [25-27]. A major study on 
buffer and backfill engineering has provided information on procedures, schedules 
and costs [28].

Computer modelling studies have been performed to determine the effects 
of container and buffer geometry and the quality of the rock wall in the emplace
ment boreholes on the diffusional transport of radionuclides from failed 
containers [29, 30].

The Immobilized Fuel Test Facility (IFTF) [31 ] at the WNRE provides an 
environment for a wide range of multicomponent experiments [32] in radiation 
fields, under temperatures and pressures that simulate a vault environment. The 
experiments are designed to test radioactive waste forms and materials proposed 
for engineered barriers. Preparation of long term immersion experiments in 
passive canisters and of tests of multicomponent systems is under way. The 
first set of experiments was begun in late 1984. A typical set of experiments 
comprises 18 small titanium pressure vessels, each containing fuel waste, container 
material, buffer, groundwater and rock, loaded in one of seven concrete canisters. 
The experiments are run for six months or more at temperatures up to 200°C 
and at pressures up to 8 MPa.

2.3.4. Geoscience research

The goal of the geoscience research is to evaluate large plutonic rock masses 
in the Canadian Shield as potential hosts for immobilized nuclear fuel waste [33].

Deep exploratory drilling, hydrogeological studies and detailed surface 
mapping are being performed at designated field research areas in the Canadian 
Shield. The areas at Chalk River and Atikokan in Ontario and Whiteshell in 
Manitoba contain granite rocks, while the East Bull Lake area in Ontario contains
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gabbro. Regional groundwater flow is being investigated in a flow system study 
at the Atikokan and Whiteshell research areas.

The Whiteshell research area is situated on the Lac du Bonnet batholith, a 
large granitic body in south-eastern Manitoba. This research area is the site of 
the Underground Research Laboratory (URL), which is being constructed below 
the water-table in a previously undisturbed portion of the batholith. The 
objectives of the URL project are to study the correlation between surface and 
subsurface features, hydrogeological and geochemical systems in plutonic rock, 
excavation damage in rock, and the effect of heat on plutonic rock (including 
the effect on mass transport) and on interactions between buffer, backfill and 
rock [34].

Comprehensive geological, geophysical and hydrogeological investigations 
of the area surrounding the URL are being done. Numerous geophysical surveys 
were performed in boreholes [35], and three major subhorizontal fracture zones 
were identified. A network of instrumented boreholes has been established to 
provide baseline data on pre-construction hydrogeological conditions and to 
measure changes caused by the excavation. Groundwater levels are recorded 
continuously in about 75 locations. Predictions of changes to the groundwater 
system caused by the URL excavation have been made by several independent 
hydrogeological modelling groups and have been compared with the measured 
changes. The AECL model slightly overpredicted the volume of seepage that 
occurred in the URL shaft (by a factor of five). The spatial and time variant 
piezometric drawdowns in the 171 piezometers surrounding the shaft excavation 
were generally well predicted by the model [36].

Surface facilities for the URL are in place and shaft excavation was 
completed to the 255 m level in March 1985. Current plans call for shaft 
excavation to approximately 450 m. The underground facilities will have a 
450 m deep, rectangular access shaft, a ventilation raise and a test level with 
several experimental rooms. Preliminary underground experiments are to begin, 
at the 250 m level, during 1986.

The objective of the geochemistry and applied chemistry research is to 
quantify the chemical and physical interactions between radionuclides and the 
geological materials lining water bearing fractures in plutonic rock. These inter
actions can prevent or retard migration of radionuclides from the deep under
ground vault to the biosphere. Examinations of the geological record in and 
along groundwater bearing fractures in plutonic rock, and of geological analogues 
to a disposal vault, such as naturally occurring uranium deposits, are being used 
to assess the behaviour of radionuclides in the geosphere. In two well defined 
uranium deposits in northern Saskatchewan, the uranium has migrated less than 
6 m into the clay surrounding the ore body over the last thousand million years.
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2.3.5. Environmental and safety assessment

The objective of the environmental and safety assessment is to assess the 
impact of a disposal facility on man and the environment. The assessment is 
being published in a series of concept assessment documents. The first interim 
concept assessment document was published in 1981 [37-39] and the second 
was issued in 1985 [40-43]. The formal concept assessment document, scheduled 
for completion in 1988, will form the basis for concept evaluation by regulatory 
and environmental agencies and for subsequent review at a public hearing.

The environmental and safety assessment has two major components: pre
closure assessment and post-closure assessment. Pre-closure assessment covers 
the period up to and including vault backfilling, sealing and closure [44, 45]. 
Post-closure assessment covers the period after the vault has been sealed and the 
surface facilities have been decommissioned [46].

The post-closure assessment is being done with SYVAC, the Systems 
Variability Analysis Code [47], which allows for variability and uncertainty in the 
parameters describing the vault, geosphere and biosphere by representing them as 
distributions rather than as single values. SYVAC contains a set of submodels 
for the vault, geosphere and biosphere that represent the components of the 
disposal system. The submodels and parameter distributions are derived from 
detailed field and laboratory observations, which are usually interpreted by the 
use of detailed mathematical or research models of the field area or laboratory 
facility. SYVAC makes repeated deterministic calculations with parameter values 
selected from their distributions using a Monte Carlo process. The SYVAC results 
from the second interim post-closure assessment [43] are well below the suggested 
risk limit (1СГ5 per annum) proposed by the Nuclear Energy Agency of the 
OECD [48].

Validation of the assessment is achieved by a combination of quality 
assurance on software [49], expert review, intercode comparison, and comparison 
with field and laboratory observations, the last applying mainly to the validation 
of the research models. An excellent example of the validation of a research 
model is the comparison between prediction and observation of the water-table 
drawdown during construction of the URL [50].

2.4. Programme participants

In conducting the research and development pertaining to immobilization 
and disposal of nuclear fuel waste, AECL actively benefits from the participation 
of many organizations. Personnel from Ontario Hydro, in addition to those 
investigating storage and transportation, Energy, Mines and Resources Canada, 
the university community, Environment Canada and private consultants are all 
contributing to the programme. Canada also has co-operative exchange agree
ments pertaining to nuclear fuel waste management with the United States of
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America, the European Atomic Energy Community and Sweden. Additionally, 
informal agreements with other countries and Canadian participation in IAEA 
and OECD/NEA working groups help to keep Canada fully informed of inter
national developments.

2.5. Programme review

The programme receives a thorough and continuing review by an independent 
external group, the Technical Advisory Committee. Committee members are 
selected from nominees of major scientific and engineering societies throughout 
Canada, thus ensuring the independent status of the committee. Its views and 
recommendations are issued in annual reports, which are readily available to the 
public [51 ]. The committee has expressed strong support for the programme.

Internal reviews, in the form of information meetings and dissemination of 
experimental results through the AECL Technical Records series, are important 
in the review process. The interim concept assessment documents have also served 
as an opportunity for internal and external review of the programme. More 
formal reports, in the AECL report series, and papers in the open scientific 
literature also ensure peer review of the research.

In August 1981, the Governments of Canada and Ontario issued a state
ment describing the evaluation process, the roles and responsibilities of the 
environment and regulatory agencies, and the involvement of the public [52].
The evaluation process, which will begin in 1988, will involve a regulatory and 
environmental review, a full public hearing and, by 1991, a decision by these 
Governments on the acceptability of the concept.

3. LOW AND INTERMEDIATE LEVEL RADIOACTIVE WASTE
MANAGEMENT PROGRAM

3.1. Introduction

Management of low and intermediate level radioactive wastes began in 
Canada in the mid-1940s with shallow land burial at the Chalk River site [53]. 
Waste production has grown to over 10 000 m3 per year and includes a wide 
range of radioactive wastes from utilities operating nuclear power plants, research 
and development activities, radioisotope producers and users, and the nuclear 
fuel industry. The largest waste management operations have been at Chalk 
River Nuclear Laboratories (CRNL) of AECL [53, 54] and the Bruce Nuclear 
Power Development (BNPD) [55] of Ontario Hydro. The various waste manage
ment activities include [56]: development and implementation of waste source 
control procedures, characterization, packaging and handling, processing, facilities 
for interim storage and concepts for final disposal. Development and application
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of safety assessment methods for each of these functions are also important 
associated activities.

Although storage is providing safe management of low and intermediate 
level wastes (LILW) at an acceptable cost, the need for surveillance for perhaps 
hundreds of years imposes responsibilities and costs on future generations. With 
the objective of removing these future responsibilities a development programme 
[57] was begun approximately twelve years ago to establish the technology to 
dispose of LILW permanently.

3.2. Current practices

Waste management practices by all producers of LILW have evolved over the 
years. This evolution is particularly apparent at nuclear research laboratories, 
nuclear electricity generating stations and uranium refineries.

3.2.1. Nuclear research laboratories

Nuclear research laboratories now store their more radioactive wastes, 
including some fuel wastes, in concrete structures, with shorter lived wastes 
being placed in monitored, shallow land burial trenches [58]. Additionally, 
radioactive wastes from the manufacture of nuclear fuel and from medical and 
industrial uses of radioisotopes are shipped to CRNL for management along with 
site generated wastes. Increasingly, wastes generated at the research laboratories 
are processed in new treatment facilities to reduce their volume and immobilize 
them in an appropriate matrix.

3.2.2. Nuclear electricity generating stations

The nuclear power utilities all have LILW storage capability. For the past 
20 years Ontario Hydro has operated a centralized waste management facility at 
the BNPD site [55], receiving waste from the nuclear stations for processing and 
storage. Currently an incinerator and compactor are used to reduce the volume 
of processible waste to increase storage efficiency. Ontario Hydro uses four 
basic storage methods:

(a) Shallow, in-ground, reinforced concrete trenches
(b) Vertical, concrete tile holes backfilled with concrete
(c) Above ground concrete ‘quadricells’
(d) Low level waste storage buildings.

The choice of a particular storage method depends on the physical characteristics 
of the waste material and its level of radioactivity.



IAEA-SM-289/2 29

3.2.3. Uranium refineries

Eldorado Resources Limited has improved processes and recycling methods 
to greatly reduce the quantity of waste produced in its refineries. The company 
is operating two storage sites, and is developing a disposal facility for the 
material in these sites and for wastes that will be produced in the future.

3.3. Research and development

AECL and Ontario Hydro have comprehensive research and development 
programmes to establish the technology necessary for the disposal of LILW [57]. 
Since components of these wastes will remain hazardous for widely differing 
lengths of time, the disposal concept need not be the same for all of the wastes.
An overall approach is being pursued [59] in which the wastes will be segregated 
into categories based on hazardous lifetime, and then matched to the isolation 
capabilities of selected disposal methods.

Three waste categories and associated isolation/disposal concepts have 
tentatively been identified. For wastes with a short hazardous lifetime, or very 
low concentrations of radionuclides, sanitary landfill facilities may be appropriate. 
For wastes that remain hazardous for several hundred years, engineered facilities 
at shallow depth in the overburden, or in bedrock, are being investigated. Finally, 
for the very long lived intermediate level wastes, deep geological disposal facilities 
under consideration in the Nuclear Fuel Waste Management Program may be used. 
Low level wastes in which the predominant contaminant is radium may best be 
managed with uranium refinery wastes and mill tailings.

Waste conditioning before storage or disposal has become an important 
element in the development programme [60]. Volume reduction and stabilization 
were first used to improve storage operations. More recently, the emphasis has 
been placed on improving the radionuclide retention characteristics of the waste 
form by selected conditioning techniques. This work, along with development 
of other aspects of waste characterization, is part of an AECL programme to 
develop a disposal capability at CRNL in the next decade for wastes now in storage 
and for those to be produced in the future. Burial in intrusion resistant shallow 
land burial (SLB) facilities and shallow rock cavities is being considered. The first 
priority is assigned to constructing and operating a prototype intrusion resistant 
SLB facility [58].

3.4. Programme participants

There are a number of participants in LILW programmes. The major 
participants are AECL and Ontario Hydro, who are committed to developing 
comprehensive waste management programmes. Hydro Quebec and New Brunswick 
Power also have programmes to manage the LILW produced at their nuclear
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electricity generating stations. Private consultants, universities and provincial 
research foundations are also involved through numerous contracts.

In 1981 the Federal Government commissioned a study on the management 
of low level radioactive wastes, and proceeded with the implementation of the 
report’s recommendations [61 ] by establishing the Low Level Radioactive Waste 
Management Office in October 1982 [62]. This office is developing the necessary 
technologies to carry out the Federal Government’s ultimate responsibilities for 
low level radioactive waste management. It will ensure that means are made 
available for permanent disposal and that a collection, treatment and disposal 
service is made available on a commercial basis.

3.5. Programme review

The Low and Intermediate Level Radioactive Waste Management Program 
is subjected to continuous internal review, as required by the programme 
participants both as individuals and via a joint working party. Products of AECL’s 
annual waste management information meetings include reports on developments 
regarding LILW [58]. Reports dealing with this subject undergo internal review 
processes and are made available to all interested parties. Additionally, papers 
are published in recognized scientific journals and information exchanges at the 
international level ensure wide discussion and review. 4

4. SUMMARY

Canada has a comprehensive set of programmes to effectively manage all 
radioactive wastes. The emphasis of the research and development programmes is 
on establishing safe and responsible disposal methods that ensure that there will 
be no significant effect on man or the environment from radioactive wastes. 
Programme participants are from a wide cross-section of Canada’s scientific and 
engineering community, government departments, universities and private 
industry. All participants strongly encourage ongoing review of their work through 
publications and presentations to all interested parties. Through an active involve
ment in formal and informal exchange agreements with other countries, Canada 
ensures that it is fully informed on international developments in radioactive waste 
management.

Used fuel is currently stored in water filled storage bays at reactor sites.
These storage methods and others being studied by Ontario Hydro can provide 
safe and reliable storage for at least 50 years. The Canadian Nuclear Fuel Waste 
Management Program is well established. The research and development programme, 
for which AECL has prime responsibility, will generate and evaluate sufficient 
data and technology for understanding and assessing the concept of deep under
ground disposal in plutonic rock.
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Atomic Energy of Canada Limited, Ontario Hydro, Eldorado Resources 
Limited, Hydro Quebec and New Brunswick Power have programmes to establish 
the technology necessary for disposal of their LILW. Currently these wastes are 
safely stored at nuclear research laboratories, power reactor sites and uranium 
refineries. Volume reduction, immobilization processes and waste characterization 
will all play an important role in the disposal strategies. AECL is developing a 
shallow land burial facility for disposal of its current and future LILW.
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Abstract
THE ARGENTINE RADIOACTIVE WASTE REPOSITORY: BASIC CRITERIA, 
PRELIMINARY SITING AND DESIGN CONCEPTUAL BASIS.

The paper describes studies carried out for siting a repository for high level radioactive 
wastes originating in the nuclear programme of Argentina. A summary is given of the basic 
criteria governing the study, as well as a description of the activities involved in the selection 
of the site, its validation and the derivation of the design basis of the repository, together with 
conceptual definitions regarding its engineering. At the end of the 1970s the Argentine 
authorities decided to explore alternatives for disposing of the high level radioactive wastes 
that would eventually be generated by the country’s nuclear programme. This programme 
involves nuclear power reactors that will generate a time integrated electric energy of about 
100 GW • a by the end of the century. The programme also includes the reprocessing of the 
spent fuel. On the basis of the criteria adopted for the disposal of high level wastes, a site in 
stable, unfractured granite, near Gastre in the Province of Chubut, was selected for detailed 
studies out of about 200 potential sites. This site has been thoroughly investigated and its 
suitability will be validated. Work has also progressed on the design of the repository. 1

1. INTRODUCTION

At the end of the 1970s the Argentine authorities decided to explore alter
natives for disposing of the high level radioactive wastes that would eventually be 
generated by the country’s nuclear programme. This programme involves nuclear 
power reactors that will produce a time integrated electric energy of about 
100 GW-a by the end of the century.

The option of direct disposal of spent fuel elements was discarded in 
Argentina because of the energetic value of the remaining fissionable materials 
and also for radiation protection reasons. Fuel elements are not designed for the 
retention of radionuclides for a long time after disposal, and a substantial 
inventory of actinides in the non-processed fuel would imply a higher radiological 
impact than that caused by the recycling of fissionable materials [1,2].

35
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No significant amounts of liquid high activity wastes have been produced 
yet in Argentina. These wastes, however, will be generated from the operation 
of a fuel reprocessing plant that is in an advanced stage of construction.

The need for solving the problem created by high activity radioactive wastes 
is expected to be significant during the second half of the 1990s. However, the 
Argentine authorities decided to explore potential solutions of the technological 
problems connected with the elimination of high level radioactive wastes well in 
advance [3].

A feasibility study is being carried out for the construction of a repository 
for radioactive wastes in a deep geological formation. This paper describes the 
basic criteria, the preliminary siting studies and the design conceptual basis of 
such a repository.

2. RADIOLOGICAL SAFETY CRITERIA FOR THE DISPOSAL OF 
RADIOACTIVE WASTES

Disposal of radioactive wastes involves isolation of the radioactive material 
from the human environment over a sufficient period to permit decay in isolation. 
Any exposure of man that could still occur would be due to mechanisms that 
may be described as:

( 1 ) Normal scenario : ‘normal’ release mechanisms, leading to a predictable 
exposure pattern in space and time;

(2) Random, disruptive events, for each of which a probability of occurrence 
and an exposure pattern can be postulated.

The difficulties in direct application of the normal basic radiation protection 
principles are mainly caused by:

(a) The very long periods involved
(b) The randomness of the types of exposure.

In principle, both the normal scenario and the disruptive events would be 
expected to give exposure patterns of the general type shown in Fig. 1 [4, 5].
The main difference is that the normal release is expected to occur after a 
retention period which is long enough to permit the activity to decay to clearly 
acceptable values, while disruptive events may cause releases before there is 
sufficient decay to make the exposures acceptable.

2.1. Criteria for normal scenario

The radiological safety criteria adopted by the Argentine authorities for 
normal scenarios connected with disposal of radioactive wastes are compatible 
with the recommendations of the International Commission on Radiological
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FIG. 1. Typical exposure patterns.

Protection (ICRP) [6, 7]. The main objectives are to keep individual doses below 
appropriate limits and to reduce the total radiological impact from the disposed 
wastes as far as it is reasonably achievable.

2.1.1. Upper bounds

The ICRP recommended individual dose limits apply to the total dose from 
all sources (excluding natural background and medical exposures of patients). For 
the contribution from any particular source, competent authorities are expected 
to set an ‘upper bound’ which should only be some fraction of the ICRP dose limit 
if exposure from other sources is possible [6,8].

It should be possible to postulate a generic upper bound for the annual dose 
contribution arising from the practice of radioactive waste isolation, which would 
limit the dose to any critical group resulting from all repositories. Such a generic 
upper bound, however, would be of little use in practice. What is required is an 
upper bound for the annual dose due to a specific waste repository. In this case, 
however, it is necessary to take account of the ‘per caput’ global contribution 
of all the repositories which would add to the local dose contribution of the 
repository under consideration [7, 9].

The ‘normal’ release situation and its resulting exposure pattern, by definition, 
have an occurrence probability which may be considered equal to one. The 
design requirement would therefore be that, at all times [5],

where Hl к is the annual dose contributed locally to its critical group by repository 
k, rk is the ratio of the per caput dose to the local critical group dose (both due to 
repository k), Wt is the total amount of uranium predicted to be used for nuclear
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power generation and Wk is the amount of uranium originating the waste in 
repository k, f is the fraction of the ICRP dose limit considered appropriate for 
waste isolation in general, and H]^ is the dose limit.

The upper bound will differ significantly from the simple value fH ^  only 
in the cases where rk (Wt /Wk) is not small. For planning purposes, and similar to 
the case of upper bounds used at present for some nuclear installations, the value 
of fHjjn, was set by the Argentine authorities at 0.1 mSv in a year as a maximum 
in the stylized critical group.

2.1.2. Optimization

Optimization of protection is the basic requirement recommended by the 
ICRP for dealing with control of radiation detriment. This requirement implies 
that the detriment from a radiation source should be reduced by protective 
measures to a value such that further reductions become less important than the 
additional efforts required to achieve such reductions.

In the case of waste repositories and owing to the low doses that are 
expected to be involved, the detriment can be taken to be proportional to the 
collective dose commitment from the disposal. But, because of the presence of 
very long lived nuclides, an assessment of the complete collective dose commit
ment will be highly speculative. In optimization, however, one deals with 
differences in collective doses between different protection options. The period 
of interest is therefore that in which the alternative protection levels (engineering 
solutions) have an influence on the exposure pattern, because the longer exposure 
tails would cancel when subtracting collective doses of different options. For the 
Argentine repository, the period of integration for the assessment of the relevant 
incomplete collective dose commitments was 500 years [ 10], following procedures 
similar to those used by the United Nations Scientific Committee on the Effects 
of Atomic Radiation [11].

2.1.3. Total collective dose

The Argentine authorities also established as a design aim of the repository 
that the total collective dose commitment from high level radioactive waste 
disposal should be of the same order as that resulting from the other steps in the 
fuel cycle [10].

2.2. Criteria for disruptive events

It should be recognized that even in ‘normal’ release conditions the occurrence 
of detrimental biological effects is of a probabilistic nature. For radiation 
protection purposes the probability of stochastic effects, namely fatal cancer and 
serious genetic effects, is taken to be approximately 2 X 10-2 per sievert of effective
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dose equivalent [6 ]. The probability of non-stochastic effects above the threshold 
increases from zero to one over a usually small range of doses. For example, for 
mortality due to the acute radiation syndrome resulting from whole body 
irradiation, the probability at doses lower than 2 Gy is practically zero while it is 
nearly one above 6 Gy.

In the case of random disruptive events one deals with the probability of the 
event and with the resulting doses in the group of individuals receiving the highest 
doses. Regarding radiation effects one deals, therefore, with effects of a second 
order of stochasticity. For example, the probability of dying (or risk) for a 
member of the public due to a given potential disruptive event can be expressed 
as R = PiP2, where R is the ‘risk’, Pj is the probability of occurrence of the 
event which would result in a dose H to the member of the public under 
consideration, and P2 is the conditional probability of death, given a dose H [5 ].

If several potential situations i are taken to be possible, the risk R defined 
above becomes

where the summation should be extended over all possible relevant scenarios of 
exposure.

It should be realized that P2j is proportional to dose at the lower doses 
(where only stochastic effects are possible), but increases steeply with whole 
body dose at values above 2 Gy owing to acute non-stochastic effects.

Probability values must be assigned to the few disruptive events that are 
expected to cause significant exposures if they occur. Event tree assessments 
will yield probability values P¡ for a number of exposure situations i due to 
various sequences of events. In each exposure situation a maximum annual 
dose, Hj, in time and space may be identified. The simplest approach would be 
to assess these maximum doses as if they occurred simultaneously in one and the 
same critical group. This will overestimate the probability of harm to any given 
person but will grossly simplify the assessment [6].

On the assumption that the maximum probability of harm committed in a 
year, given an exposure situation i, is a function of the maximum annual dose 
that would occur in that situation (H¡), the maximum value of the total proba
bility of harm, Rmax» that is committed for one year cannot exceed the direct 
summation of the maximum values for each exposure situation:
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FIG. 2. Criterion curve.

In the criteria of the Argentine authorities, the basic objective is to ensure 
that the maximum individual risk to a member of the public due to potential 
disruptive events in a repository does not exceed the risk due to ‘normal’ radio
active releases. The order of magnitude of the upper bound established by the 
authorities (0.1 mSv in a year) corresponds to a risk of lethahty of the order of 
10-6 in a year. Therefore, the proposed objective for the Argentine repository 
was stated as

where Rmax is the maximum value of the probability of lethality committed for 
one year.

Since the Argentine criterion is to require that several disruptive event 
sequences be considered (of the order of ten), then on the average their individual 
risk contribution should not exceed a value R¡ = 1СГ7 in a year.

Therefore, the ‘acceptable’ probability of occurrence of a sequence giving 
dose Hj is taken to be <10-7/10"2 Sv-1 Hj in the region of doses where only 
stochastic effects can occur. At higher dose values the ‘acceptable’ probability of 
occurrence is < 10_7/f(Hi), where f(Hj) is a non-linear function of dose which 
becomes one at high doses. The annual probability of disruptive sequences 
yielding non-stochastic lethal doses should therefore not exceed the order of 10-7.
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The procedure described above for applying individual dose limitation to 
probabilistic disruptive events has been expressed by the Argentine authorities 
in a ‘criterion curve’, shown in Fig. 2, which is similar to that used by the 
authorities as a probabilistic criterion for nuclear safety [12].

3. BASIC CRITERIA FOR DESIGNING THE REPOSITORY

The design of the Argentine repository shall not only comply with the basic 
radiological criteria described above but will obviously satisfy the needs of the 
Argentine nuclear programme. It is expected that by the end of this century the 
nuclear power plants will have generated about 100 GW a of electric energy 
during their operating period [13]. The wastes resulting from the reprocessing 
of spent fuel elements used for the generation of that energy will require approxi
mately 3000 containers of about 0.6 m diameter and 1.6 m height. Also, future 
expansions of the repository must be foreseen as the needs of the nuclear 
programme are expected to be increased [ 3].

The high activity wastes resulting from the reprocessing of irradiated fuel 
elements contain more than 99.9% of the whole activity produced in the fuel 
cycle. With the basic safety criteria and the time elapsed between the disposal 
of the waste and its arrival in the biosphere taken into account, the disposal 
problem may be divided into two steps. The first step encompasses the period 
during which the activity of the fission products is predominant, and lasts for the 
first 1000 years. After this, the individual risk is small and the scale of the 
problem is modified. However, there is still the problem of the long half-life 
radionuclides that will last for millions of years.

3.1. Normal scenario

The requirements related with the normal scenario set by the Argentine 
authorities are: (a) a dose upper bound of 0.1 mSv in a year as a maximum in a 
stylized critical group, (b) optimization of radiation protection, and (c) a total 
collective dose commitment of the same order as that resulting from the other 
steps in the fuel cycle.

To comply with the dose upper bound, the wastes will be kept isolated 
within the containers during the first 1000 years. They will be vitrified and placed 
within a stainless steel container covered with a lead layer approximately 10 cm 
thick. Preliminary assessments have shown that the Argentine repository would 
imply doses to a hypothetical critical group of the order of some microsieverts, 
due mainly to 237Np. Moreover, they would potentially be incurred some 10s years 
after the waste disposal [10].

The requirement to reduce the detriment to a value such that further 
reductions become less important than the additional efforts required to achieve
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such reductions will be met by means of engineered and geological barriers. 
Optimization techniques are to be applied to each step in the design process. 
Nevertheless, a rough cost-benefit optimization analysis which assigns 
US $ 10 000/man ■ Sv to a unit collective dose shows that an initial isolation period 
with engineered barriers of the order of 10 000 years should be necessary.

Such retardation will be attained by incorporating the wastes in a vitreous 
matrix of the borosilicate type (leach rate below 4 X 1(Г4 g em-2 • a-1) with a 
content of fission products and actinide oxides in the glass mass of 10 wt%. An 
additional engineered barrier will be formed with the final sealing of the 
repository holes using a buffer material providing great resistance to the arrival 
of water and to the migration of radionuclides. This will be attained with a 
mixture of sand and bentonite of high retention capacity.

Also, to reduce the global detriment, in addition to the engineered barriers 
the geological barriers of the site should retard the arrival of the radionuclides in 
the biosphere for a period of the order of 100000 years. To achieve such isolation, 
the containers will be placed within a stable geological formation with low 
hydraulic conductivity (<10-9 m/s) several hundred metres below ground level.
To guarantee the properties of the geological formation and of the buffer material, 
the maximum temperature in the rock was fixed at 60°C and, consequently, the 
thermal power of a single container and the thermal density at the repository level 
were limited to 500 W and to 5 W/m2, respectively. The aim of having the 
maximum rock temperature, 60°C, significantly lower than that established in 
other, similar projects, is to reduce the possibility of a significant increase of the 
hydraulic conductivity resulting from microfractures produced by thermal 
stresses and by rock decomposition.

Finally, to verify compliance with the requirement that the total collective 
dose commitment from the high level radioactive waste disposal should be of the 
same order as that resulting from the other steps in the fuel cycle, an assessment 
of the radiological impact of the repository was made [1, 10]. The collective dose 
commitment from the disposal of reprocessing waste of the Argentine programme 
was assessed to be 3.8 X 104 man-Sv and 2.6 X 104 man-Sv for delays in reaching 
the biosphere of 10s and 106 a, respectively. The collective dose commitment due 
to the operation of the nuclear plant that generates these wastes was assessed to 
be 4.8 X 104 man ■ Sv.

3.2. Disruptive events

The requirements related with disruptive events established by the Argentine 
authorities have been expressed with the criterion curve shown in Fig. 2. For 
validating the final design a full risk analysis will be performed. The authorities 
are aware that compliance with the criterion curve is a necessary but not 
necessarily sufficient condition to ensure the compliance of the repository with
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the criteria for disruptive events. Optimization should play a role in this case too. 
The authorities, however, have not yet fixed their position on this matter.

For the current stage of the project, the criterion adopted was to ensure that 
the selection of the site took into account that the probabilities of occurrence of 
both disruptive natural events and human intrusions would be sufficiently low as 
to ensure that the criterion curve could be respected and that any further reduction 
of risks could be performed practically. For site selection purposes, attention 
was given to excluding sites within seismic areas or in areas with present or 
potential mining interest.

4. SELECTION OF THE SITE

The safety criteria and basic design criteria related with the selection of the 
repository site could be summarized as follows:

(a) Normal scenario: deep, stable geological formation with low hydraulic 
conductivity;

(b) Disruptive events: areas with a sufficiently low probability of occurrence of 
disruptive natural events and human intrusion.

In view of the geological features of the Argentine territory, where no appro
priate salt domes have been found, the normal scenario requirement will be 
attained by disposing of the wastes in a stable granitic formation with low 
hydraulic conductivity. The disruptive events requirement will be met by 
avoiding areas within the seismic zone or with present or potential mining 
interest, and by placing the repository several hundred metres deep.

The selection of the site was scheduled in five steps:

( 1 ) Preliminary survey of granitic outcrops
(2) Preselection of granitic formations
(3) Selection of the most appropriate sites for detailed studies
(4) Detailed studies in a selected site
(5) Validation of the selected site.

The first step of the siting study was an analysis of all the granitic rock out
crops known in the country. Both petrographic and structural features in each of 
the outcrops were surveyed, together with the dimensions of the rock bodies, as 
well as characteristics liable to cause disruption, such as seismic and hydrogeo
logical features of the area; potential mining interest was also considered. Thus, 
200 granitic outcrops were identified all over the country [3, 14-16].

As a second step, a preselection of the identified formations was performed 
on the basis of the following criteria for rejection: (a) formations within seismic 
areas; (b) formations in areas with present or potential mining interest; (c) petro
graphic features of the rock denoting important alterations, such as advanced
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FIG. 3. Preselected formations in Argentina.

erosion or decomposition stages; (d) formations in areas with known unfavourable 
hydrogeological characteristics. As an additional criterion, certain unfavourable 
characteristics connected with the eventual construction and operation of the 
repository were taken into account. Such locations were those in highly populated 
or tourist areas or in areas that are costly to reach. As a result of this second 
step, seven formations were identified, in the south of Argentina, as those most 
adequate according to the established selection criteria [17]. They are located in 
the Provinces of Chubut and Rio Negro.

A third step, based on an in situ geological survey of the preselected granitic 
formations, led to the identification of four formations as those most appropriate 
for further, detailed studies: La Esperanza and Chasicó in Rio Negro, and 
Calcatapul and Sierra del Medio in Chubut [18, 19] (Fig. 3).

In the fourth step, detailed studies were performed at Sierra del Medio 
according to the following scheme: (a) photographic interpretation, (b) statistical 
analysis of alignments, (c) geological and geophysical surveys of the rock 
formation, (d) drilling down to 200 m, (e) geomorphological and hydrogeological 
analysis of the area, and (f) deep drilling down to 800 m [20-22]. On the basis 
of the analysis of alignments and of the geological and geophysical surveys, ten
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sites were located for the drilling of wells for petrographic and structural research 
work. These wells, with depths ranging between 200 and 280 m, were sunk to 
analyse, at depth, the borders of the selected area, as well as fractures, dykes and 
other abnormalities found in the surface. The results obtained were analysed by 
means of geostatistical techniques so as to identify the site with the least 
alterations in the formation [3 ]. Later, four holes were drilled down to 800 m 
to study the petrographic features of the rock and the potential behaviour of deep 
underground water [23].

5. OUTLOOK

The fifth step, validation of the selected site, is under way. A programme 
for in situ hydraulic conductivity measurements is being carried out to complete 
the information necessary to validate the site under the aforementioned safety 
criteria. Additionally, a validation of the models used for assessing the radio
logical impact of the projected repository is being performed and the degree of 
confidence of the results will be assessed.

The depth at which the repository will be installed will be determined on 
the basis of the results of an optimization study that takes into account several 
repository design alternatives.

The decision to apply blasting or drilling techniques in the construction of 
the repository and its access facilities will be made on the basis of estimates of 
the tensions expected to be induced during the construction, and of the costs 
involved.

The criterion curve used by the Argentine authorities to judge the accepta
bility of the safety analysis results is based on the limitation of individual risk. 
This criterion, however, fails to take into account the overall radiological impact 
expected from the repository. The national authorities are studying this matter 
and some supplementary safety criteria might be introduced in the future.
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Abstract-Résu mé

THE FRENCH APPROACH TO SURFACE STORAGE OF RADIOACTIVE WASTES.
The experience gained over more than 15 years has confirmed that surface storage in 

concrete structures is the most suitable option in France for the long term management of short 
lived low and intermediate level wastes. After the gradual development of storage techniques, 
a solution was selected which seems to be optimum in terms of safety and public acceptability 
on the one hand and cost on the other hand. The present operational and industrial system 
covers the whole waste disposal cycle from sorting and packaging carried out by the producers 
to final disposal, for which the National Radioactive Waste Management Agency (Andra) is 
responsible. The whole system is covered by a quality control organization which ensures 
that all the regulations issued by the supervisory authorities or by Andra are strictly observed. 
Studies made on the radiological impact of storage under normal conditions and in the event 
of an incident have enabled the safety authorities to draw up a specific set of regulations and 
a system of inspections adapted to this particular problem. The safety authorities consider the 
prevailing safety concepts and technical solutions to be satisfactory, and the programme for 
establishing two new surface storage centres, which was launched in 1984, was based thereon. 
This programme is progressing smoothly, sites are being selected, studies were made of five 
zones and at the end of 1985 one site was selected. The new centres are scheduled to become 
operational in 1990. Alongside the technical work, Andra has launched a large scale information 
programme aimed at the public, the press and local authorities and has started consultations 
with local elected representatives to prepare for the smoothest possible introduction of the 
project into the local economy, which will benefit from the very positive contribution of such 
a facility.

LE SYSTEME FRANÇAIS DE STOCKAGE EN SURFACE DES DECHETS RADIOACTIFS.
L’expérience acquise depuis plus de 15 ans a permis de confirmer que le stockage en 

surface, en ouvrages bétonnés, est l’option la mieux adaptée à la situation française pour la 
gestion à long terme des déchets de faible et moyenne activité à période courte. Après avoir 
fait évoluer progressivement les techniques de stockage, on a retenu une solution qui paraît 
optimale si l’on prend en considération: la sûreté et l’acceptabilité du public d’une part, l’éco
nomie d’autre part. Le système actuellement opérationnel et industriel couvre tout le cycle 
d’évacuation, depuis le tri et le conditionnement effectués par les producteurs, jusqu’au stockage 
final sous la responsabilité de l’Agence nationale pour la gestion des déchets radioactifs (Andra). 
L’ensemble de ce système est couvert par une organisation de contrôle de la qualité, qui permet 
de démontrer que toutes les règles édictées par les autorités de tutelle ou par l’Andra sont 
suivies rigoureusement. Les études faites sur l’impact radiologique du stockage, en situation 
normale et en cas d’incident, ont permis aux autorités de sûreté de mettre en place une
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réglementation spécifique et un système d’inspections adapté à ce problème particulier. Les 
concepts de sûreté et les options techniques actuellement en vigueur ont été jugés satisfaisants 
par les autorités de sûreté et ont servi de base au programme de création de deux nouveaux 
centres de stockage de surface qui a été lancé en 1984. Ce programme progresse normalement, 
la sélection des sites est en cours, les investigations se sont poursuivies sur cinq zones et, fin 
1985, un site a été choisi. La mise en service des nouveaux centres est prévue en 1990. 
Parallèlement aux travaux à caractère technique, l’Andra a lancé un large programme d’infor
mation du public, de la presse et des responsables locaux et a entrepris une concertation avec 
les élus locaux pour préparer l’insertion la plus aisée possible du projet dans l’économie locale 
qui va bénéficier de l’apport très positif d’une telle installation.

INTRODUCTION

En France, les pouvoirs publics portent une grande attention aux problèmes 
posés par la sécurité nucléaire et imposent des règles particulières tout en exerçant 
une surveillance rigoureuse. Une organisation spécifique a été mise en place à 
cet effet.

Le Ministère de l’industrie a la responsabilité de la sûreté des installations 
nucléaires. Au sein de ce ministère, un service spécialisé, le Service central de 
sûreté des installations nucléaires (SCSIN), est chargé d’élaborer et de faire 
appliquer la réglementation, d’autoriser la construction et l’exploitation des 
installations nucléaires et d’assurer le contrôle de ces installations et des activités 
qui s’y déroulent. Ceci s’applique à toutes les installations nucléaires, réacteurs, 
usines du cycle du combustible et centres de stockage des déchets.

Outre les règles générales concernant la protection de l’environnement et 
la protection vis-à-vis des rayonnements ionisants, il existe une réglementation 
spécifique aux installations' nucléaires, donc au stockage des déchets. Ce sont:
— des «règles fondamentales de sûreté» (RFS), qui définissent les objectifs de 

sûreté à atteindre et les principes à respecter lors de la conception des 
installations;

— des «prescriptions techniques», propres à chaque installation, qui définissent les 
règles à appliquer et les procédures à mettre en place pour exploiter l’installation; 
ces prescriptions définissent en particulier l’activité maximale qui peut être 
acceptée dans les colis et elles sont établies en prenant en compte les conclusions 
du rapport de sûreté de l’installation.

En ce qui concerne la gestion à long terme des déchets radioactifs, il a été 
décidé de créer une Agence nationale pour la gestion des déchets radioactifs 
(Andra), qui est chargée de la gestion à long terme des déchets, en particulier du 
stockage définitif. C’est un service public, qui est seul autorisé à exercer cette 
activité et qui s’occupe de toutes les catégories de déchets, qu’ils proviennent de 
gros ou petits producteurs, activités civiles ou militaires.
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Dans le domaine du stockage, l’Andra est chargée de concevoir, implanter, 
réaliser et exploiter les installations. Elle doit, en outre, s’assurer du respect des 
règles de qualité sur l’ensemble du cycle de gestion des déchets, y compris pour les 
opérations faites par les producteurs dans leurs installations, sous leur propre 
responsabilité.

Certains producteurs de déchets sont nationalisés et d’autres ont un statut 
d’entreprise privée avec la responsabilité du tri, du traitement et du condition
nement suivant des spécifications particulières établies par l’Andra dans le 
prolongement de la réglementation générale.

Les producteurs sont classés en trois catégories:
-  les gros producteurs: compagnie d’électricité (EDF), compagnie assurant le 

retraitement (Cogéma), Commissariat à l’énergie atomique, armée;
-  les moyens producteurs: environ une dizaine, essentiellement concernés par 

le cycle du combustible nucléaire;
-  les petits producteurs: hôpitaux, universités, petites sociétés de service 

(environ 250).
L’Andra est responsable du stockage définitif et de l’entreposage temporaire 

à long terme quand celui-ci est nécessaire (déchets de haute activité). Elle peut en 
outre fournir aux producteurs des services de conditionnement complémentaire 
des colis au moyen des installations centralisées qu’elle possède. Pour les petits 
producteurs, qui ne possèdent en général pas d’installations de traitement et qui 
n’ont pas d’expérience particulière, l’Andra propose un service complet qui 
comprend: collecte des déchets bruts à domicile, regroupement des colis, tri des 
déchets suivant les catégories, envoi pour traitement et conditionnement dans des 
installations spécialisées (incinérateurs, évaporateurs, etc.) et stockage définitif.

En ce qui concerne les transports vers les centres de stockage, les producteurs 
peuvent, soit les assurer eux-mêmes s’ils sont «exploitants nucléaires», soit 
demander à l’Andra de les prendre en charge pour leur compte. Dans les deux cas, 
l’Andra a un rôle de supervision. Elle assure la régulation des transports et leur 
suivi permanent. Elle s’assure du respect de la sûreté et de la qualité. Elle qualifie 
les transporteurs.

Si l’on ajoute à cela les actions relatives aux études de site, aux évaluations 
d’impact sur l’environnement, à l’information du public et à la gestion com
merciale, on constate que c’est un système complet de gestion des déchets 
radioactifs qui a été mis en place (Sigma).

Le financement des activités de l’Andra est assuré en totalité par les produc
teurs de déchets. Lorsqu’un centre de stockage est en activité et qu’il reçoit des 
déchets, le producteur paie pour chaque colis une redevance qui dépend du type 
de colis. Il existe une liste des prix qui est mise à jour tous les ans. Ce prix 
couvre l’amortissement des investissements, le coût d’exploitation de l’installation, 
les dépenses de fonctionnement de l’Andra, ainsi qu’une taxe prélevée par l’Etat 
pour financer les autorités de sûreté (SCSIN). Chaque année, un contrat com
mercial est signé entre le producteur et l’Andra.
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Pour les centres de stockage futurs, les producteurs préfinancent tous les 
travaux d’étude, de recherche de site et d’établissement d’avant-projets, propor
tionnellement aux quantités de déchets qu’ils auront chacun à y stocker. Lorsque 
les études sont terminées, que le site est choisi et qu’il y a l’autorisation de 
construire, l’Andra emprunte les sommes nécessaires à la construction. Le 
remboursement de ces emprunts, capital et intérêts, est ensuite inclus dans la 
tarification qui s’appliquera aux colis.

1. LE PROGRAMME FRANÇAIS DE STOCKAGE

Dans la deuxième partie des années 60, il est apparu nécessaire de mettre 
en oeuvre une solution pour le stockage définitif des déchets. Deux solutions 
étaient possibles: l’immersion en mer et le stockage à terre.

La France a participé aux premières campagnes expérimentales d’immersion 
dans l’Atlantique en 1967 et 1969, dans le cadre de l’OCDE, mais n’a jamais 
exploité industriellement cette possibilité.

A la même époque était créé à La Hague un centre de stockage en surface 
pour les déchets du CEA. Au début, compte tenu du faible volume des déchets 
et du faible niveau d’activité qu’ils contenaient, les déchets étaient enfouis dans 
de simples tranchées creusées dans un sol argileux. Progressivement, la technique 
a évolué pour tenir compte de l’évolution de la nature des déchets et pour s’adapter 
à la réglementation qui se mettait en place.

Le Centre de la Manche, dont la surface est de 120 000 m2, fonctionne depuis 
1969 et aura bientôt reçu 300 000 m3 de déchets. Compte tenu du rythme 
actuel des livraisons (30 000 m3/a) il sera complet au début des années 90. C’est 
la raison pour laquelle le gouvernement français a approuvé un programme national 
de gestion des déchets qui prévoit, en particulier, la mise en service d’un nouveau 
centre de stockage en 1990.

L’expérience acquise au Centre de la Manche sur la sûreté, la souplesse 
d’exploitation et le coût intéressant ont conduit à confirmer pour le nouveau 
centre l’option de stockage près de la surface, dans des ouvrages isolant les déchets 
de l’environnement.

Le programme de développement est en cours. Un inventaire national des 
sites potentiellement’ favorables a été effectué. Puis, quatre régions ont été 
sélectionnées du fait de la qualité des sites qu’on pouvait y trouver. Un pro
gramme complet de reconnaissances hydrogéologiques a été réalisé dans chacune 
de ces régions. A l’issue de ces travaux, qui ont permis de prospecter au total 
plus de 250 km2 entre la mi-84 et la mi-85, il a été possible de proposer, en 
septembre 1985, un site candidat, à environ 150 km à l’est de Paris. C’est le site 
de Soulaines.

Ce site est prévu pour une durée de fonctionnement d’au moins 30 ans.
La procédure de demande d’autorisation de construction sera lancée dans le
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premier semestre de 1986. La construction devrait commencer au début de 1988, 
et la mise en service interviendrait en 1990. Les options techniques concernant 
la réalisation et l’exploitation seront très voisines de celles retenues pour le Centre 
de la Manche. Cependant, après plus de 15 ans d’expérience d’exploitation, des 
perfectionnements seront apportés, principalement en ce qui concerne les condi
tions de travail du personnel. Dans ces conditions, les règles d’acceptation des 
déchets seront assez voisines de celles qui sont actuellement en vigueur au 
Centre de la Manche.

2. PRINCIPES DE GESTION APPLIQUES AU STOCKAGE

Le stockage en surface des déchets à vie courte est conçu et réalisé de 
manière à respecter les deux principes suivants:
— les déchets sont isolés de l’environnement pendant la «phase de décroissance» 
qui est la période pendant laquelle la radioactivité diminue naturellement jusqu’à
devenir négligeable;
— la durée de cette phase, pendant laquelle une surveillance humaine est 
nécessaire, doit être limitée dans le temps; en France, il a été décidé que les 
principes de construction et d’exploitation des centres de stockage de surface 
devaient être tels qu’elle ne dépasse pas 300 ans. La durée de la phase de sur
veillance pourra être réduite s’il apparaît que l’activité totale stockée à la fin de 
la période d’exploitation est inférieure à ce qui est autorisé.

Le premier principe impose qu’il n’y ait, en situation normale, aucun rejet 
délibéré de radioactivité dans l’environnement, c’est-à-dire que l’ensemble constitué 
par les colis et les ouvrages dans lesquels ils sont placés garantisse une sûreté 
intrinsèque. Pour cela, on réalise un système de protection préventif à l’aide de 
barrières ayant pour but de mettre les colis à l’abri des agressions qui pourraient 
les dégrader et de collecter les eaux qui auraient pu être au contact des colis.

Cependant, la protection convenable de l’environnement et des populations 
nécessite de s’assurer, en outre, qu’en situation accidentelle, même si la 
probabilité d’occurrence est faible, les conséquences restent acceptables. C’est 
dans ce cas qu’interviennent en particulier les caractéristiques du site, lequel va 
jouer le rôle de barrière curative supplémentaire.

Le second principe conduit, lui, à limiter l’activité maximale des déchets qui 
peuvent être reçus sur le centre de stockage, tant pour les radioéléments à vie 
courte que pour les radioéléments à vie longue, en particulier les radioéléments 
émetteurs alpha.

Ces limites sont déduites de l’étude d’impact radiologique sur l’environ
nement, qui doit accompagner la demande de création et de mise en service du 
centre de stockage.
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La sûreté du stockage découle donc du respect d’un certain nombre de 
règles concernant:
— la fabrication des colis de déchets,
— la réalisation des ouvrages de stockage,
— le choix du site de stockage et donc de son environnement.

Une fois le choix du site effectué suivant des règles bien précises, il faut 
mettre en oeuvre un système permanent garantissant la qualité des opérations 
effectuées sur les colis et les ouvrages pendant de très nombreuses années. C’est 
sur la rigueur de ce système de contrôle de la qualité que repose la sûreté du 
stockage.

3. LES DECHETS

Seuls les déchets de faible et moyenne activité, contenant principalement des 
radioéléments à vie courte, c’est-à-dire dont la période radioactive est inférieure 
à 30 ans, sont acceptables pour le stockage de surface.

Pour chaque centre de surface, il existe des règles strictes définissant la 
teneur maximale de chaque radioélément dans les colis. Par exemple, pour le 
Centre de la Manche, on peut citer les limites suivantes pour les radioéléments 
bêta-gamma les plus courants1 :

Cobalt 60: 1200 Ci/t
Strontium 90: 20 Ci/t
Césium 137: 130 Ci/t
La teneur en radioéléments à vie longue doit être extrêmement faible dès 

l’origine, de manière à ce que les risques à long terme, après le déclassement du 
centre de stockage, soient négligeables dans toutes les circonstances, quel que soit 
l’usage qui puisse être fait du terrain. Dans ce but, la teneur maximale en 
radioéléments émetteurs alpha doit être inférieure aux valeurs suivantes:
-  0,01 Ci/t en moyenne pour tous les colis stockés;
-  0,1 Ci/t pour un colis individuel.

Les colis doivent, en outre, satisfaire à l’ensemble de la procédure de garantie 
de la qualité que l’Andra a mise en oeuvre. En particulier, ils doivent respecter 
les spécifications établies par l’Andra et doivent avoir été agréés par elle avant 
d’être expédiés vers le centre de stockage.

Par colis, on entend l’ensemble constitué par le déchet traité, éventuellement 
mis dans une matrice d’enrobage, et le conteneur dans lequel il est placé. Dans un 
but d’optimisation de l’ensemble du cycle de gestion des déchets, on a cherché à 
réaliser un bon compromis entre deux tendances contradictoires: d’une part, un 
souci de normalisation pour faciliter l’exploitation des transports et du centre de

1 1 Ci = 37 GBq.
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FIG. 1. Livraisons de déchets au Centre de stockage de la Manche pour Vannée 1985 par type 
de colis de déchets (total: 81 600 colis).

Cycle amont 8  X Cycle amont 2X

Centrales nucléaires 78X

Divers 1П

FIG. 2. Livraisons de déchets au Centre de stockage de la Manche pour l’année 1985 par mode 
de transport des déchets (total: 24 X 106 t■ km).

stockage et, d’autre part, la volonté de laisser aux producteurs une certaine 
souplesse dans le choix des procédés de conditionnement et des colis.

On a donc environ 15 types d’emballages normalisés pour lesquels le coût 
de stockage est minimum. Mais les producteurs ont la liberté de choisir la 
méthode de conditionnement des déchets dans ces emballages normalisés, par 
exemple, enrobage dans du béton, du bitume, des résines, etc., sous réserve que 
le procédé ait été agréé par l’Andra. On peut ainsi compter une centaine de types 
de colis actuellement acceptés.
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Lorsque les déchets ne peuvent pas être placés dans des emballages normalisés, 
on procède à un examen particulier et le producteur paie un coût supplémentaire. 

Les déchets proviennent essentiellement:
— des centrales nucléaires qui produisent des déchets technologiques divers, des 
filtres à air, des filtres d’épuration du circuit d’eau primaire, des résines échangeuses 
d’ions, des concentrais d’évaporateurs;
-  des usines de retraitement du combustible qui produisent essentiellement des 
déchets technologiques acceptables pour le stockage de surface;
-  des centres de recherches nucléaires qui produisent les déchets les plus divers;
— des usines du cycle du combustible;
— des petits producteurs dont les déchets contiennent essentiellement des radio
éléments bêta a vie courte.

La majorité des déchets se retrouvent dans trois grandes catégories 
d’emballage:
-  les fûts métalliques de 200 ou 100 litres, qui représentent la plus grande partie 
des colis reçus (87%);
— les caissons métalliques standards, dont le volume est de 2,5-5 et 10 m3, qui 
représentent environ 1,5% des colis reçus;
-  des blocs de béton standard (2 m3), autosûrs, qui permettent de recevoir des 
déchets irradiants et dont l’activité est en général plus importante, de l’ordre de 
plusieurs curies par tonne (6%).

En 1985, le volume des déchets reçus a été de l’ordre de 30 000 m3, ce qui 
représente 80 000 colis (figures 1 et 2). Pour une centrale nucléaire de 900 MWe 
le volume de déchets est de 400 m3 représentant 800 colis.

4. LE CONTROLE DE LA QUALITE

C’est un élément essentiel pour garantir la sûreté de l’installation de stockage 
car il permet d’être certain que les options de sûreté sont bien respectées dans 
la pratique quotidienne. Il faut qu’il soit particulièrement bien organisé et 
rigoureux, du fait du nombre de colis qui sont gérés chaque année (80 000).
Il porte évidemment sur les trois composantes principales du système d’isolement: 
les colis de déchets, les ouvrages de stockage, la connaissance du site et le 
contrôle de l’environnement.

En ce qui concerne la construction des ouvrages, le site et le contrôle de ce 
dernier, il s’agit d’opérations d’études, de construction et de surveillance que 
l’on retrouve dans de nombreux domaines industriels et, en particulier, dans les 
installations nucléaires désormais classiques. Les procédures de qualité sont 
classiques.

Par contre, la gestion de la qualité des colis a conduit à mettre en place un 
outil de gestion particulièrement élaboré, qui doit répondre aux objectifs suivants:
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— les colis doivent respecter les spécifications édictées par l’Andra, à partir des 
règles générales établies par les autorités de sûreté; seuls les colis «acceptés» par 
l’Andra peuvent être transportés des installations des producteurs vers le centre de 
stockage;
-  un système de contrôle des opérations faites par les producteurs doit être mis 
en place pour s’en assurer;
— on doit connaître l’inventaire radioactif de chaque colis, c’est-à-dire l’activité 
de chaque radioélément présent;
— les transports doivent être régulés de manière à régulariser le nombre des colis 
qui arrivent chaque jour sur le centre de stockage;
-  lorsque des colis subissent des transformations après leur arrivée sur le Centre 
de la Manche, et par exemple sont compactés et placés dans des blocs en béton, 
les caractéristiques des nouveaux colis fabriqués doivent être connues et 
enregistrées;
— on doit enregistrer et conserver en mémoire l’emplacement où chaque colis est 
stocké définitivement;
-  le respect de certaines règles concernant l’activité maximale qui peut être 
acceptée sur le centre, par exemple l’activité alpha, impose de connaître l’activité 
stockée dans chaque ouvrage.

En outre, dès lors que l’on met en place un moyen important de gestion des 
colis, il est utile d’y ajouter:
-  le suivi et la gestion des «non-conformités», c’est-à-dire des anomalies qui sont 
constatées et qui doivent être traitées particulièrement;
-  la gestion financière, en l’occurrence la réalisation et l’envoi des factures aux 
producteurs, aussi bien pour le stockage que pour les transports;
— la planification, la régulation et le suivi permanent des transports.

Toutes ces opérations fond l’objet de procédures particulières, et le contrôle 
de l’Andra s’exerce à différents niveaux.

Chaque opération doit s’effectuer dans le cadre d’une organisation de la 
qualité, que le producteur de déchet d’un côté, et l’Andra d’un autre côté doivent 
mettre en place. Des audits réguliers, par des contrôleurs de l’Andra, sont organisés. 
Des inspections sont effectuées sur les lieux de production pour contrôler le bon 
déroulement des opérations. Enfin, l’Andra prélève, par échantillonnage, des colis 
livrés et fait un «super-contrôle» généralement destructif pour vérifier les carac
téristiques des colis reçus sur le centre de stockage.

Pour faciliter cette gestion, un outil informatisé a été mis en place progres
sivement. Dans sa version définitive à mi-86, il fonctionnera de la manière 
décrite ci-après.

Lorsqu’un producteur, qui sera relié directement à l’ordinateur central de 
l’Andra, aura fabriqué une série de colis, il les rentrera dans la banque de données 
centrale. A ce moment-là, l’ordinateur fera toutes les vérifications nécessaires 
pour s’assurer que les colis correspondent bien aux types acceptables et détermi
nera l’activité de chaque colis.
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En effet, lorsque les colis sont fabriqués par un procédé régulier, bien connu 
et répétitif, il arrive fréquemment qu’une mesure simple sur chaque colis, telle 
que le débit de dose en un point précis, permette de calculer l’inventaire complet 
des radioéléments contenus. Ceci suppose que toutes les caractéristiques du 
procédé soient connues, enregistrées dans l’ordinateur et contrôlées régulièrement.

Le producteur recevra immédiatement après un avis indiquant la liste des 
colis acceptables et de ceux qui posent un problème. Lorsque le nombre des colis 
sera suffisant pour organiser un transport, le producteur émettra un avis de 
transport vers l’ordinateur central, qui en informera l’organisme de suivi des 
transports ainsi que le centre de stockage.

Lorsque le transport arrivera au Centre de la Manche, après contrôle d’iden
tification des colis, ceux-ci seront pris en charge et ils entreront dans la banque 
de données centrale de l’Andra, appelée «inventaire colis». Une fois les colis 
stockés définitivement, l’indication de leur emplacement de stockage sera envoyée 
dans la banque de données pour constituer l’«inventaire ouvrage», qui permettra 
de connaître précisément ce qui est stocké dans chaque ouvrage: nature et 
origine des colis, radioactivité. Parallèlement à cela, l’ordinateur effectuera toutes 
les opérations de gestion, en particulier l’émission des factures.

Tout cet ensemble fonctionne actuellement, mais les producteurs de déchets 
et le Centre de la Manche ne sont pas encore reliés directement à l’ordinateur 
central. Ce sera fait à mi-86. En attendant, les informations sont transmises par 
télex et télécopie.

5. LA CREATION DU NOUVEAU CENTRE DE STOCKAGE

Le programme de création du nouveau centre est actuellement bien engagé. 
Les options techniques concernant le conditionnement complémentaire des colis, 
ainsi que celles du stockage définitif sont définies et on a l’expérience de leur 
mise en oeuvre.

Le site candidat a été sélectionné et répond aux critères de choix établis 
par les autorités de sûreté. Le rapport préliminaire de sûreté montre que les 
conséquences pour l’environnement sont tout à fait acceptables. Enfin, on a pu 
obtenir un consensus satisfaisant de la part des populations locales et de leurs élus.

Ce dernier point mérite un développement. En effet, il existe en France, 
comme dans d’autres pays, une certaine méfiance face à l’énergie nucléaire. Les 
craintes qui étaient importantes à l’origine vis-à-vis des centrales nucléaires se sont 
apaisées, mais les déchets nucléaires font encore peur.

Il a donc été nécessaire d’entreprendre une action de très grande envergure 
pour informer la population et les responsables locaux sur tous les sites où 
l’Andra avait à intervenir. Cette action a débuté avant que les premiers travaux 
de reconnaissance ne commencent sur le terrain, et s’est poursuivie d’une manière 
continue.
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Une antenne permanente d’information a été créée près du site, de nom
breuses réunions ont été organisées dans les communes concernées, des visites 
d’installations nucléaires et du Centre de la Manche ont été proposées aux élus et 
responsables socio-professionnels. Outre l’information normale de la presse, on 
a distribué des brochures d’information. Enfin, il a été créé une commission locale 
d’information composée d’élus locaux, de représentant professionnels et d’asso
ciations de défense de l’environnement.

Depuis que le site candidat a été annoncé, l’Andra publie un journal local 
d’information sur le déroulement du projet.

En mars 1986, on lancera la procédure de demande d’autorisation de créa
tion d’installation nucléaire de base. Cette procédure, qui dure environ 18 mois, 
comporte l’examen du dossier par les différents ministères concernés (environ
nement, transports, intérieur, santé, etc.), les représentants locaux des autorités 
de sûreté et un groupe d’experts techniques qui juge de la sûreté du projet.

En parallèle, une enquête publique est organisée pour recueillir tous les 
commentaires de la population sur le projet. Après cette première phase, et si 
les avis sont favorables, une commission spéciale, interministérielle, doit donner 
son accord sur le dossier avant que le décret de création ne soit signé par le 
Premier ministre. Ceci montre que le public est très impliqué dans la réalisation 
d’un tel projet et que son information a une importance considérable.
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Abstract-Résumé

A PRELIMINARY INVESTIGATION INTO THE POSSIBILITY OF BURIAL OF PACKAGED 
LOW LEVEL WASTES IN BELGIUM.

For 20 years Belgium has been regularly dumping its packaged low level wastes at sea in 
accordance with the London Convention on the Prevention of Marine Pollution. In view of 
the uncertainties since 1982 regarding the possibility of resuming and continuing this waste 
disposal technique, the National Organization of Radioactive Wastes and Fissile Materials 
(ONDRAF/NIRAS) decided, at the end of 1984, to investigate the possibility of burial of these 
wastes on Belgian territory. The objective of this study is to develop a method for evaluating 
the safety of the disposal concept. First, a scenario for the normal development of the disposal 
site was considered. Then, certain accident scenarios which could lead to substantial releases 
of radionuclides were envisaged. For each scenario a methodology for calculating the doses is 
proposed and the probability of such accidents occurring is estimated. Together with this study, 
a survey of potentially favourable zones for burial of the wastes in Belgium was begun. An 
initial selection has been made by eliminating a number of regions on the basis of exclusion 
factors. In the second stage, the zones which have not been excluded are evaluated in terms of 
the factors regarded as favourable for the installation of disposal facilities. Finally, on the basis 
of this list of favourable zones, a number of potential sites may be proposed for further 
study. In this context decisions are to be taken by the national authorities towards the end 
of 1986 on the choice of sites selected for more detailed investigation with a view to final burial 
operations.

ETUDE PRELIMINAIRE SUR LES POSSIBILITES D’ENFOUISSEMENT TERRESTRE DE 
DECHETS CONDITIONNES DE FAIBLE RADIOACTIVITE EN BELGIQUE.

Durant 20 ans, la Belgique a procédé régulièrement au rejet en mer de ses déchets con
ditionnés de faible radioactivité dans le respect de la Convention de Londres sur la prévention 
de la pollution des mers. Compte tenu des incertitudes régnant depuis 1982 sur les possibilités 
de reprendre et de poursuivre cette technique d’évacuation, l’Organisme national des déchets 
radioactifs et des matières fissiles (ONDRAF/NIRAS) a décidé fin 1984 d’entreprendre une 
étude sur les possibilités d’enfouissement terrestre de ces déchets sur le territoire national.
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L’objectif de l’étude entreprise est le développement d’une méthodologie d’évaluation de 
la sûreté du concept d’évacuation. Dans un premier temps, un scénario d’évolution normale du 
site d’évacuation a été pris en considération. Par la suite, certains scénarios accidentels pouvant 
entraîner un relâchement de radionucléides plus important ont été imaginés. Pour chaque 
scénario, une méthodologie de calcul des doses est proposée, ainsi qu’une estimation de la pro
babilité liée à l’occurrence de ces accidents. En parallèle à cette étude a été entamé un recen
sement des zones potentiellement favorables pour l’enfouissement des déchets concernés sur 
le territoire national. Une première sélection a été faite en éliminant un certain nombre de 
régions sur la base de facteurs d’exclusion. Dans une seconde phase de travail, les zones non 
exclues sont évaluées vis-à-vis de facteurs considérés comme favorables pour l’implantation 
d’installations d’évacuation. Enfin, sur la base de cet inventaire des zones favorables, un 
certain nombre de sites potentiels pourront être proposés pour une étude plus approfondie. 
C’est vers la fin de 1986 que des décisions devront être prises par les autorités nationales dans 
le cadre de cette sélection, sur le choix des sites retenus pour des investigations plus poussées en 
vue d’opérations d’enfouissement définitif.

1. INTRODUCTION

Jusqu’en 1982, la Belgique a procédé, dans le cadre de la Convention de 
Londres, sous le contrôle de l’Agence pour l’énergie nucléaire de l’OCDE et dans le 
respect des normes édictées par ГА1ЕА, au rejet en haute mer de ses déchets 
nucléaires conditionnés faiblement actifs.

Ainsi, entre 1960 et 1982, près de 30 000 tonnes de ce type de déchets ont 
été évacués de la sorte (tableau I), conduisant à des rejets de radioactivité en milieu 
marin correspondant à moins de 1% des normes actuellement en vigueur [1].

A partir de 1982, ce mode de rejet a été interrompu et les déchets concernés 
ont été stockés temporairement en entreposage de surface (tableau II).

Compte tenu des incertitudes qui se font jour quant à la reprise future du 
rejet en mer, l’ONDRAF/NIRAS a lancé une étude préliminaire sur les possibilités 
alternatives que constitue l’évacuation terrestre des déchets nucléaires faiblement 
actifs [2].

Celle-ci ne fera pas appel à l’enfouissement en formation géologique profonde, 
réservé aux déchets plus actifs et de longue période, mais à un enfouissement à 
faible profondeur ou sur la surface du sol, solution mieux adaptée sur le plan 
économique aux déchets faiblement actifs dont les volumes sont importants.

L’étude, réalisée avec l’aide du Centre d’étude de l’énergie nucléaire (CEN/ 
SCK) de Mol, s’articule autour de quatres thèmes principaux:

-  l’identification, la description et la comparaison des concepts possibles 
d’enfouissement;

-  l’élaboration d’une méthodologie générale d’évaluation de la sûreté et des 
performances d’un système d’enfouissement à faible profondeur;
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TABLEAU I. RELEVE DES QUANTITES DE DECHETS CONDITIONNES 
REJETES EN MER PAR LA BELGIQUE DANS LE CADRE DE LA 
CONVENTION DE LONDRES SOUS LE CONTROLE DE L’AEN ENTRE 
1967 ET 1982

Année Quantité 

(en tonnes)8

Activité (Ci)b

Alpha Bêta-gamma Tritium 246 Ra

1967 600 190

1969 600 10 475

1971 1 768 19 650 1 793

1972 1 112 1 30 1 900

1973 2 296 22 80 1 687

1975 2 002 38 228 3 025

1976 1 243 73 633 1 400
1978 3 671 255 1 271 3 051
1979 872 32 161 941 0,1
1980 3 512 59.8 16 000 7 151 1,8
1981 4 450 70.6 8 988 238 53,2

1982 5 100 90 6 418 89 62

TOTAL 27 226

a Emballages inclus. 
b 1 Ci = 37 GBq.

— l’application de cette méthodologie à un site spécifique aux caractéristiques 
bien connues (en l’occurrence le site nucléaire de Mol-Dessel) en faisant le choix 
d’un ou plusieurs concepts pour les installations d’enfouissement;

— la recherche et la sélection sur le territoire belge de sites présentant des 
caractéristiques favorables à l’implantation d’une installation d’enfouissement.

2. IDENTIFICATION, DESCRIPTION ET COMPARAISON DES 
CONCEPTS POSSIBLES D’ENFOUISSEMENT

Ce thème a été traité en faisant largement appel aux solutions retenues à 
l’étranger [3] pour les mêmes problèmes et en adaptant ces solutions aux conditions 
locales qui sont avant tout de nature hydrogéologique. Plusieurs concepts de base 
ont été retenus.
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( b )

FIG. 1. Installation d ’enfouissement de déchets en surface sous tumulus: a) type monolithe; 
b) type caveau.

2.1. Les différents concepts d’enfouissement retenus

Trois concepts de base ont été envisagés:
— l’installation de type monolithe/caveau sous tumulus,
— l’installation de type monolithe/caveau enterré,
— l’installation de type galerie aveugle.

Chacun de ces concepts est analysé en fonction des différentes barrières 
ouvragées qu’il renferme et en tenant compte de la nature des terrains dans lesquels 
les installations seront implantées [4]. Les aspects économiques n’ont pas servi à 
ce stade comme éléments de jugement.

2.1.1. Installation de type monolithe-caveau sous tumulus

Cette configuration, représentée à la figure 1, est comparable à celle utilisée 
au Centre de la Manche en France. Elle est établie au-dessus du niveau de la nappe 
phréatique et le tumulus qui la recouvre favorise le drainage mais apporte un 
changement permanent à la configuration initiale du sol.
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FIG. 2. Installation d'enfouissement à faible profondeur de type caveau.

FIG. 3. Installation d'enfouissement à faible profondeur de type galerie aveugle à flanc de 
coteau.

2.1.2. Installation de type monolithe-caveau enterré

Cette configuration, représentée à la figure 2, est enfouie sous le niveau de 
la nappe phréatique et ne permet pas le drainage, elle fait donc appel à de meilleures 
qualités d’étanchéité des revêtements externes du monolithe-caveau. Cette 
solution a l’avantage de laisser la morphologie initiale du sol inchangée.
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2.1.3. Installation de type galerie aveugle à flanc de coteau

Cette configuration (figure 3) est adaptée aux régions à relief vallonné. Elle 
conduit le plus souvent à un enfouissement en dessous du niveau de la nappe 
phréatique mais autorise néanmoins le drainage vers un exutoire situé en contrebas. 
Elle laisse la morphologie de la surface initiale inchangée et peut s’établir à une 
profondeur assez grande en dessous du niveau du sol.

2.1.4. Les différents types de barrières

Chacune des configurations d’enfouissement précédemment décrites met en 
jeu un certain nombre de barrières qui isolent les radionucléides de l’environ
nement. Ces barrières sont de type préventif ou curatif.

A) Barrières préventives: ce sont les barrières qui sont mises en place dans le but 
d’éviter la pénétration de l’eau dans l’installation d’enfouissement comme la 
végétation de surface, le sol d’origine, les'couches imperméables rapportées, les 
parois de l’installation (caveau), les matériaux de remplissage entre les colis de 
déchets (monolithe).

B) Barrières curatives: ce sont les barrières destinées à minimiser l’impact 
radiologique de l’eau qui, malgré les barrières préventives, se serait infiltrée 
jusqu’aux déchets et qui, après lixiviation partielle ou totale de ceux-ci, se disperse 
à l’extérieur de l’installation.

3. METHODOLOGIE GENERAL D’EVALUATION DE LA SURETE
ET DES PERFORMANCES DE L’ENFOUISSEMENT
A FAIBLE PROFONDEUR

Cette phase de l’étude est destinée à fournir un outil pour l’estimation des 
risques liés à l’enfouissement terrestre en surface compte tenu des caractéristiques 
naturelles du site et des barrières artificielles. Dans ce but, deux types de 
scénarios d’évolution de l’installation d’enfouissement et de son site hôte ont été 
envisagés: des scénarios d’évolution dite «normale» et des scénarios accidentels [5].

Pour chacun de ces scénarios les conséquences du point de vue des doses 
pour les individus critiques et des risques pour les groupes de population voisine 
du site ont été analysées.

3.1. Scénarios d’évolution normale

Cette partie de l’étude s’attache à définir, décrire et analyser les phénomènes 
naturels de types non accidentels (probabilité =1) susceptibles de donner lieu à
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FIG. 4. Activité s'échappant du site d ’enfouissement en fonction du temps relativement à 
l’activité totale initialement enfouie (en Bq-a-1/Bq).

une dispersion dans l’environnement des radionucléides contenus dans les déchets, 
ainsi que des différentes voies que ceux-ci empruntent pour atteindre l’homme et 
l’exposer.

Ces phénomènes sont de nature diverse et englobent le vieillissement normal 
des structures construites, le transport en milieu aquifère, la dispersion de l’acti
vité dans la biosphère et enfin les processus finaux qui conduisent à l’exposition 
de l’être humain.

3.1.1. Evolution des installations d’enfouissement

Les phénomènes de vieillissement et de détérioration des structures 
artificielles par altération ou corrosion ont été évalués. Pour chacune des barrières 
(barrières préventives, emballages des déchets, matériaux de conditionnement 
et barrières curatives), des lois ont été établies, permettant d’évaluer les fractions 
d’activité s’échappant de l’installation au cours du temps.

Une telle loi est représentée à la figure 4 où l’activité s’échappant du site 
d’enfouissement est donnée en fonction du temps pour le césium 137 et le 
strontium 90 relativement à l’activité totale de ces deux nucléides initialement 
enfouie.

3.1.2. Transport des nucléides en terrain aquifère

Dans un tel scénario d’évolution normale, le seul vecteur de transport à 
considérer est l’eau des formations aquifères entourant l’installation.
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FIG. 5. Equivalents de dose effectifs cumulés en fonction du temps relativement à ¡‘activité 
totale initialement enfouie (en Sv/Bq).

Un modèle général de transport en aquifère a été établi permettant d’évaluer 
les processus de transport vers les cours d’eau ou les puits de captage et les 
fractions d’activité délivrées dans chacun des cas.

3.1.3. Dispersion de l’activité dans la biosphère

Les méthodes d’évaluation classique ont été reprises pour calculer, en fonc
tion des points qui précèdent, les fractions d’activité présentes dans l’eau potable, 
la nourriture, l’air inhalé sur les surfaces irriguées et dans les sédiments des cours 
d’eau. Il est à noter cependant que, par rapport aux études classiques de l’impact 
sur l’environnement des rejets de routine des installations nucléaires, deux points 
importants ont été pris en compte:
— le terme-source n’est plus constant dans le temps;
— l’ordre de grandeur des durées est'beaucoup plus grand.

3.1.4. Calcul des doses à l‘homme

L’ensemble des processus précédemment décrits conduit à la détermination 
des doses à l’homme tant collectives qu’individuelles et des risques correspondants. 
Pour ce faire, il est tenu compte des quantités d’aliments ingérées, des quantités 
d’air inhalées, des durées d’exposition externes de l’homme et des facteurs de 
dose par unité d’activité ingérée ou inhalée ou par unité de concentration des 
sources d’irradiations externes.

La figure 5 donne par exemple les équivalents de doses effectives cumulés 
pour le césium 137 et le strontium 90 en fonction du temps et relativement à 
l’activité totale de ces deux nucléides initialement enfouie.
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3.2. Scénarios accidentels

Cette partie de l’étude s’attache à définir les événements fortuits qui peuvent 
se produire sur le site d’enfouissement en phase post-opérationnelle et à évaluer 
les risques radiologiques maximum qui en découlent.

Par «risque radiologique», on entend le produit de la probabilité de survenue 
de l’accident par la conséquence radiologique de celui-ci (les doses absorbées et 
les effets de celles-ci sur la santé humaine).

On obtient des valeurs de risques collectifs annuels correspondant à un type 
d’accident en multipliant la probabilité de survenue de l’accident considéré, par 
l’équivalent de dose engagé par année d’exposition et par le facteur de .risque de 
cette dose.

On peut également calculer les valeurs des doses individuelles et les risques 
correspondants.

Deux types d’accidents ont été considérés: l’intrusion humaine dans l’instal
lation d’enfouissement et le phénomène de type catastrophique naturel ou 
provoqué.

3.2.1. Scénarios d’intrusion humaine

Trois types de scénarios conduisant à des risques d’exposition accrus ont 
été analysés:
-  l’intrusion directe par construction,
-  l’usage de l’eau ayant transité par le site,
-  la résidence sur le site.
Dans chaque cas les équivalents de doses, tant internes qu’externes, absorbées par 
les personnes exposées ont été évalués ainsi que les risques correspondants.

3.2.1.1. Intrusion directe par construction

Ce mode d’intrusion conduit à des durées d’exposition limitées dans le temps 
pour les personnes qui ont participé à la construction.

Les cas d’une route et d’un canal passant à travers le site d’enfouissement 
ont été considérés ainsi que celui de la construction d’une maison sur le site.

Pour chacun de ces cas il a été supposé que les travaux de terrassement 
étaient suffisamment importants pour conduire au remaniement d’une certaine 
proportion des déchets enfouis.

3.2.1.2. Usage de l’eau ayant transité par le site

Sous ce mode d’intrusion ont été regroupés tous les scénarios conduisant à 
une libération plus importante de l’activité vers la biosphère par l’intermédiaire de
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l’eau. En particulier les cas du canal et du puits de captage traversant l’installation 
d’enfouissement ont été évalués.

3.2.1.3. Résidence sur le site d’enfouissement

Il s’agit ici du cas où des personnes sont appelées à résider de façon per
manente dans des habitations construites sur le site d’enfouissement.

Ce cas, tout comme le précédent, a pour conséquences des expositions plus 
prolongées que dans le scénario d’intrusion directe.

3.2.2. Scénarios de type catastrophique

Certains événements de type catastrophique ont été considérés avec une 
probabilité de survenue non négligeable. Ce sont:

— les tremblements de terre à caractère destructeur entraînant la détérioration 
plus ou moins importante de certaines barrières curatives ou préventives,

— les inondations,
— les chutes d’avion.

Dans tous les cas, le risque accru d’exposition des personnes est causé par la dis
persion de l’eau ayant transité par les installations d’enfouissement endommagées 
ou par les produits d’alimentation au sens large ayant été contaminés par cette 
eau.

Dans le dernier cas, les risques d’exposition dus à la dispersion atmosphérique 
et par incendie (de certains conditionnements de type bitumineux par exemple) 
ont été pris en compte.

4. APPLICATION DE LA METHODOLOGIE D’EVALUATION A UN 
SITE SPECIFIQUE

Le but de ce thème de l’étude est de valider la méthodologie par application 
à un site suffisamment bien connu et de l’améliorer par analyse de l’importance 
des différents paramètres mis enjeu.

4.1. Application de la méthodologie d’évaluation au site nucléaire de 
Mol-Dessel

La zone nucléaire de Mol-Dessel dans le nord-est de la Belgique a fait l’objet 
ces dernières années de campagnes intensives d’acquisition de données dans le 
domaine de la géologie et de l’hydrogéologie dans le cadre du programme de 
R&D sur l’enfouissement profond des déchets de haute et moyenne activité en 
formation argileuse.
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La bonne connaissance de certaines caractéristiques du site sera mise à profit 
pour tester la méthodologie d’évaluation précédemment décrite.

Dans ce but, il conviendra d’attribuer des valeurs bien définies aux para
mètres figurant dans la méthodologie. En particulier les paramètres suivants 
devront être précisés:

— caractéristiques des déchets à enfouir et des structures construites (terme- 
source);

— caractéristiques physiques du site et de l’acquifère (sous-sol et nappe 
phréatique), caractéristiques chimiques de l’eau du sous-sol;

— caractéristiques locales de la biosphère: agriculture, couverture végétale, 
irrigation, pêche, élevage, population, sources d’approvisionnement alimentaire 
et paramètres pour les calculs de doses correspondantes;

— probabilité de survenue des différents événements considérés dans les 
scénarios accidentels.

4.2. Raffinement et amélioration de la méthodologie d’évaluation

Suite à l’application de la méthodologie à un ou plusieurs cas concrets, il sera 
possible de procéder à une analyse de sensibilité pour certains paramètres 
envisagés dont on sait que la détermination sur le terrain est assez délicate.

Ce faisant, il peut apparaître que certaines voies de transfert des nucléides 
conduisent à des doses négligeables par rapport à d’autres qui devront mobiliser 
alors toute l’attention.

5. INVENTAIRE DES SITES FAVORABLES A L’ENFOUISSEMENT 
TERRESTRE DE FAIBLE PROFONDEUR SUR LE TERRITOIRE 
BELGE

Le dernier thème de l’étude en cours a trait à la recherche et à la sélection 
des sites potentiels pour l’enfouissement à faible profondeur ou en surface des 
déchets faiblement radioactifs sur le territoire belge.

Dans un premier temps, il a été procédé à un inventaire quantitatif précis 
des déchets concernés, afin de voir quelles étaient les emprises au sol à prévoir 
pour ce mode d’évacuation.

Dans un deuxième temps, les travaux de sélection ont été entamés sur la 
base d’une série de facteurs de choix généraux.

5.1. Inventaire des quantités de déchets concernés et emprise au sol 
correspondante

Avec ses 5500 MWe installés, la Belgique fait largement appel au nucléaire 
pour la production d’électricité (50 à 60% du total de l’énergie électrique produite).



IAEA-SM-289/5 71

D’autre part, comme tout pays développé, la Belgique a recours à l’utilisation des 
radioisotopes dans de nombreux domaines. L’ensemble de ces activités conduit 
à des quantités importantes de déchets faiblement actifs. Le tableau II donne les 
volumes de ces déchets à l’état conditionné en fonction de leurs diverses pro
venances. En tenant compte des quantités qui n’ont pas fait l’objet du rejet 
en mer à partir de 1982 et en évaluant les quantités qui seront produites jusqu’en 
2015, on voit que l’évacuation de surface concernera un volume global de 
150 000 m3, y compris les volumes de déchets provenant du démantèlement des 
installations de production.

Pour fixer les idées, un tel volume représente, en tenant compte d’un rapport 
volume de déchets sur volume de matériaux de remplissage égal à 0,5, un paralléli- 
pipède de 2 m de hauteur et de 15 hectares de surface de base (500 m X 300 m).

On voit ainsi que tout site d’une superficie dé l’ordre du kilomètre carré 
serait largement suffisant pour subvenir aux besoins de l’enfouissement des 
déchets de diverses origines du tableau II, compte tenu des voies carossables et 
des installations techniques que l’on serait amené à implanter sur site.

5.2. Inventaire des sites potentiels

Cet inventaire constitue, dans sa phase préliminaire tout ou moins, un travail 
purement bibliographique reposant sur la documentation publiée par les services 
nationaux ou régionaux compétents ou par les universités et instituts de recherche.

Les investigations complémentaires sur le terrain n’interviendront que dans 
une phase ultérieure en vue de la validation de sites sélectionnés.

5.2.1. Position du problème et but de l'inventaire

La Belgique est un petit pays de 30 500 km2 sur lequel vivent environ 
dix millions de personnes; ceci conduit à une des densités de population les plus 
élevées du monde (320 hab/km2). De ce fait, une partie non négligeable du 
territoire national est recouverte de zones urbaines denses reliées par des voies de 
communication nombreuses. Près de 60% du territoire est plat et de faible altitude 
et recouvert de sédiments détritiques secondaires, tertiaires et quaternaires.
Les 40% restants sont constitués de formations calcaires ou péütiques paléozoïques 
dans la partie élevée du pays.

Le but de l’inventaire actuellement entrepris est de sélectionner un certain 
nombre de sites (cinq à dix) susceptibles de convenir pour l’évacuation terrestre 
et de les proposer aux autorités qui prendront la décision de ne retenir finalement 
qu’un ou deux, voire trois sites en vue de travaux de qualification sur terrain.

L’agrément par les autorités d’un site déterminé entraînera sa réservation 
pendant des périodes de temps pouvant atteindre jusqu’à 300 ans après l’achè
vement de la phase opérationnelle d’enfouissement. Au terme de cette période



72 MANFROY et al.

le site pourra être banalisé, c’est-à-dire restitué à son environnement initial sans 
réservation ni surveillance quelconque, le niveau d’activité des déchets ayant 
atteint alors un ordre de grandeur compatible avec les normes de radioprotection.

5.2.2. Les différentes étapes dans l’élaboration de l’inventaire

La sélection finale des sites potentiels d’enfouissement requiert l’identification 
préalable d’étapes intermédiaires ayant chacune pour but de restreindre le champ 
d’investigation par l’application successive de facteurs de sélection de plus en 
plus spécifiques.

Une première étape, actuellement en cours de réalisation, a pour objectif 
une première sélection des zones globalement favorables. A l’intérieur de ces zones, 
des entités géographiques de plus en plus restreintes (sous-zones et super-sites) 
seront ultérieurement délimitées dans le courant de cette année. Chacun des 
super-sites englobera un ou plusieurs sites potentiels proprement dits qui seront 
proposés aux autorités.

Les différentes étendues considérées depuis la zone globalement favorable 
jusqu’aux sites potentiels peuvent être définies de la manière suivante:

© Zones

Régions présentant les qualités indispensables de nature très générale, 
nécessaires mais pas forcément suffisantes, à l’établissement d’un ou plusieurs 
sites d’enfouissement. L’ordre de grandeur de la superficie de ces zones est 
le millier de kilomètres carrés (carré d’environ 30 km de côté). Seuls des facteurs 
de sélection fort généraux peuvent conduire à l’identification de ces zones.

© Sous-zones

Entités géographiques appartenant aux zones favorables sélectionnées par 
prise en considération de facteurs de choix de nature plus spécifique. L’ordre de 
grandeur de la superficie de ces sous-zones est la centaine de kilomètres carrés 
(carré de 10 km de côté).

о Super-sites

Etendues localisées de territoire faisant partie de sous-zones et groupant 
tous les facteurs nécessaires et suffisants à leur prise en considération. L’ordre de 
grandeur de la superficie d’un super-site est la dizaine de kilomètres carrés 
(carré de 3 km de côté).
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• Sites

Lieux ou étendues restreints à l’intérieur des super-sites dans les limites 
exclusives desquels l’enfouissement des déchets pourrait être envisagé. L’ordre 
de grandeur maximum de la superficie considérée est le kilomètre carré. Plusieurs 
sites peuvent appartenir à un super-site.

L’identification et la sélection des zones et des sous-zones favorables se fait 
par application à l’ensemble du territoire belge d’un certain nombre de facteurs 
éliminatoires utilisés consécutivement de manière à ne plus laisser subsister que 
certaines portions dans lesquelles l’identification des super-sites se fera sur la base 
de facteurs de choix plus spécifiques.

5.2.3. Sélection des zones et des sous-zones favorables

Pour la sélection des zones favorables, plusieurs facteurs éliminatoires de 
nature générale sont utilisés.

A l’intérieur de ces zones favorables, la prise en considération de facteurs 
plus spécifiques constituant des conditions nécessaires de sélection permettent 
d’identifier des sous-zones.

L’ensemble de ces facteurs de choix tant pour les zones que pour les sous- 
zones ont été empruntés aux études similaires déjà réalisées à l’étranger.

5.2.3.1. Zones favorables

La série suivante de facteurs éliminatoires a été appliquée.
1) Est sélectionnée toute zone pouvant être caractérisée, modélisée, analysée 
et surveillée.

La considération de ce facteur entraîne l’élimination des zones où affleurent 
des formations perméables en grand (formations karstiques ou autres formations 
rocheuses hétérogènes fissurées) ou des zonçs en dessous desquelles des formations 
de ce type sont séparées de la surface par des couches perméables.
2) Est sélectionnée toute zone pour laquelle les prévisions de développement 
humain ne sont pas de nature à affecter dans le futur l’adéquation des sites 
d’enfouissement qui s’y trouvent.

Dès lors, il est raisonnable d’éliminer les régions urbaines, les régions indus
trielles et les voies de communications reliant ces régions.
3) Est sélectionnée toute zone dont les ressources naturelles actuelles ou pré
visibles ne sont pas de nature, si elles sont exploitées, à compromettre l’intégrité 
des installations d’enfouissement.

L’application de ce facteur conduit à éliminer un certain nombre de régions, 
en particulier toutes celles où existent des dégâts miniers dus à l’exploitation 
charbonnière ou à d’autres types d’exploitation qui peuvent entraîner des modifi
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cations dans la morphologie de surface de nature à causer des changements dans 
le régime hydraulique local.
4) Est sélectionnée toute zone dont le drainage est satisfaisant, qui n’est pas 
soumise aux dangers d’inondation naturelle ou artificielle ou qui ne peut être 
transformée en marécage permanent.

Sur cette base sont éliminées, dans la tranche d’altitudes inférieures à 5 m, 
les zones à polders, les zones d’embouchure et les plaines littorales. Dans les 
tranches d’altitudes supérieures sont éliminées les vallées inondables et les plaines 
alluviales.
5) Est sélectionnée toute zone dont l’air de drainage amont est suffisamment 
restreinte pour minimiser les risques d’érosion par ruissellement.

Toute région à relief escarpé et à versants instables devra donc être écartée 
au bénéfice des régions à relief modéré.
6) Est sélectionnée toute zone tectoniquement ou sismiquement non active. 

Cette condition entraîne l’élimination d’un certain nombre de régions actives
sismiquement. Par exemple, celles pour lesquelles l’intensité des tremblements de 
terre égale ou dépasse sept dans l’échelle de Mercali.

5.2.3.2. Sous-zones favorables

A l’intérieur des zones précédemment sélectionnées, l’application des facteurs 
spécifiques suivants permet de dégager certaines sous-zones favorables:

-  présence de couches géologiques affleurantes adéquates: argiles homogènes ou 
sables homogènes sur argile;

-  compatibilité des sols avec l’un des concepts d’installation d’enfouissement 
précédemment décrits;

-  absence de décret d’utilité publique ou de réservation (réserve naturelle, parc, 
zone protégée, etc.).

5.2.4. Sélection des super-sites

La sélection des super-sites à l’intérieur des sous-zones retenues se fera 
principalement sur la base de la disponibilité et de l’appartenance des terrains 
disponibles.

Sont considérés comme favorables les terrains appartenant à l’Etat, aux 
provinces ou aux communes ou ceux appartenant à des communautés d’intérêt et 
servant de refuge spéculatif. 6

6. CONCLUSIONS

Les différents thèmes de l’étude entreprise par la Belgique sur le problème de 
l’enfouissement terrestre des déchets nucléaires faiblement actifs comme solution
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alternative au rejet en mer, aborde les questions les plus importantes soulevées 
par ce type d’évacuation.

L’inventaire des sites potentiels actuellement en cours devrait permettre, à 
la fin de la présente année, de proposer aux autorités un certain nombre d’endroits 
dont les caractéristiques sont jugées objectivement favorables. Parmi ces sites, un 
choix définitif devra être fait sur la base de recherches complémentaires à effectuer 
sur terrain.

La superficie du site retenu ou des sites réservés ne dépassera pas le kilo
mètre carré et sera suffisante pour assurer une évacuation de tous les déchets 
faiblement actifs de diverses natures qui seront produits dans les trente années à 
venir y compris les déchets de démantèlement des installations de production.

La méthodologie d’évaluation de la sûreté et des performances à long terme 
actuellement en cours d’élaboration sera testée et validée sur le site de Mol-Dessel 
dont on possède des données exhaustives dans le domaine de la géologie et de 
Phydrogéologie.

Cette méthodologie, appliquée aux sites potentiels sélectionnés dans l’inven
taire constituera un outil complémentaire pour la sélection finale d’un site 
d’évacuation et pour l’adaptation de l’installation d’enfouissement au site 
sélectionné.
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Abstract

IMPLEMENTATION OF THE FEDERAL REPUBLIC OF GERMANY’S STRATEGY OF 
RADIOACTIVE WASTE DISPOSAL.

Control of radioactive materials is a prime factor in the design and operation of the 
nuclear power programme and the plants which handle and process the spent fuel in the 
Federal Republic of Germany. Since the early days of nuclear energy, deep underground 
disposal of properly conditioned waste in a suitable geological host rock formation has been 
considered the most attractive disposal method in the country. A thorough assessment has 
shown that, prevailing circumstances being taken into account, salt domes have the greatest 
potential among several alternatives. An additional possibüity for the disposal of wastes that 
are not heat generating is presented by the disused Konrad iron ore mine because of its 
favourable site specific characteristics with regard to geology and hydrology. The current policy 
within the Federal Republic of Germany is that high level wastes should be converted into 
glass as soon as possible and the vitrified material disposed of irretrievably in a salt repository. 
All other wastes have also to be managed in such a way that high standards of conditioning 
are maintained and that potential hazards originating from their disposal are reduced so that 
radiation levels are as low as reasonably achievable, well below admissible levels. The present 
state of scientific understanding and technical capability in the Federal Republic of Germany 
provides a common and quantifiable basis for decision making. The disposal concepts in use 
are matured to such a degree that the safe disposal of all types of radioactive waste can be 
assured. There is a high degree of confidence in the ability to design and operate geological 
repositories. This is mainly based on extensive conceptual and pilot studies, in situ tests 
and safety assessments. Meaningful estimates of hazards from disposed wastes must take
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into account the different types of barrier which isolate the wastes from the biosphere. The 
principles and criteria on which a decision or judgement may be based for waste disposal 
are presented.

1. INTRODUCTION

Radioactive materials that are no longer useful become wastes that must 
be isolated from the human environment by disposal in such a way that no 
harmful concentrations of radionuclides can re-enter the biosphere. In the 
Federal Republic of Germany such waste materials arise from four main sources, 
as illustrated in Fig. 1.

By far the most important producers of. radioactive wastes are nuclear power 
plants and their supporting fuel cycle facilities, in particular reprocessing plants. 
Nuclear power plants in the Federal Republic of Germany are privately owned 
and operated. Consequently, the electricity utilities are obliged to take responsibility 
for interim storage and reprocessing of spent fuel elements. The Government and 
Federal authorities have laid down in a special order that nuclear power plants 
will only be licensed if sufficient evidence of interim storage and secure waste 
disposal options is presented. All costs of the back end of the nuclear fuel cycle, 
including waste disposal, have to be paid by the waste producers and added to 
the cost of electricity generated in nuclear power stations. Nuclear waste manage
ment, comprising the reprocessing and interim storage of spent fuel, recychng 
of fissile material and waste conditioning, has to be taken care of by private 
industry. The private reprocessing company DWK (Deutsche Gesellschaft für 
Wiederaufarbeitung von Kernbrennstoffen, Hannover), jointly owned by 
12 utilities, performs this task.

Compared with nuclear power and reprocessing plants, only very small 
amounts of waste come from research establishments, industrial enterprises and 
medical applications. Under Federal German law, all Federal states have 
set up central collection facilities (Landessammelstellen) to deal with wastes 
generated by these three sources. The wastes are collected and temporarily 
stored, and also processed if necessary, until their transport to the repository.
The operational costs are covered on a non-profit basis by a user’s fee per waste 
package delivered.

The responsibility for disposal of all types of radioactive waste stays with 
the Federal Government. The Atomic Energy Act [ 1 ] appointed the Physikalisch- 
Technische Bundesanstalt (PTB) in Braunschweig as the Federal agency 
responsible for waste disposal on behalf of the Government. Thus, the PTB 
is charged with the organization, construction and operation of the repositories 
for radioactive wastes. A private company, called the DBE (Deutsche Gesellschaft 
zum Bau und Betrieb von Endlagern für Abfallstoffe), located in Peine, was 
founded for constructing and operating the different repositories on behalf 
of the PTB.
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FIG. 1. Generation o f radioactive wastes.

2. DISPOSAL OPTIONS

The basic safety goal of waste disposal is to protect man and his environ
ment from undue exposure today and in the future. To achieve this goal, 
different approaches may be used in the short and the long term. Of the two 
principal ways for disposing of radioactive waste, namely ‘dilute and disperse’ 
and ‘concentrate and contain’, only the latter is pursued in the Federal Republic 
of Germany. Release limits for nuclear facilities are generally regulated in the 
Radiation Protection Ordinance [2] according to the so-called 30 mrem/a 
principle (0.3 mSv/a for whole body exposure), and are set individually for each 
installation by the competent licensing authorities.

Of the four disposal options used or investigated worldwide, i.e. sea dumping, 
sea-bed disposal, shallow land burial and deep underground disposal, only the 
last option is considered for application in the Federal Republic of Germany.
Deep underground disposal means placing a waste repository in a stable geological 
formation at an appropriate depth of several hundred metres, so that any risk 
due to accidental human intervention or to natural disturbance would be reduced 
to a negligible level. The only conceivable route by which radionuclides of the
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waste disposed of in the repository could return to man is through transportation 
by migrating groundwater which eventually reaches the surface and enters the 
food chain.

If a geological host formation is chosen in which water movement is nil 
(as in rock salt) or extremely small and whose overlying and surrounding 
geological layers are aquitards and exhibit a strong adsorptive capacity for 
radionuclides, it is possible to delay for extremely long times the emergence of 
potentially dissolved radionuclides into the biosphere. Radioactive decay and 
dispersion further reduce the concentration at which they could arrive at the 
surface after travelling hundreds to thousands of metres.

3. SAFETY CRITERIA

In 1983 the Federal Minister of the Interior issued “Safety Criteria for 
the Disposal of Radioactive Wastes in a Mine”, which are based upon a recom
mendation by the Reactor Safety Commission (RSK) [3]. They cover all 
relevant aspects of disposal techniques and safety in a general manner. Necessary 
details will be established during the licensing process (Planfeststellungsverfahren). 
Two features are of importance since they require particular attention:

-  The formulation of waste acceptance criteria for different repositories
— The elaboration of product control measures (quality assurance).

The contents of the safety criteria document are as follows:

1. Introduction
2. Protective objectives
3. Measures to achieve the protective objectives
3.1. Site selection
3.2. Multiple-barrier concept
3.3. State of the art technology
4. Site requirements
4.1. Topographic conditions
4.2. Population density
4.3. Natural resources
4.4. Repository formation, overburden and host rock
4.5. Tectonics
4.6. Hydrogeological conditions
5. Prerequisites for construction and operation of a repository
5.1. Compliance with design data
5.2. Safety analyses
6. Site exploration
6.1. Surface exploration



IAEA-SM-289/6 81

6.2. Subsurface exploration
7. Construction and operation
7.1. Shafts
7.2. Subsurface openings and opening systems
7.3. Ventilation
7.4. Operational monitoring
8. Wastes
9. Decommissioning
10.1. Surveillance of the environment
10.2. Documentation and marking.

All derived criteria for any specific waste repository must always be put 
into perspective:

— Which are the waste characteristics?
— Which period is of interest?
— Which disposal alternatives exist with respect to the available geological 

formations?

It does not make much sense if one models a release scenario separately 
for a special waste category disposed of in a repository. It must be borne in 
mind that although radionuclide concentration forms the primary basis for the 
classification of radioactive wastes, consideration must also be given to the 
total volume and to the total radioactivity of wastes to be disposed of at a single 
site. These factors may be important, for example, if very restrictive limits are 
proposed for long lived alpha emitters in waste packages.

The concept employed in the Federal Republic of Germany for disposing 
of waste in deep underground repositories does not require a commitment 
concerning a fixed conservative upper exclusion limit for the content of long 
lived alpha emitters in any waste form, such as the widely discussed value of 
10 nCi/g (370 Bq/g). However, criticality prevention considerations must be 
observed, as well as results derived from a safety assessment.

4. MULTIPLE-BARRIER PRINCIPLE

The strategy adopted by the Federal Republic of Germany in isolating 
nuclear waste is to impose a series of barriers between the radioactive material 
and the biosphere, as illustrated in Fig. 2. For a safety assessment the whole 
system of barriers must be considered. The great advantage of this multibarrier 
•system is that as long as the total objective of safety can be met, a less good per
formance of one barrier can be compensated by the better performance of others.

It is very probable that any one of the barriers 2, 3 and 4 in Fig. 2, if 
appropriately chosen, could by itself provide the necessary waste isolation,



82 MERZ et al.

штл Product Form шят S a f e t y  B a r r i e r  N o .  1

C a l c i n e

B o r o s i U c a t e  G l o s s  

C e r a m i c s

C o n t a i n e r  S a f e t y  B a r r i e r  N o . 2

S i n g l e  W a l l

C o r r o s i o n  R e s i s t a n t  L i n e r  

D o u b l e  W a ll

—  Backfill Material S a f e t y  B a r r i e r  N o .3

S o l u t i o n  P e r c o l a t i o n  A v o i d a n c e  

S o r p t i v e  C o p a c i t y  

P r e c i p i t a t i v e  A b i l i t y  A d d i t i v e

------------R e p o s i t o r y -------------- A l t e r n a t i v e

C o n f i n e m e n t

I s o l a t i o n  f r o m  W a t e r  P a t h

Geology S a f e t y  B a r r i e r  N o . i

G r o u n d w a t e r  F l o w  R e s t r i c t i o n  

R o d i o n u c i i d e  R e t a r d a t i o n  

R a d i o n u c l i d e  I m m o b i l i z a t i o n

FIG. 2. Multibarrier principle for radioactive waste disposal in a geological repository.

irrespective of the quality of the waste form. Thus, the main function of the 
waste form within the Federal German disposal concept is to contain and safely 
isolate the radioactive materials during handling and transportation until they 
are properly emplaced in the geological repository. However, it is commonly 
understood in the Federal Republic of Germany that the waste form should be 
made as chemically resistant as is reasonable to provide maximum possible 
protection within an acceptable cost range.

Container integrity under normal and accident conditions must be 
guaranteed during the operational period of a repository, which means of the 
order of 50 years at the most.

5. PERFORMANCE OBJECTIVES

5.1. Operation of repository

Protection against possible human intervention during the operational 
period of a repository is guaranteed by administrative control. After shut
down and decommissioning, protection will be provided essentially by the 
depth of the repository and the choice of the host rock.
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Accident analysis for the operating phase of a waste repository is a 
requirement of licensing. The available design data of the repository itself and 
the waste package specifications have been used in investigations which have 
shown that an underground repository can be built and operated in such a way 
that accidents during the operating phase can be prevented with a sufficient degree 
of reliability, or that their consequences can be tolerated.

Water or brine inflow through the mine shaft during operation of the 
repository can be excluded with certainty by preventive technical design and 
construction. This statement is based upon engineering judgement.

5.2. Containment requirements

The disposal system shall be designed to provide a reasonable expectation 
that under normal conditions releases of radionuclides to the accessible environ
ment will never occur. It is generally agreed that the only natural pathway by 
which radionuclides could be released from a repository is through transport by 
migrating groundwater.

The repository concepts used in the Federal Republic of Germany assume a 
very low probability of the existence of a water pathway by virtue of the prevailing 
geological circumstances of the selected sites. However, no numerical standard 
probability for the event has been officially assigned, nor is one necessary.

On the other hand, the safety concept requires that even in the very unlikely 
event of transport of radionuclides via a water pathway, individual dose rates are 
not allowed to exceed the limiting value of 30 mrem/a (0.3 mSv/a) at any 
time [3]. It is assumed that the outlined barrier system guarantees no leakage 
at all during the first 1000 years.

No mandatory number has been fixed for the groundwater travel time. 
However, a value of greater than 1000 years until groundwater reaches the 
accessible environment is assumed in the safety analyses based on actual measure
ments. In addition, no official values have been announced which have to be 
met for potentially mobilized radionuclides. Their acceptable maximum values 
are determined indirectly from the results of the safety analysis and the protection 
goals involved.

5.3. Retrievability of waste

A question of international concern is whether or not retrievability of 
disposed waste canisters from a geological repository is a prerequisite. In the 
Federal Republic of Germany no retrievability beyond the operation time of 
the repository is required. Retrievability ends after the particular emplacement 
gallery has been filled with waste, backfilled and sealed with a closing dam.

It is common opinion in the Federal Republic of Germany that intentional 
retrievability in a salt repository may turn out to be counter-productive in the
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light of overall safety because, owing to the pronounced plastic creep of rock 
salt and the elevated temperatures, a waste canister deposited in a borehole will 
be completely encapsulated by the surrounding salt after only a few months.

5.4. Surveillance of repository

To assure adequate response in the very unlikely event of a release of radio
active material during the operational period of a repository, it will be necessary 
to provide for a systematic programme of monitoring. Active institutional control 
measures should be applied.

After closure of a deep underground repository, surveillance may be 
continued for some time to make sure that there are no deviations from expected 
behaviour. Soon after closure, monitoring should be restricted to ordinary 
environmental protection requirements since assurance of the health and safety 
of the pubhc should not depend on particular surveillance measures.

No final decision has been made on whether permanent markers placed at a 
deep underground disposal site are necessary after total closure. Knowledge of 
the location, design and contents of a disposal system is commonly preserved in 
pubhc records and authority archives. Passive institutional control measures 
may be sufficient.

5.5. Period of concern

The period for which the wastes are a potential radiotoxic hazard greatly 
affects the way in which they have to be contained. It has been suggested that 
natural uranium deposits be used as a reference [4]. Thus, a period of approximately 
10 000 years has been recommended. Although the selection of a time frame is 
largely arbitrary, the adoption of this value is a scientifically acceptable regulatory 
approach. This period is likely to be free of major geological changes, such as 
renewed glaciation, tectonic movements or volcanism, and with proper site 
selection the risk arising from such changes is negligible. Of course, potentially 
released radionuclides will not stop moving after 10 000 years. However, the 
residual radioactivity will be low and decay further to negligible levels.

There is no proven scientific basis for calculations of doses for periods 
beyond about 10 000 years. The degree of confidence in model calculations of 
impacts much further in the future is far lower. No detailed model calculations 
regarding releases after 10 000 years are recommended, but calculations should 
be made using ‘best estimates’ for the sake of improving public acceptance.

5.6. Safety assessment

An important task in making waste management regulations is to determine 
the critical performance characteristics for the various barriers of the whole
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system in a systematic overall analysis. Safety analysis and safety assessment 
depend largely, among other things, upon the scenarios for the possible transport 
of radioactivity to the environment, the capability of modelling such transport 
mechanisms and the available database to support the modelling.

The identification of scenarios, the probability of their occurrence and the 
estimation of the consequences are the decisive part of any safety evaluation.
A deterministic or probabilistic approach may therefore be applied [5]. Today, 
most experts in the Federal Republic of Germany agree that a probabilistic risk 
analysis is not feasible for a meaningful long term safety assessment of a geo
logical waste repository. Conceivable risks are taken into account during the 
judgement on safety matters in the licensing procedure.

Predictive safety assessment methodologies have been developed in many 
countries. In the Federal Republic of Germany, base case scenarios, in which no 
disruptive event is assumed to occur, have been defined for all potential disposal 
sites. On the basis of these scenarios, a deterministic approach has been used 
to evaluate the corresponding consequences. Details of this approach may be 
found elsewhere [6].

6. STATUS OF WASTE REPOSITORIES

A number of practical disposal options exist for all types of radioactive 
waste in the Federal Republic of Germany; an overview of potential repositories 
is given below. Details are presented in several other papers at this Symposium.

Underground laboratory salt mine, Asse

-  Location: Remlingen, State of Lower Saxony.
-  R&D establishment for the development and testing of disposal techniques.
-  In operation since 1965; various disposal techniques for LLW and MLW 

were demonstrated during 1967-1978.
-  Borehole disposal experiments for HLW and MLW containers are in 

preparation with retrievable emplacement of waste. There are experimental 
programmes on mining geology, hydrology, rock mechanical issues, heat 
transfer, geothermal behaviour, near and far field phenomena and back
filling and sealing, as well as investigations on radiation stability, brine 
migration tests and radionuclide migration investigations.

Underground waste repositories 

Konrad iron ore mine

-  Location: Salzgitter, State of Lower Saxony.
-  Foreseen for disposal of wastes with negligible thermal impact on the host 

rock, and for decommissioning wastes.
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-  Licensing procedure in progress; licence for construction and operation 
expected for 1988; start of operation planned for 1990.

Gorleben salt dome

-  Location: Gorleben, State of Lower Saxony.
-  Suitable for all kinds of solidified waste.
-  Survey from surface, mainly by drilling, is finished; results indicate promise 

of suitability as a repository site; sinking of exploration shaft is under way; 
results from exploration by mining methods will be available in 1992.

-  Installation of repository, 1995-1999; start of disposal expected in 1999.

Additional activities in the Federal Republic o f  Germany

-  Participation in the Swiss Grimsel project on disposal in granite formations
-  Reconnaissance of potential granitic host rocks in the Federal Republic 

of Germany.
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Abstract

EXPERIENCE FROM DEVELOPING AND LICENSING AN UNDERGROUND REPOSITORY 
FOR LOW AND INTERMEDIATE LEVEL RADIOACTIVE WASTES.

In the German Democratic Republic an abandoned salt mine was selected and 
reconstructed to serve as a central repository for low and intermediate level wastes from 
nuclear power plants and radioisotope production and application from all over the country.
The decision to establish such a repository was based on safety and technical-economic 
studies performed in the 1960s. The repository is owned by the main waste producer, the 
nuclear plant utility. It was designed, constructed and commissioned during 1972-1978.
The licensing steps included a site licence (1972), a construction licence (1974), a commissioning 
licence and a continuous operation licence (1979). The paper reviews the overall choice of the 
disposal option, the responsibilities in radioactive waste management, the licensing and 
surveillance activities, the methods for transport and disposal, and the waste acceptance criteria 
established for the repository. 1

1. INTRODUCTION

Beginning with the industrial utilization of nuclear power in the German 
Democratic Republic (GDR) in the 1960s and the ensuing recognition of the 
properties and increasing amounts of radioactive wastes generated, studies have 
been made which analysed the various possibilities of solving the problems 
related to the management of these wastes. These studies were initiated by the 
National Board for Atomic Safety and Radiation Protection (Staatliches Amt 
für Atomsicherheit und Strahlenschutz, hereinafter referred to as the SAAS) 
and carried out in collaboration with the nuclear power plant utility, research 
institutes and other competent authorities [ 1 ]. They were based on the general

87
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requirements governing the protection of human health and the environment as 
laid down in the constitution of the GDR, the Atomic Energy Act, the Radiation 
Protection Ordinance and the Law on the Planned Development of Socialist 
Culture of Land in the GDR.

As the supply of nuclear fuel for nuclear power plants and the redelivery 
of the spent fuel have been fixed by long term agreements and contracts with 
the Soviet Union [2], the task to be solved first in the field of radioactive waste 
management consisted in establishing the prerequisites for a long lasting solution 
for disposal of the low and intermediate level radioactive wastes that arise from 
the operation of nuclear power plants and the use of radionuclides in industry, 
medicine and science all over the country.

2. THE SYSTEM SOLUTION FOR CENTRAL COLLECTION AND 
DISPOSAL OF RADIOACTIVE WASTE

Within the studies mentioned above various methods for a centralized 
disposal system or for on-site disposal of radioactive waste have been investigated 
technologically and economically as well as from the safety point of view, 
including disposal on-site at shallow depth and disposal in rock cavities and deep 
underground [3-7].

Emphasis was placed on considerations concerning the suitability of using 
salt deposits [5-8]. For reasons of radiation and environmental protection, 
disposal deep underground was considered especially advantageous for a small 
country like the GDR, with a high population density and intensive use of land, 
groundwater and surface water.

The results of the preliminary investigations allowed the formulation of the 
following fundamental criteria and goals for further decisions:

— A repository should be established whose capacity allows a long term 
solution for the centralized disposal of radioactive waste from all nuclear 
facilities as well as from users and producers of radionuclides in the GDR.

— The geological environment of the repository should guarantee the isolation 
of the radionuclides from the biosphere over the long periods required.

The goal to set up a central repository in a deep geological formation 
entails the establishment of a technological system for the transport of the 
waste from the place of origin to the disposal cavities which meets the conditions 
of both the waste producer and the repository. For the transport system the 
following general requirements can easily be drawn up:

— The shipment of low and intermediate level radioactive wastes should be 
carried out by using existing public means of transport (rail, road).
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-  The packaging (in primary containers) of the waste should be such as to 
allow the use of commercial large containers of the Gat type.

-  The advantage of having a highly safe geological barrier may be exploited 
by not making the packaging and conditioning of the waste part of the 
barrier system for ensuring long term safety; for example, primary containers 
are only needed for handling and transport and thus can be reused.

From the point of view of disposal in an underground repository the 
following requirements are obvious:

-  The maximum size of a single waste container will be determined by the 
capacity and dimensions of the mine shaft.

-  Waste acceptance criteria, e.g. for the categorization and conditioning of 
waste, and the methods of waste emplacement and storage in the disposal 
cavities must be such as to prevent the disposal of radioactive contamination 
and, in particular, the contamination of the mine ventilation air.

In the case of an abandoned mine the waste emplaced in the cavities can 
serve at the same time the function of contributing towards stabilizing the mine.

From the above mentioned requirements the close and long range 
connections between the conditions at the facilities of the waste producers (the 
waste ‘suppliers’) and the conditions for waste treatment, conditioning, transport 
and disposal become quite evident. An optimized economic solution of these 
complex tasks led to the decision that the transport container system, based on 
reusable containers, be affiliated to the repository, and that a uniform regulatory 
framework be established by the Government authorities covering waste 
classification and acceptance criteria, the rights and responsibilities of the waste 
‘suppliers’ and the operator of the repository, and the fundamentals regulating 
the conclusion of contracts between the partners.

3. RESPONSIBILITIES FOR RADIOACTIVE WASTE MANAGEMENT

On the basis of the findings of the systematic studies described above it was 
decided in 1970 to reuse an abandoned rock salt mine and to develop it as a 
repository of the GDR for low and intermediate level wastes. According to the 
principle that ‘the polluter pays’, the nuclear power plant utility -  the main waste 
producer -  was entrusted with the task to reconstruct and operate the mine and 
implement the system for central collection of radioactive waste.

The control functions, e.g. the licensing, surveillance, inspection and 
assessment of the activities of the implementing organization in the stages of 
preparation, construction and operation, are exercised in the GDR by various
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specialized regulatory bodies: the SAAS, the Mining Board, the National Board 
for Technical Supervision, the Department of Fire Fighting, the National Board 
for Building Supervision, and the local control bodies of the district council 
responsible for environmental, water and health protection and hygiene. The 
trade unions exercise their rights of control through their Inspectorate for 
Labour Protection.

The organization responsible for all activities involved in preparing, 
implementing and operating the repository and central system for collection of 
low and intermediate level wastes is the owner of nuclear power plants in the 
GDR, the utility Volkseigenes Kombinat Kernkraftwerke ‘Bruno Leuschner’ in 
Greifswald. Waste treatment facilities are generally built as an integral part of 
the plant at the nuclear power plant site. The integration of the repository into 
the local territory is controlled by the relevant district council.

4. TECHNOLOGY AND EQUIPMENT FOR TRANSPORT AND DISPOSAL

With the conditions described above taken into account, a technological 
system for transporting, loading and unloading the wastes has been developed 
which is based on reusable primary containers and secondary containers in the 
form of ISO large containers [9]. Depending upon their type and size, the 
primary containers may be loaded in various numbers into one large container. 
The large containers are handled and shipped as ‘private containers’ in the rail 
transport system of the Deutsche Reichsbahn of the GDR. These large 
containers meet the conditions of a ‘full load’ (exclusive use) in the IAEA 
Regulations for the Safe Transport of Radioactive Materials [10]. The waste 
producers have to establish the physical connections required for loading and 
filling the primary containers. In the repository there are corresponding 
facilities for unloading and emptying the primary containers, depending upon 
the types of waste and container.

The elements of the technological chain are characterized as follows. The 
large containers are of the Gat type [11] and comply with the International 
Convention on Safe Containers of 2 December 1972, which is legally binding in 
the GDR. Primary containers have been designed for the transport of solid and 
liquid wastes as well as for 200 L drums and radiation sources. Compliance 
with the limits of external radiation stated in the Regulations for the Safe 
Transport of Radioactive Materials is assured by different payloads and shielding 
thicknesses of the primary containers. The outer dimension of the container for 
solid radioactive waste is kept constant, whereas the shielding required is 
accomplished by reducing the inner diameter. Figure 1 shows some types of 
primary container.

To take the waste containers at the repository, a bridge crane has been 
installed which is partially surrounded by a container hall, as shown in Fig. 2.
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FIG. 1. Primary containers for low and intermediate level radioactive wastes.

In the container hall the arriving shipments are checked for compliance with 
the declarations in the transport documents by sight, weight and radiation 
monitoring, and the primary containers are unloaded from the large containers 
on to the in-plant means of transport. The part of the bridge crane facility 
outside the container hall serves as an open air store for large containers not 
in use.

In-plant transport of the primary containers is carried out by means of 
low frame, heavy duty trailers which take the waste from the container hall 
down the shaft to the emptying stations and disposal places.

Liquid waste received in primary containers is transferred by pressurized 
air into interim storage tanks in an emptying station and is then solidified in 
situ in the disposal cavity by using lignite filter ash as binding agent.

The primary containers with the solid, unpackaged or unconditioned waste 
or the solid waste packed in drums are transported by crane truck to the 
emptying facility. This facility is installed in the drift above the disposal cavity
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FIG. 2. Surface facilities o f the repository.

and allows the emplacement of the waste directly into the cavity, which is 
isolated from other parts of the mine (Fig. 3). The emplacement station ensures 
permanent containment of the disposal cavity in compliance with radiation 
protection requirements.

Two-hundred-litre drums containing low level solid or solidified waste are 
also piled in disposal chambers using a standard procedure, as shown in Fig. 4. 
The drums are delivered on the low frame, heavy duty trailers, taken up by 
fork-lift truck and piled in three or four layers.

5. CONDITIONS FOR WASTE ACCEPTANCE BY THE REPOSITORY

Along with the establishment of the system for central collection, transport 
and disposal of radioactive waste, a uniform regulatory framework has been set 
up to ensure its effective functioning. In brief it consists of the following 
regulations.
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FIG. 3. Station for the emplacement o f solid waste.

(a) The new Atomic Energy Act of the GDR [12] considers waste disposal an 
integral part of using nuclear energy and defines central plants for the 
disposal of radioactive waste as nuclear facilities. It requires in particular 
that “radioactive waste shall be deposited in such a manner that the 
protection of human life and health and the environment is guaranteed at 
any time.”

(b) The Ordinance on the Central Collection and Disposal of Radioactive 
Waste [13] directs that in the course of planning, preparing and 
implementing investments for nuclear facilities, measures have to be taken 
into account that are necessary for collecting, treating and storing the 
waste and delivering it for central collection. The same Ordinance defines
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FIG. 4. Piling o f200 L drums.

also the information concerning radioactive waste management which is to 
be submitted in applying for the radiation protection licence for a particular 
nuclear facility; part of the information should be the demonstration of 
compliance with the waste acceptance conditions of the repository.

(c) The Ordinance on the General Service Conditions for Central Collection 
and Disposal of Radioactive Waste [14] defines the commercial aspects, 
such as the content and conclusion of contracts, the conditions for waste 
acceptance by the repository and the detailed classification of wastes for 
that purpose.

For technical reasons it was necessary to divide the generally used 
categories ‘low, intermediate and high level’ wastes for the purpose of transport
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TABLE I. CLASSIFICATION OF RADIOACTIVE WASTE FOR THE PURPOSE 
OF CENTRAL COLLECTION AND DISPOSAL

Radiation Solid, A1 Liquid, A2 Sealed Special
protection

(mSv/h)a’b
sources, A3 wastes, A4

group (GBq/m3)b (GBq)

s i < 2 < 4 < 0.2

S2 <  10 < 4 0 < 2
To be

S3 <  100
To be

< 2 0 conditioned 
into A1 by

S4 <500 solidified <200 waste

S5 <  1000
prior to 

shipment <  106c producer

S6 > 1000d >  106d

a Dose rate at 0.1 m from unshielded waste. 
b Alpha content is 0.4 GBq/m3 or less.

Note: Techniques of collection and disposal are in operation for all categories except: 
c technique under preparation; and d technique not needed at present.

and disposal into four main types according to their physical and chemical 
characteristics (Categories A1-A4: solid wastes, liquids, disused sealed radiation 
sources and ‘special’ wastes) and, in addition, into six ‘radiation protection groups’ 
(S1-S6) according to the needs for shielding and limiting the radioactive content 
of a package [15]. Table I surveys this classification system. In the case of solid 
and liquid wastes the radiation protection groups S1 and S2 correspond to the 
category low level waste which, at the same time, can be classified as ‘radioactive 
material of low specific activity II (LSAII)’according to the IAEA transport 
regulations [ 10] and shipped in commercially available industrial packages 
without shielding under the conditions of a ‘full load’. Wastes of the radiation 
protection groups S3-S6 are intermediate level waste, requiring shielding. For 
sealed radiation sources of groups S1-S4 packages of ‘type A’ are used.

To fix the practical conditions and interactions during collection, transport, 
storage and disposal, a special standard, Central Collection of Radioactive Waste 
(TGL 190-921), has been issued [16]. The general structure and content of this 
standard are summarized in Table II.
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TABLE II. STRUCTURE AND CONTENT OF SPECIAL STANDARD 
TGL 190-921/01-05 [16]

Schedule of /01 /02 /03 /04 /05
standard Terms and general Solid Liquid Liquid Sealed

requirements waste waste waste sources
A1/S1.S2 A2/S1 A2/S2 A3/S1-S4

0 ) Kinds of collection (1) Requirements concerning the form and
service: properties of the waste (permitted
— service by road composition, unpermitted components,

vehicles of repository type of packaging, maximum weight per
-  ISO large container package/container)

service by rail 
-  delivery by customer (2) Technical conditions for connecting 

technical means of collection (pumps,
(2) Example of a protocol of lifting devices, traffic connections) with

delivery/acceptance customer

(3) Packaging, container (3) Tasks in handing/taking over the waste in

(4) Example of transport 
documentation:
-  loading
— emergency

relation to the waste type (controls, 
operation of facilities, decontamination, 
transport documents)

instructions
-  approvals/signatures

6. LICENSING AND SURVEILLANCE OF THE REPOSITORY

Since a central repository for radioactive waste has been defined as being 
a nuclear facility, the licensing procedure has to follow the requirements of the 
Nuclear Facility Licence Ordinance [17].

The licensing steps involved and the licences issued by the SAAS during 
1972-1979 were:

-  Site licence (1972)
— Construction licence (1974)
-  Commissioning licence (issued separately for various technological steps)
— Continuous operation licence (1979, renewed 1986).

Involved in the licensing process were the various regulatory bodies mentioned 
in Section 3, through either the SAAS or the implementing organization. One 
principal prerequisite for the granting of licences by the SAAS was the approval 
of the Mining Board for the safe operation of the mine.
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For safety assessments the accumulated radioactivity and types of waste 
arising from present and planned nuclear facilities for disposal in the territory 
of the GDR, i.e. only low and intermediate level wastes, as well as accident 
scenarios including water inflow into the mine, have been taken into account.
The licence limits the repository to the disposal of solid and solidified low and 
intermediate level wastes, corresponding mainly to waste categories IV and V 
as defined by the IAEA in its guidelines for the safe underground disposal of 
radioactive waste [18, 19]. This approach permits the scope of the licence to be 
extended as more detailed knowledge concerning the repository site and the 
safety assessment methods applied becomes available.

In issuing the licences according to the established procedures, conditions 
to the licences were fixed that define the measures for control, monitoring and 
reporting.

The following measures for continuous surveillance were made conditions 
to the site licence:

— Geomechanical monitoring (precise levelling, convergence measurements)
— Seismic monitoring (seismograph with continuous remote evaluation)
— Hydrogeological surveillance (water levels, shaft water, residual brines, 

chemical analyses, age determinations)
— Control of the shaft (walling, watering, surrounding rocks)
— Compliance with the conditions laid down in the declaration of a mining 

protection area [20, 21 ].

The construction licence defined the special radiation protection require
ments for designing the repository as a facility that handles radioactive 
substances [22], as well as for designing the transport system in accordance with 
the transport regulations. The areas of the mine which serve as disposal or 
storage places or are involved in the transport, unloading or emptying of the 
containers, as well as the surface facilities involved in this process, are classified 
as radiologically controlled areas. Radiation protection monitoring includes, 
as usual, personnel monitoring, area radiation and contamination monitoring, 
and monitoring of the mine ventilation air and effluents, as well as environmental 
monitoring.

As the repository also performs the function of waste collection, essential 
measures to check the compliance with waste acceptance conditions are already 
taken at the site of the customer when the waste is taken over.

In the commissioning and operation licences reporting to the regulatory 
body, among other conditions, has been fixed. The reports have to include the 
following items:

— Chronological data on repository operations (e.g. special situations, 
assurance of industrial and mining safety)

— Abnormal occurrences
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-  Effluent discharges into the atmosphere and surface waters
-  Radiation exposure of personnel
-  Amounts and types of waste collected, stored and disposed of
-  Programme for and results of in-service inspections of safety related 

equipment
-  Programme for and results of emergency exercises.

7. CONCLUSIONS

Oyer the past seven years the operation of the repository described has 
proved that the technical solutions and established regulations are quite 
satisfactory. The implementation of the system of central collection, transport 
and disposal of radioactive wastes from nuclear power plants and all other 
branches of the national economy has turned out to be appropriate and effective, 
both economically and from the point of view of safety, even at the present early 
stage of industrial use of nuclear power. This far-sighted solution contributes to 
facilitating decisions and developments concerning the further use of nuclear 
power and the application of radionuclides in the country.

The operation of the repository also provides opportunities for acquisition 
of industrial experience and for performing research work [23].

In general, the operation of the repository is in compliance with the 
international guidelines issued by the IAEA in its underground disposal 
programme [18, 19, 24, 25] and shows the applicability of these guidelines in 
industrial practice.
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Abstract

ENVIRONMENTAL STANDARDS FOR DISPOSAL OF HIGH LEVEL WASTE AS A BASIS 
FOR SITING AND DESIGN OF A GEOLOGICAL REPOSITORY.

The United States Environmental Protection Agency has developed standards which 
limit the release of radionuclides from a high level waste repository to the accessible environ
ment. These standards apply to both the management and disposal of high level and transuranic 
wastes. The numerical standards are based on predictive mathematical models which estimate 
the release and transport of radionuclides from a repository over a period of ten thousand 
years. The US standards also provide for a number of qualitative criteria to enhance confidence 
and compensate for the uncertainties in the mathematical models. Application of the standards 
to the siting and design of a repository requires an evaluation of site specific parameters. 
Engineering evaluations and feasibility studies will be carried out to develop the necessary 
data to assess compliance with the standards, and will have a significant role in the site selection 
process.

The approach to disposal of high level waste taken by the United States of 
America has been for the Environmental Protection Agency (EPA) to develop 
generally applicable standards, which will be implemented through specific 
regulations published by the Nuclear Regulatory Commission (NRC). These 
regulations will form the basis for the site selection process by the Department 
of Energy (DOE) and the eventual emplacement of the waste in a geological 
repository.

Since the expansion of the US high level waste programme in 1976, the EPA 
has been charged to develop generally applicable standards for the management 
and disposal of high level radioactive waste. Our basic authorities are assumed 
from the Atomic Energy Act and the duties assigned to the EPA at the time of 
its creation in 1970, and from the Nuclear Waste Policy Act of 1982. The NRC 
will have the responsibility for the implementation and site specific application
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of the generally applicable standards we prescribe. The Nuclear Waste Policy 
Act assigns the responsibility for the selection of actual sites for high level waste 
repositories to the DOE, with oversight by the NRC- This must be done in 
consultation with the states amd affected Indian tribes.

The DOE has identified a number of potential sites for the first repository 
in the western and southern USA that give promise of providing very good long 
term isolation. The EPA standards provide design criteria which will limit 
potential risks to very low levels — levels that the majority would view as sufficient 
to protect the health and safety of the public. The NRC’s rule, 10 CFR Part 60 [1 ], 
calls for a system of engineered controls that will complement this protection.

The EPA published proposed environmental standards for management 
and disposal of high level and transuranic wastes — formally identified as 40 CFR 
Part 191 — for public review and comment on 29 December 1982. This paper 
will review these standards, which were promulgated in final form on 
15 August 1985 [2].

The standards apply to spent reactor fuel, to the highly radioactive waste 
derived from reprocessing spent fuel, and to transuranic waste containing 
100 nCi/g (3.7 kBq/g) or more and with half-lives of more than 20 years. They 
do not apply to wastes which have already been disposed of. This exception 
would affect only relatively small quantities of transuranic waste, since no high 
level waste has yet been disposed of in the USA. Nor do the standards apply to 
ocean disposal of high level waste, which is prohibited by the Marine Protection, 
Research, and Sanctuaries Act of 1972.

The standards do apply to both the management and disposal of the wastes.
We have divided 40 CFR Part 191 into two subparts. Subpart A applies to 
management, including the storage and preparation of the wastes and their 
emplacement in a disposal site. This subpart deals with both temporary storage 
facilities and monitored retrievable storage.

In 1977 the EPA promulgated its uranium fuel cycle standards, 40 CFR 
Part 190 [3], which covered commercial power related operations from uranium 
milling to reprocessing. Subpart A of the new rule is an extension of Part 190 
and applies to waste management operations not covered in Part 190. Subpart A 
also applies to spent fuel management, regardless of whether the fuel is considered 
to be waste or is destined for reprocessing.

Our studies have shown that the largest expected radiation exposures to the 
public from management and storage activities covered by these standards would 
be no more than a few millirem (of the order of 10-5 Sv) per year, which is some
what smaller than the requirements set out in Part 190. We have therefore decided 
to extend the dose limits contained in Part 190 to all the commercial, NRC licensed 
operations addressed in Subpart A. Thus, the maximum permissible annual dose 
equivalent to any member of the public due to commercial operations covered by 
Part 190 and Subpart A of Part 191 combined is 25 mrem (250 /rSv) to the whole 
body, 75 mrem (750 juSv) to the thyroid and 25 mrem to any other organ.
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In Subpart B of 40 CFR Part 191 we used a different approach because here 
we are devising environmental standards for the period after the repository is 
sealed. This involves very different considerations.

First, the requirements we establish in Subpart В can only be implemented 
in the design phase — by setting design principles or by analytically projecting 
disposal system performance. The more familiar concepts of implementation 
involving monitoring of emissions or ambient levels of pollutants are not applicable 
here because we cannot rely on such surveillance for the long periods involved.
Our rule, for instance, speaks of isolation for ten thousand years. (This gives new 
dimensions to the idea of a long term commitment.)

Secondly, the standards address unintentional releases, such as those resulting 
from human intrusion or geological faulting. Provisions must be applicable to a 
variety of disposal strategies because the EPA does not have the authority to 
specify details or to direct the DOE or NRC concerning any one of a number of 
disposal methods or designs. Regulations by the NRC or DOE, as appropriate, 
will control the specific designs.

For long term containment requirements, we assumed that it is possible 
to predict some aspects of the future well enough to use the predictions for 
comparing and selecting disposal methods. Thus, we evaluated ways that waste 
might be released from a mined geological repository, developed analytical models 
to predict potential releases and their distribution throughout the ecosystem over 
ten thousand years, and estimated the risks that could result from these releases 
if they occurred in an environment similar to the one we know today.

In selecting the release limits for the standards, we had to project the 
performance of disposal systems which, of course, have not yet been demonstrated. 
There are significant uncertainties inherent in such projections. To avoid under
estimating these risks, we often made pessimistic assumptions about how well a 
repository would work. For example, we assumed that human intrusion into a 
repository would begin one hundred years after disposal, as if no site markers or 
records discouraged it. Our estimates are, in fact, probably upper bounds of the 
risks. When the DOE selects and demonstrates actual control methods at a real 
repository site, we expect that releases will be well below the amounts allowed 
by the standards.

To select the specific release limits for the various radionuclides in a disposal 
system, we first estimated the releases from a variety of potential repository 
systems. Our assessments showed that many designs and sites could keep the 
risk level below one thousand additional cancer deaths over the first ten thousand 
years after disposal. This would be comparable to the number of cancer deaths 
likely to result from an equivalent quantity of uranium ore still in the ground — 
in other words, not a major added risk to public health.

The standards in Subpart В must accommodate large uncertainties — 
uncertainties in our current knowledge about disposal techniques and inherent 
uncertainties about the future. So, protecting the environment, we think, involves
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encouraging the use of disposal systems that are tolerant of potential mistakes 
in engineering design or site selection.

We faced these issues by developing assurance requirements which try to 
compensate for the uncertainties that necessarily accompany plans to isolate these 
dangerous wastes from the environment for so very long a time. No matter how 
promising analytical projections of a given disposal system’s performance appear, 
we insist that high level and transuranic wastes should be disposed of in a cautious 
manner that reduces the likelihood of unanticipated releases.

The six assurance requirements are these:

(1 ) Disposal systems shall not depend on active institutional controls for more 
than one hundred years after disposal:

(2) Long term disposal system performance shall be monitored for a reasonable 
time as a supplement to other types of protection;

(3) Disposal systems shall be marked and their locations recorded in all 
appropriate Government records;

(4) Disposal systems shall be designed with several different types of barrier, 
both natural and engineered;

(5) Sites should not be located where scarce or easily accessible resources are 
located;

(6) Wastes shall be recoverable for a reasonable time after disposal.

We feel that the containment and assurance requirements are complementary: 
the containment requirements set limits on potential releases of radioactive 
materials; the assurance requirements provide the framework necessary to develop 
the kind of confidence we need to meet the containment requirements, even in 
the face of uncertainties inherent in a process of such enormous duration.

The fourth assurance requirement would require the use of multiple barriers 
of various types. The barriers which could fulfil this requirement must be a 
combination of both engineered and natural barriers. This is because even though 
an overall system analysis suggests that one may rely solely on the geological 
media to contain the wastes, we are convinced that reliance on a ‘defence in depth’ 
approach is vital because of the inherent uncertainties in our assumptions affecting 
the projection of disposal system performance over thousands of years.

This approach is complementary to the NRC approach of specifying minimum 
requirements for waste package lifetime and long term release rates in 10 CFR 
Part 60, the rule that sets forth the technical criteria that the NRC will use to 
regulate geological repositories. Our own performance assessments indicate that 
the Part 60 requirement for a waste form release rate no greater than one part 
in 100 000 per year is quite important for reducing potential long term risks, 
particularly in view of the uncertainties in hydrology and geochemistry that are 
associated with many of the sites under consideration. This requirement should 
provide confidence in meeting the EPA’s disposal standards even if we have to 
make pessimistic assumptions about the performance of the natural barriers.
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Somewhat less critical, but still useful, is the Part 60 requirement for a 300- to 
1000-year waste package lifetime during which essentially no releases should 
occur.

Although Part 60 allows the engineered barrier requirements to be modified 
on a case by case basis, we advocate a very cautious approach in considering such 
exceptions. The intent of our assurance requirement about multiple barriers is 
to guard against the inherent uncertainties in predictions of disposal system 
performance over thousands to tens of thousands of years. Accordingly, arguments 
that this or that engineered barrier is not needed for overall disposal system safety 
should be considered very sceptically. At the heart of most such arguments will 
lie the analytical predictions of systems models, and it is precisely the potential 
for these models to be wrong that is the basis for our assurance requirement.

The EPA does not have enforcement authority in the area of waste manage
ment and disposal. The standards for waste management operations, Subpart A 
of 40 CFR Part 191, will therefore be implemented in the USA by the NRC for 
commercial nuclear power activities and by the DOE for national defence facilities.

The standards for disposal, Subpart B, will be implemented by the NRC 
for all high level waste, whether from commercial or from military activities.
The NRC will do this by developing its own regulations, such as 10 CFR Part 60, 
and by deciding whether and when to issue the necessary licences. Under current 
law, disposal of transuranic waste from military activities is not regulated by the 
NRC. Therefore, the DOE will carry out our requirements for disposal of this 
category of waste.

As a final point, as frequently happens with EPA regulations, four suits have 
been filed against 40 CFR Part 191. The Natural Resources Defense Council, 
along with the Environmental Policy Institute, a conservative foundation, and 
the States of Maine and Vermont, filed the first suit. The other three suits were 
filed by the States of Vermont, Texas and Minnesota.
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Abstract

UNITED STATES NUCLEAR REGULATORY COMMISSION PROGRAMME FOR LICENSING 
OF A HIGH LEVEL WASTE GEOLOGICAL REPOSITORY.

The United States Nuclear Regulatory Commission is responsible for licensing a high level 
nuclear waste repository under a rigorous technical and legal process. In the last decade, the 
licensing of a number of nuclear power plants through this process has not been possible owing 
to breakdowns in the quality assurance programmes that are needed to demonstrate that 
facilities have been designed and constructed safely. A number of the causes of these breakdowns 
apply as well to the geological repository. The US Department of Energy is faced with a large, 
complex programme which is the first of its kind, with tight schedules and participants who 
lack experience of the rigour required for nuclear facility licensing. The NRC needs to develop 
a comprehensive programme for oversight of the DOE quality assurance programmes to help 
assure that problems are identified and corrective action is taken early in the process, not at 
the time of licensing when years of data collection activities could be found to be inadequate. 1

1. INTRODUCTION

The consequences of failing to adequately design, construct, operate and 
license a high level nuclear waste repository in the United States of America 
would be enormous. Costs for the overall programme are estimated to exceed 
2 X 1010 US dollars over the next few decades, and close to 3 X 109 US dollars 
will be spent during the next five years of characterizing potential sites for a 
repository. The future of nuclear power as a source of electricity is to some 
extent tied to the ability of the country to find a method for safely disposing of 
high level waste. The protection of the health and safety of the public and workers 
and the environment is tied to the quality of the work performed in implementing 
the programme. And finally, the credibility of the involved Federal agencies, the 
US Department of Energy (DOE) and the US Nuclear Regulatory Commission 
(NRC), is also at stake.
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At the same time, the process for licensing a repository is a highly rigorous 
one. Nuclear power reactors such as Midland, Zimmer, Marble Hill and Diablo 
Canyon have either experienced long delays and large increases in costs or been 
cancelled altogether before being placed in operation, in part owing to the require
ments of NRC licensing. In this paper, the NRC licensing process for a geological 
repository will be discussed. Special emphasis will be given to the quality assurance 
programmes that are needed to provide a demonstration that adequate quality 
has been achieved. The paper will also discuss the mistakes that have been made 
in the past and how it is believed they can be prevented in this programme in the 
future, and the major challenges faced by both the DOE and NRC in establishing 
and reviewing quality assurance programmes.

2. THE LICENSING PROCESS

The two major Federal agencies who are participants in the high level waste 
repository programme -  the DOE and NRC — each have a clearly separate mission. 
The DOE is responsible for the overall management of the programme for the 
design, construction and operation of a repository. The DOE is also responsible 
for preparing a licence application for demonstrating to the NRC that the repository 
can be operated safely and can isolate waste for the required periods. The NRC 
has the responsibility of regulating the DOE to assure that the requirements for 
protecting the public, workers and environment are met. This is the only 
responsibility of the NRC.

Licensing of a repository by the NRC will proceed in several steps. The DOE 
must provide comprehensive and complete information in an application to the 
NRC at three different points: prior to the initiation of construction, before the 
emplacement of waste and prior to permanent closure of the repository. At each 
point it must be able to demonstrate that the requirements have been fulfilled.
It will be illustrative to examine the first major step in licensing, the authorization 
to begin construction, which is similar to licensing steps in the other phases of the 
programme. Prior to receiving approval to begin construction of a repository, the 
DOE must submit a licence application to the NRC which provides assessments of 
the performance of the facility both during the operational phase, when waste is 
being emplaced, and after permanent closure. The NRC staff will review the licence 
application and, in addition, will examine the supporting data and details. The 
staff will conduct independent assessments of repository performance using these 
data to determine whether compliance with the technical criteria in the NRC 
regulations has been achieved. The staff will also make recommendations as to 
whether and under what conditions a licence should be issued. After staff review, 
a licensing board will conduct independent adjudicatory hearings on issues and 
concerns brought before it by the states, affected Indian tribes and the public.
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Both the NRC staff and the DOE will have to provide evidence to defend their 
conclusions, and will be cross-examined by the parties disagreeing with their 
findings. Past experience has shown that expert opinion alone, without documenta
tion of the quality of the data and work performed, will not survive the scrutiny 
of a licensing proceeding. To complete the staff review and licensing proceedings 
within the schedules specified for the programme will require a complete and well 
documented licence application from the DOE.

Within the next year or so it is expected that the DOE will begin formal site 
characterization for three potential repository sites. Although the first formal step 
in licensing will not occur until 1991, when the licence application is submitted, the 
DOE will be collecting large amounts of data over the next five years to support 
conclusions in the licence application. The staff is therefore involved now in 
assessing the programmes of the DOE to determine whether they will lead to a 
high quality licence application.

3. IMPORTANCE OF QUALITY ASSURANCE PROGRAMMES

Many tasks will need to be performed in the geological repository programme 
over the next several decades, but few will be as important as establishing effective 
quality assurance programmes. Quality assurance programmes are a vital and 
integral part of the overall management system needed to achieve quality and to be 
able to demonstrate in the rigorous licensing process that quality has been achieved. 
The quality assurance programme required by the regulatory process provides a 
structured system for this demonstration of quality. It is not enough to obtain 
the necessary quality, but proof of this quality is needed to give the NRC, the 
states, affected Indian tribes and the public confidence that a repository will 
perform as intended.

The formal NRC definition of quality assurance in the applicable regulations 
is as follows:

“Quality assurance comprises all those planned and systematic actions 
necessary to provide adequate confidence that the geologic repository and its 
subsystems or components will perform satisfactorily in service. Quality 
assurance includes quality control, which comprises those quality assurance 
actions related to the physical characteristics of a material, structure, com
ponent, or system which provide a means to control the quality of the 
material, structure, component, or system to predetermined requirements.”

Briefly, the quality assurance programme is a management tool for planning, 
checking and documenting work that helps in achieving the necessary quality and 
in demonstrating that quality has been achieved.
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4. LESSONS LEARNED FROM US REACTOR PROGRAMME

While it is recognized that a geological repository is not a reactor, there are 
still many lessons that can be learned from the problems experienced in the US 
reactor programme. The programmes are similar in that both are large scale, 
involve high technology, and require large and complex project management 
organizations to obtain the necessary results. Both also require that the projects 
undergo essentially the same licensing process of the NRC, involving scrutiny by 
the NRC staff, licensing boards, and interested outside parties such as the states 
and affected Indian tribes. And both programmes must also establish and 
implement similar quality assurance programmes to demonstrate that quality 
has been achieved.

On the basis of experience in the civilian reactor programme, the NRC 
staff has found characteristics that can increase or decrease the likelihood that a 
project can be successfully licensed. Listed below are specific challenges that the 
staff sees as a result of this experience, for both the DOE and NRC.

5. CHALLENGES FOR DOE

5.1. Size of programme

One challenge faced by the DOE is the overall size of the programme and 
the resultant management difficulties it creates. There are well over 100 organiza
tions participating in the DOE high level waste programme, including the various 
DOE offices, contractors and subcontractors. DOE Headquarters has overall 
responsibility for the repository programme, and four separate project offices 
are involved in developing programmes for potential sites. Within each project, 
the numerous participating organizations are often spread out geographically.
The tasks of communicating requirements for quality assurance programmes to 
all of the participants and of overseeing the implementation of these programmes 
in all of the various organizations are enormous. A problem experienced in the 
reactor programme was that in some cases owners often delegated most of the 
responsibility for achieving and assuring quality to the contractors, and did not 
systematically oversee their work to independently determine whether it was 
demonstrably correct.

5.2. Schedules

The US Congress has established intensive schedules for the development 
of a high level waste repository — by 1998 the DOE is required by the Nuclear 
Waste Policy Act to begin emplacing waste in a repository. The DOE has 
established intermediate milestones and schedules for meeting this date which
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are similarly demanding. Site characterization for three sites is to be completed 
by about 1991. At that time the DOE must submit a licence application to the 
NRC for one site which demonstrates that the repository can operate safely 
and isolate waste. Three years are allotted for review by the NRC staff and the 
NRC licensing hearings, and five additional years are scheduled for construction 
of the repository.

It is important that quality not be sacrificed to meet schedules. The DOE 
has committed itself to placing quality as its first priority, even if schedules must 
be slipped, but the schedules imposed by Congress will make the task of 
completing the necessary work on time with acceptable quality difficult. Some 
reactor projects in the USA have had difficulty achieving the proper balance 
between schedule and quality.

5.3. Inexperience of project participants

The DOE and its contractors have many years of experience in designing, 
constructing and operating nuclear facilities. For the first time in the repository 
programme, however, the DOE must have a major project licensed by the NRC.
As many nuclear utilities have learned, the successful practices employed for 
non-licensed facilities are not necessarily sufficient for a licensed facility. The 
NRC requirements for demonstrable quality subject to lengthy scrutiny by the 
NRC staff and licensing board present a test DOE has not faced before. Many 
of the scientists and engineers working in this programme have successfully 
performed their duties for years and will want to continue with these work 
practices. In order to meet NRC requirements, some changes to how these 
practices are documented may be necessary. They must lead to high quality 
products and fit into an overall quality assurance programme which can 
demonstrate the quality of work performed. Not to do so could result in 
inconsistent methods, inadequate documentation and questionable results. The 
DOE has a large task in educating the various bodies participating in its programme 
in the requirements for a licensed facility and for ensuring that they are being 
properly met.

5.4. Uniqueness of repository programme

Unlike the reactor programme, which has numerous industry standards and 
work practices which have been established over the many years of designing 
and constructing nuclear power plants, the repository programme is the first of 
its kind. Many of the technical issues that need to be addressed in site characteriza
tion, for example, will involve tests that represent the state of the art and for 
which there are no well defined requirements. As a result, the standard checking 
of work against well established acceptance criteria, as is done for reactors, will
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not often be possible for the repository programme. Peer reviews of such tests 
and data analysis will instead be necessary.

Another factor that makes the repository programme unique is the interest 
and involvement of the states and affected Indian tribes, which are concerned 
that a repository be developed which protects the health and safety of the public 
and the environment. Under the Nuclear Waste Policy Act, the states and tribes 
receive funding to enable them to closely monitor the DOE repository programme 
and raise issues and concerns in the licensing process; this could cause delays as 
issues are litigated. The funding available is well in excess of that available to 
intervenors in nuclear plant licensing proceedings.

5.5. Qualifying existing data

When the DOE begins its site characterization programme, it expects to 
have the formal quality assurance programmes required by the NRC fully 
established. Data collected and analysed after that time should be defensible in 
a licensing proceeding if the quality assurance programmes are satisfactorily 
implemented. But a large amount of data will be collected before these programmes 
are established which the DOE will probably use to support its licence application.
A challenge facing the DOE is how to qualify such data, that is, how to review 
them and determine whether the necessary demonstration of their quality can be 
made for licensing. For example, information collected on hydrology and 
geology by oil companies in the vicinity of a potential repository site may be 
relevant in determining the suitability of that site. It is important that the DOE 
establish methods by which these data may be reviewed and begin the task of 
processing existing data.

5.6. Use of quality assurance programmes as management tools

Previous reactor projects have in some cases viewed the quality assurance 
programmes as simply another regulatory requirement to meet for licensing, with 
little overall benefit to managing the programme. With the large number of 
participants in the repository programme who are inexperienced with regard to 
formal quality assurance programmes, such an attitude is possible as well for the 
repository. The DOE must overcome the tendency to view quality assurance 
programmes as only requirements, and must integrate them into the overall 
management system. The quality assurance programmes should be part of the 
management system for keeping management apprised of problems and corrective 
actions.
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6. CHALLENGES FOR NRC

6.1. Stability in regulatory requirements

A major part of the site characterization programme concerns scientific 
investigations where it is not always appropriate to apply exactly the same 
quality assurance programmes as used for reactor plants. Conventional features 
of programmes designed for engineered facilities will need to be tailored to the 
work at hand. Such elements as inspections by quality assurance personnel, use 
of non-conformance reports for exploratory tests, and reviews of designs and 
performance assessments will also need to be tailored to the work at hand. It is 
important that acceptable approaches for applying quality assurance to the 
repository work be agreed upon early between the DOE and NRC. Experience 
has shown that changing regulatory requirements throughout the development 
of a programme can cause major programme perturbations.

6.2. NRC oversight programme

A primary finding from the reactor programme was that the NRC was slow 
to diagnose problems and take actions. A root cause was the sporadic presence 
of inspectors at reactor sites. In response to this finding, both the DOE and NRC 
have agreed that NRC audits of the DOE quality assurance programmes will be 
needed before site characterization work begins, so that both the DOE and NRC 
and others have confidence that data collected during site characterization will be 
defensible in licensing. The staff of the NRC is developing a comprehensive audit 
plan for assessing the overall quality assurance programmes for each project. One 
of the biggest challenges is to determine the state of the repository programme 
when only a portion of the programme can be audited. The rationale that the 
staff develops must withstand the scrutiny of a licensing board in the early 1990s. 
The staff is planning to focus on those areas of the programme which are expected 
to have problems. For example, the staff is considering the experience of the 
organizations in the programme and will concentrate on those which have never 
operated under a formal quality assurance programme. In addition, the staff 
reviews will give heavy emphasis to the quality of the products through inclusion 
of technical staff on the audit teams. The quality assurance programmes are 
designed to help achieve quality in addition to providing evidence of quality, and 
the NRC assessment of their effectiveness will include an assessment of the 
quality produced.

Such early involvement of the NRC may highlight problems during the early 
phases of the repository programme, but it is far better to uncover these problems 
early and obtain corrective action now rather than wait until formal licensing 
begins in 1991.
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7. SUMMARY

The formal licensing process of the NRC for nuclear facilities is highly 
rigorous. Quality assurance programmes play an important part in this process 
because they provide confidence, through documentation of work, that a 
repository can safely operate and isolate waste for thousands of years. Both the 
DOE and NRC face difficult challenges in establishing and reviewing quality 
assurance programmes for the repository, in the light of experience from the 
US reactor programme. By learning from past mistakes, however, both Federal 
agencies can accomplish their objectives for the permanent disposal of high 
level nuclear waste.
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Abstract

ROLE OF REGULATORY AUTHORITIES IN RADIOACTIVE WASTE MANAGEMENT IN
SWEDEN.

The Swedish nuclear power programme to construct 12 reactors is completed. Radioactive 
waste from the nuclear power stations is conditioned and stored at the sites. A final repository 
for reactor wastes (SFR) is being constructed in a rock cavity under the Baltic Sea near the 
Forsmark nuclear power plant. The facility is planned to be in operation in 1988. Spent reactor 
fuel is transported to an intermediate storage facility (CLAB) at the Oskarshamn nuclear power 
plant. This facility began operation in 1985. The receiving part of the plant is above ground 
and the storage ponds below ground in an excavated rock cavity. The SFR and CLAB are 
owned by the Swedish Nuclear Fuel and Waste Management Company, SKB. This company has 
also been responsible for the study reports KBS-1, -2 and -3 which describe methods for the 
final disposal of high level waste arising from the reprocessing of spent fuel and direct disposal 
of spent fuel. The SKB is directing its long term research and development efforts towards further 
development of the proposed methods and is also looking for alternative disposal methods.
The Swedish Nuclear Power Inspectorate and the National Institute of Radiation Protection 
are the two authorities involved in the supervision of the safety and radiation protection of 
nuclear facilities in operation. The licensing of new facilities is an important part of their work. 
Furthermore, the two authorities have a fairly large research and development programme, 
often in co-operation with the SKB and the utilities and with the participation of foreign 
organizations. The National Board for Spent Nuclear Fuel supervises the research and develop
ment programme of the SKB. It proposes to the Swedish Government an appropriate fee for 
the waste handling programme, including the decommissioning of nuclear facilities. 1

1. INTRODUCTION

According to a decision made by the Swedish Parliament the number of 
nuclear power reactors in Sweden is limited to 12. These reactors are now all 
commissioned. The amount of power being produced by the nuclear power 
stations is about 50% of the total electric power production in the country, the 
remainder being mostly hydroelectric. The Parliament has also determined that 
nuclear power should be phased out by the year 2010 at the latest. The two 
decisions govern the present planning of the nuclear power utilities regarding waste 
management.
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During the 1970s the utilities had no definite plans for a repository for 
final disposal of low and intermediate level wastes. The reactor operators had 
then to build facilities for intermediate storage of these wastes at the reactor sites. 
Such facilities were erected at all the sites, partly in excavated rock tunnels 
underground. Conditioning units were also constructed, usually as part of the 
reactor waste treatment plants.

Although Studsvik is a research station, operated by Studsvik Energiteknik 
AB, the situation there is very much the same as for the reactor sites. As late as 
1985 an underground facility for temporary storage of low andt intermediate level 
wastes began operation.

A facility for final disposal of low and intermediate level wastes, the Swedish 
Final Repository for Reactor Waste (SFR), is being built underground near the 
Forsmark nuclear power plant. The facility will become operational in 1988.
In addition to reactor waste, waste from Studsvik will be deposited there. The 
Studsvik waste includes waste from hospitals and research laboratories.

Spent fuel is transported to a centrally located temporary storage facility 
(CLAB) near the Oskarshamn reactor site. The facility began operation in 
1985. The receiving part of the plant is above ground and the storage ponds 
below ground in an excavated rock cavity.

2. LEGISLATION AND LICENSING BODIES

The Nuclear Activities Act (1984) regulates the safety of nuclear power 
production and the management of radioactive waste. The producer of nuclear 
waste is responsible for all management of waste and its final disposal. The 
Swedish Nuclear Power Inspectorate, SKI, supervises the handling of fissile 
material and radioactive waste as well as the implementation of stipulations of 
the law and corresponding regulations.

The Radiation Protection Act (1958) is presently under revision. The law 
covers radiation during handling of radioactive materials, radiation from X-ray 
and gamma emitting equipment, and the safe use of special equipment emitting 
electromagnetic radiation. The National Institute of Radiation Protection, SSI, 
supervises the implementation of the Act.

According to the Nuclear Activities Act the owner of a nuclear power station 
must carry out a research and development programme, a description of which has 
to be presented to the Government every third year. The National Board for 
Spent Nuclear Fuel, SKN, has to comment on this programme. Furthermore, the 
board has the responsibility to propose the fee that the utilities have to pay into 
a special Government fund to cover present and future costs for handling 
radioactive high level waste and spent fuel as well as for decommissioning of 
nuclear power reactors.
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3. LICENSING ASPECTS OF NUCLEAR WASTE MANAGEMENT

From Section 2 it is apparent that all responsibility for the implementation 
of the Nuclear Activities Act remains with the reactor owner. Although the four 
nuclear utilities have jointly formed a company, the Swedish Nuclear Fuel and 
Waste Management Company (SKB), which has obtained licences for building 
and operating the SFR and CLAB, this does not relieve the utilities and 
Studsvik of their total responsibility for the waste. On the other hand, it is clear 
that the final responsibility for the long term storage of radioactive waste has 
to be carried by the state.

Nuclear waste management has to be regarded as a complete system, in 
which the safety of final disposal can only be assured if all the previous steps are 
adapted to the final stage. This circumstance is one of the main influences 
governing the activities of the safety authorities. The short and long term 
implications of this concept can perhaps be better understood from two examples, 
one covering the SFR at Forsmark and one dealing with the planning of a final 
repository for spent nuclear fuel and long lived waste.

4. FINAL DISPOSAL OF LOW AND INTERMEDIATE LEVEL WASTES

4.1. General

The operational waste from nuclear power plants and similar waste from 
Studsvik are going to be disposed of in the SFR, now under construction at the 
Forsmark site about 150 km north of Stockholm. The application for a licence 
to construct and operate the facility was submitted to the Government in 
March 1982. After reviewing the preliminary safety report on the SFR, the SKI 
in April 1982 recommended that a licence should be granted, subject to certain 
conditions [1 ]. The licence was granted in June 1983, and excavation started 
later that year. The first phase of the repository is planned to be commissioned 
in 1988, and will be followed by a later second phase.

The SFR is under the sea about 1 km offshore and has a rock cover of at 
least 50 m. With a capacity of about 100 000 m3 it is designed to accommodate 
all reactor waste from the present Swedish nuclear programme. The maximum 
permitted activity content is 1016 Bq, of which the major part will be contained 
in concrete silos of 53 m height and 27.5 m diameter, surrounded by bentonite. 
The remaining part of the waste, of roughly the same volume, will be emplaced 
in rock vaults. One of these vaults is for intermediate level waste and is designed 
for remote handling of waste packages in a similar way as in the silos. More than 
half of the total waste volume arises from spent ion exchange resins which, 
depending on activity content, either are solidified into cement or bitumen or 
are contained in concrete tanks without solidification.
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4.2. Safety report

The preliminary safety report for the SFR was reviewed by the SKI and sent 
for comments to a number of other bodies, among them the SSI. In the review 
work the SKI concentrated on the safety related issues, i.e. releases of radionuclides, 
while the SSI assessed the dispersion of radioactivity in the biosphere and its 
radiological consequences. Among the main issues addressed by the SKI were:

-  Siting
-  Handling safety and long term stability of waste products
-  Hydrology
-  Rock mechanics
-  Long term stability of engineered and natural barriers
-  Operational safety
-  Safety analysis.

4.3. Control programme

A control programme related to the excavation and construction of the 
facility is being implemented by the licensee, the SKB. Of special interest in the 
present phase of excavation is the fact that the SKI has demanded that the work 
be performed so that it provides all the information needed for a later 
comprehensive safety assessment of the completed repository. Most important 
in this connection are, of course, the hydrological conditions in and around the 
repository. To this end a hydrological investigation programme is being carried 
out during excavation. Various measurement methods are being used to examine 
the extent and properties of different hydraulic units. This is necessary both for 
the construction of the repository and for the characterization of the site.

4.4. Safety considerations

One of the main difficulties in assessing the safety of a repository for reactor 
waste is the long term behaviour of the various waste forms as parts of the 
complete system of barriers. Therefore, it might be tempting to rely only on 
the surrounding engineered and natural barriers in the safety analysis. Experience 
shows, however, that the behaviour of waste packages still might be important 
for the overall performance of the repository. Two relevant processes were 
identified during the review of the SFR: gas evolution due to anaerobic steel 
corrosion and swelling of spent ion exchange resins solidified into bitumen. Both 
problems have been worked upon since then by the utilities and the SKI [2].

In the preliminary safety report, rapid formation of hydrogen gas was thought 
to be caused by anaerobic corrosion of steel in the presence of carbon dioxide, 
acting more or less as a catalyst. The effect of such rapid gas evolution would be
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a buildup of gas pressure in the vaults for solid low and intermediate level wastes, 
followed by expulsion of contaminated water from the repository. Investigations 
performed on behalf of the SKI have since shown that high gas pressures will not 
develop since the surrounding rock mass has a sufficient capacity for gas transport 
even during unfavourable conditions [3]. Furthermore, it appears that the effect 
of carbon dioxide produced in the decomposition of organic material was 
exaggerated in the preliminary safety report [4].

However, the presumably much slower evolution of hydrogen during 
anaerobic corrosion of steel reinforcements and waste containers in the silos is 
still a matter of concern. The experimental knowledge and the understanding of 
hydrogen gas formation in this case are quite limited. This situation has forced 
the SKB to rely on a silo construction that at the same time permits upward 
transport of gas through a porous inner structure and diffusion limited transport 
of radionuclides through the concrete walls. Owing to the presence of efficient 
natural barriers this problem may be of minor importance.

But the question remains: What significance should be ascribed to 
engineered barriers that might be impaired or destroyed in an unpredictable way? 
This question not only has technical implications but would also affect public 
acceptance.

A matter of a similar kind arises regarding the possibility of water uptake 
and swelling of spent ion exchange resins in bitumen. The high swelling pressures 
might lead to early damage or degradation of the engineered barriers. For this 
reason the SKI concluded that bitumen would not be a suitable matrix for 
solidification in view of the proposed disposal concept. However, since then 
knowledge of the long term behaviour of bituminized waste has grown considerably 
and the SKI has been directly involved in this development [5]. It is now expected 
that bituminized waste could be accepted in the SFR with due restrictions on 
conditioning parameters and a judicious choice of disposal method.

4.5. Acceptance criteria

The development of waste acceptance criteria for the SFR is one aspect 
of the control programme upon which the utilities and authorities are working. 
Each category of waste will be described in a document which will present a full 
account of its handling from creation to disposal [6]. The purpose is to show 
that the general criteria to be issued by the authorities will be met. To develop 
these general criteria and review the safety documents, the SKI and SSI recently 
formed a small joint working group. Of importance for the fulfilment of this 
task is the existence of a waste register in the form of a database. The register 
contains all relevant information for each waste package and is continually 
updated by the waste producers.
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4.6. Shallow ground disposal

Combustible low level waste from Barsebeck and Ringhals is now incinerated 
in Studsvik. In the future, at the Oskarshamn plant a substantial part of this waste 
will not be sent to Studsvik but will be disposed of by shallow land burial; similar 
plans are under discussion for the Forsmark plant. In these cases the grant for 
disposal is given directly by the SSI since, in principle, no engineered or natural 
barrier exists between the waste and the biosphere. However, supervision of the 
burial sites according to the Nuclear Activities Act is still to be executed by the 
SKI.

5. FINAL DISPOSAL OF SPENT NUCLEAR FUEL AND HIGH LEVEL 
WASTE

5.1. Points of departure

The results of the KBS-3 review constitute a basis for the present research 
and development activities by the regulatory authorities and are also of importance 
for the SKB research and development programme. The decision in 1984 to give 
fuelling permits to the owners of the Forsmark 3 and Oskarshamn 3 reactors was 
based on the conclusions that the owners satisfied two requirements:

— Demonstration that the KBS-3 method is acceptable with respect to safety 
and radiation protection

— Demonstration of a programme for the research and development needed 
for safe handling and final disposal.

In considering the interpretation of the KBS-3 decision it is important to 
keep in mind first the coupling between the two requirements and secondly the 
conclusion made in the review that considerable progress must be made in a 
number of research areas before final disposal can be realized. Section 5.2 gives 
some examples of areas where the SKI found that further research and development 
is needed to prove that the required safety can be achieved at a selected disposal 
site.

The SKB is now following a programme which is planned to lead to realiza
tion of the facilities necessary for final disposal of spent fuel and high level waste.
A procedure for site selection is an integral part of this programme. A number of 
possible sites will be explored until about 1990, when an evaluation will lead to 
selection of two or three sites for more detailed investigation during the 1990s.
The detailed site characterization will eventually include the sinking of an exploratory 
shaft and experimental tunnels. According to the SKB plan a licence application 
to build a repository will be submitted to the SKI in about 2000.
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Even though the SKI will not have to deal with a formal application until 
this time it is important for the authority to have a firm research and development 
programme of its own not only for the preparation for this review but also for 
establishing a basis for giving the SKB regulatory guidance in the mean time. In 
particular, it is the task of the SKI to express opinions and give directives on the 
information needed for the licensing process as well as requirements on the site, 
man-made barriers and engineering features. It is also reasonable to expect that 
the SKB would like to know whether the sites chosen for detailed investigations 
during the 1990s appear in principle to be technically acceptable to the SKI, even 
if final consent would only be given later.

Although KBS-3 has been considered acceptable as a method for final disposal 
no decision has yet been made that this method will be finally chosen. On the 
contrary, it is emphasized by the Government that alternative methods should be 
investigated, and the SKN has a special responsibility to secure that this will 
be done.

According to the Nuclear Activities Act the SKB has to submit plans for a 
comprehensive research and development programme at three-year intervals, 
beginning in 1986. The SKN has the main responsibility for reviewing 
this programme.

5.2. Some research areas of concern

During the KBS-3 review the reviewing organizations indicated a number 
of issues which would have to be thoroughly investigated before a repository can 
be licensed.

The hydrological conditions around a repository are of special concern. 
Groundwater flow modelling includes a large number of conceptual difficulties and 
other uncertainties. The methods used in the site characterization leave relatively 
large uncertainties with respect to the extent and characteristics of different 
hydraulic units. Moreover, some effects of potential importance for groundwater 
flow, such as thermal and thermomechanical effects, have not yet been included 
in the hydrological calculations or have been taken into account only to a limited 
extent. Another question of great concern is the applicability of Darcy’s law 
to flow conditions at great depth in crystalline rock. The development of stochastic 
fracture network models will probably contribute to our understanding of this 
basic problem.

Another issue of great interest is the role of matrix diffusion in the retarda
tion of radionuclides in the geosphere. The potential importance of matrix 
diffusion for retardation is very high for sorbing nuclides. In the KBS-3 review 
the SKI considered matrix diffusion as a mechanism whose existence had been 
confirmed in a satisfactory manner. The extent to which this mechanism takes 
place is still uncertain, however. This led the SKI to include a case without 
matrix diffusion in the safety analysis of KBS-3 [7]. It seems evident that matrix
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diffusion is one of the mechanisms that should be thoroughly investigated by 
validation.

Modelling of chemical processes is another field in which there is great 
potential for contributing to a better understanding of the long term performance 
of a repository. Apart from calculation of solubility limits in the release of 
radionuclides, chemical models have been little employed in performance 
assessments. This is mainly because, in principle, all relevant chemical phenomena 
are rate processes and are thus governed not only by thermodynamic equilibria, 
but also by rates of mass transfer and chemical kinetics. Owing to lack of data, 
especially on kinetics and the influence of temperature, and the extremely 
complicated coupling between various processes, a complete understanding of all 
chemically induced phenomena might not be reached in the foreseeable future.
On the other hand, there is an urgent need to gain a sufficient knowledge of 
these issues in order to be certain that no adverse process has been overlooked.

These goals can only be achieved by careful planning and by performing 
sensitivity analyses with existing chemical models, e.g. with regard to varying mineral 
and groundwater composition and to temperature. In this way critical parameters 
and conditions might be elucidated and later on also accounted for in performance 
assessments. Important questions of this kind are, for example, the long term 
stability of the multibarrier system with respect to dissolution and corrosion, the 
development of redox conditions and the influence of thermochemical 
perturbations.

Modelling of radionuclide migration in the geosphere has not considered 
other chemical concepts than the use of constant Kd values for the description of 
sorption as a reversible process. This approach is, of course, a very crude approxima
tion of reality, and it must be ascertained that experimentally measured Kd values 
are relevant for migration modelling. One way to deal with this difficulty would 
be to compare the Kd approach with other models taking surface ionization and 
complexation into account. Because of lack of data and computer capacity such 
models are as yet out of the question for performance analyses, however.

Validation of migration models is another field where a thorough understanding 
of chemical phenomena is of paramount importance, especially with regard to 
interpretation of such basic concepts as dispersion and matrix diffusion.

In addition to detailed studies on different processes of importance or 
potential importance for the performance of a repository, it is thus desirable that 
more attention be paid to the coupling between these processes. This may be 
especially valuable for the near field, where many different effects might occur, 
but is also of interest for the geosphere. A systematic review of coupled processes 
has recently been completed [8].

5.3. Performance assessment

In the evaluation of the safety of a selected disposal site and construction 
of a repository, as well as for the identification of important research topics,
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the methods used for performance assessment are of fundamental importance.
It is therefore essential that a satisfactory level of confidence be gained in these 
methods.

To achieve this aim international co-operation is necessary. Since 1981 the 
SKI has organized two international projects, INTRACOIN and HYDROCOIN, 
dealing with verification, validation and sensitivity analysis of geosphere nuclide 
migration and groundwater flow models [9-11 ]. Within these projects important 
steps have been taken towards an increased understanding of the use of these 
types of models in performance assessment. The verification exercises and the 
cases defined form a basis also for checking the numerical characteristics of newly 
developed codes. In the validation process the projects give important information 
on the present state of knowledge and hints for further theoretical and experimental 
work. It is the opinion of the SKI that systematic and comprehensive activities in 
validation are needed [12] and should be accomplished by international collaboration.

As a means for the SKI to prepare itself for the expected licensing 
procedure, during the 1990s, for a repository for spent fuel and high level waste, 
it has been decided to start a safety study with the aim of performing a complete 
safety analysis of the SKB concept for final disposal. This study will be of a 
generic nature in order not to emphasize a specific disposal site. It is anticipated 
that the result of the study will influence the type and extent of the information 
that the SKI will require from the SKB for site characterization. For this purpose 
the appropriate roles in the performance analysis of different existing and 
forthcoming models will have to be evaluated. The project should also contribute 
to increasing the capability and resources within the SKI for performance 
assessments.

The use of results from performance analyses is also dependent on the develop
ment of suitable radiation protection objectives. Some general objectives have 
already been suggested at national and international levels. These take the form of 
dose limits or risk limits which reflect both doses and their probabilities of 
occurrence. The time-scales involved in performance assessment have to be 
considered in this context. The development of methods for performance assess
ment is not affected too much by these considerations, however. After all, roughly 
the same models will be used for calculations, although the interpretation and 
presentation of results will depend on the radiation protection objectives. 6

6. CONCLUDING REMARKS

The two Swedish examples regarding waste management that have been 
described clearly show the necessity for a systems approach in order to 
evaluate the safety of the waste management chain in a satisfactory manner. It 
is also apparent that there is a large strain on the resources and capabilities of the 
safety authorities in coping with the vast field of waste management. Many of the
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questions have to be resolved in international co-operation. The international 
organizations have large programmes in the field. These programmes are of 
special importance from the viewpoint of public perception. The safety authorities 
in Sweden take a very active part in the international co-operation and have also 
initiated international projects concerning radioactive waste management and 
disposal, including the radiological aspects.
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DISCUSSION

(Summary of discussion held on the papers in Session I)

In response to a question on the status of the validation of the codes used 
within the SYVAC overall safety analysis, mentioned in Paper IAEA-SM-289/2, 
it was pointed out that models are being developed and validated at two levels: 
detailed mathematical models for individual physical components, and the 
SYVAC model for the disposal system as a whole. Validation of these models is 
the focus of much of the laboratory and field studies. Component models have 
been validated against both laboratory and field experiments. Since SYVAC 
is more difficult to validate experimentally, attention is focused on quality 
assurance activities and comparisons with other similar codes.

With regard to Paper IAEA-SM-289/3, it was noted that the collective dose 
commitment from the high level radioactive waste was calculated on the same 
basis as used for INFCE studies for periods of 10s and 106 years. An initial 
isolation period of 1000 years should be necessary to meet the individual related 
requirement of 0.1 mSv per year maximum in a critical group. Estimates show 
that a delay of 10 000 years with engineered barriers should also be necessary.
A rough cost estimate shows that for a total repository project corresponding to a 
total installed capacity of 80 GW • a, about US $500 million would be required, of 
which US $3 million would be for siting studies.

In discussion of Paper IAEA-SM-289/5, it was asked whether the safety case 
described is based strictly on scenario analysis or whether it is intended to 
implement monitoring as an integral part of establishing the safety of the concept. 
It was replied that in the present phase the study of different scenarios includes 
theoretical evaluation of the phenomena involved based on existing literature. It 
was further explained that in the next phase data on real parameters collected for 
a specific site will be introduced into the theoretical models. In the realization 
phase of a shallow ground disposal site and during the first decades that follow 
the operational phase, the site will be monitored by measuring the groundwater 
flow around the installation (by borehole or draining) and water samples will be 
taken to verify the previously established model and modify it, if necessary, on 
the basis of the collected data.

With reference to a significant period of concern of approximately 
10 000 years recommended in Paper IAEA-SM-289/6, it was asked whether a 
shorter period of approximately 100-500 years is a more realistic goal for 
demonstrating safety with a higher degree of confidence. It was explained that if 
a suitable host rock is used a high degree of confidence in its stability can be ensured 
for the very long term. The view was expressed that, when all relevant factors are 
taken into account, it is necessary to consider in safety analysis periods longer than 
100-500 years but not beyond 10 000 years.
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It was further pointed out in the discussion of Paper IAEA-SM-289/6 that 
corrosion resistance tests and experiments have been done in the Federal Republic 
of Germany, the results of which have been published in the literature.

In answer to questions on the in situ solidification process mentioned in 
Paper IAEA-SM-289/7, it was clarified that lignite filter ashes are used as sorption 
and binding agents without any additives for evaporator residues resulting from 
evaporation of liquid wastes produced at the nuclear power plants in the 
German Democratic Republic.

It was explained in the discussion of Paper IAEA-SM-289/8 that the require
ments set by the United States Environmental Protection Agency (EPA) to comply 
with dose limits in different organs in the case of high level radioactive waste 
disposal will be reviewed and the relevant rules updated, when required, in the 
light of the latest developments in the field.

In the discussion of Paper IAEA-SM-289/8 it was pointed out that the master 
legislation for the disposal of non-radioactive toxic waste in the United States of 
America is the Resource Conservation and Recovery Act (RCRA), the stipulations 
of which are different from the EPA High-Level Waste Disposal Standards in respect 
of allowable releases, the time spans involved in such releases, individual lifetime 
risks allowed, etc.

In the discussion of Paper IAEA-SM-289/10, a question was asked concerning 
the considerations behind the decision to accept bituminized low and intermediate 
level wastes at the final repository for reactor wastes in Sweden (SFR). It was 
explained that the Swedish Nuclear Power Inspectorate (SKI) has made the 
judgement that bituminized waste can be accepted for final disposal in the SFR 
with the proviso that the Swedish Nuclear Fuel and Waste Management 
Company (SKB) proves the safety of the disposal, including the related acceptance 
criteria.
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Abstract

SAFETY ASPECTS OF RADIOACTIVE WASTE DISPOSAL IN CZECHOSLOVAKIA.
The objective of the study described was to perform an assessment of safety aspects of two 

different disposal options: a mined cavity serving as a central repository for wastes from research 
and utilization of radionuclides, and a repository in shallow ground for low and intermediate 
level wastes from the Czechoslovak nuclear programme. Analyses of different pathways and 
studies of their significance at various times led to the conclusion that groundwater migration plays 
the most important role from the point of view of safety.

1. INTRODUCTION

From the very beginning, the Czechoslovak radioactive waste disposal strategy 
was developed in compliance with internationally accepted standards, criteria and 
recommendations which represented bases for a national framework of corresponding 
laws and regulations. Similarly, the safety aspects of waste disposal formed an 
important part of the national policy. The basis of the safety requirements for 
disposal of radioactive wastes has always been to ensure that any return of radio
nuclides to man will not result in unacceptable exposures at any time.

In view of the relatively poor hydrological and hydrogeological condi
tions, high population density, and intensive use of land and water in Czechoslovakia, 
the established dose limits are low. In connection with the disposal of radioactive 
wastes the guiding value set by competent Czechoslovak authorities at the level 
of 100 juSv/year is currently applied.

The objective of the study described in this paper was to perform an assess
ment of safety aspects of two different disposal options: a mined cavity serving 
as a central repository for wastes from research and utilization of radionuclides, and 
a repository in shallow ground for reactor wastes from the Czechoslovak nuclear 
programme. Since both assessments are highly site specific, the results could hardly 
be used in making decisions on another repository site. However, some observations 
may serve as bases for improvements and/or simplifications in the design, 
construction and operation of waste disposal systems of similar types.
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2. CZECHOSLOVAK WASTE DISPOSAL CONCEPT

In the past, considerable effort has been devoted to developing and 
evaluating appropriate disposal systems for radioactive wastes, in particular for 
wastes from research and the application of radionuclides. In recent years, most 
attention has been paid to wastes originating in nuclear power plants.

The programme to provide for the safe permanent disposal of radioactive 
materials was started in 1958 and greatly expanded in 1975 in connection with the 
exploration for disposal sites for reactor wastes [1 ]. As a result of these activities 
the first disposal site was operated from 1959 and closed in 1963. This experi
mental repository was located in galleries of a disused limestone quarry and the 
disposed wastes were placed into 50 and 100 L steel containers.

Experience obtained from this disposal activity aided a project to construct 
another repository of this type. This facility was built in 1961-1963 and put 
into operation in 1964. It is located in a disused limestone mine separated from 
the surface and underlying formations by an impermeable layer of clayey silt.
The groundwater-table is approximately 50 m below the disposal modules in a 
sandstone layer and is checked for any possible contamination through a system 
of several boreholes. The drainage system is composed of channels and pipes 
which drain the rain water through control pits and a collecting pit from where 
it can be passed to a river.

Similarly, for low and intermediate level wastes from Czechoslovak nuclear 
power plants a general principle has been accepted that consists in converting all 
wastes into a solid, chemically stable product and disposing of them in regional 
repositories in shallow ground. The disposal facility is formed by concrete walled 
trenches constructed of reinforced concrete and provided with hydroinsulation. 
Filled trenches are covered with concrete caps followed by a layer of impermeable 
foil and overburden graded for drainage.

Siting studies for disposal of reactor wastes carried out in the past resulted 
in the selection of two waste disposal sites close to the two existing nuclear power 
plants of Dukovany and Mochovce. During the site survey process some twenty 
different criteria were applied. Considered were technical and economic aspects 
such as land and transportation costs, construction costs for various soil conditions, 
and costs for the installation of additional barriers. In parallel, various safety 
criteria were also taken into account, i.e. geological, hydrogeological, climatological 
and other site related characteristics were studied in detail with the aim of collecting 
adequate data for further safety assessment studies.

Both repositories are designed to accept 1500 standard 200 L drums with 
solid or solidified waste in a disposal module with internal dimensions of 18 m 
length, 6 m width and 5.4 m depth. The walled trenches are also capable of 
receiving other types of package, such as steel liners or concrete blocks. Both 
repositories are located in humid environments with relatively high annual 
precipitation and are also relatively close to the nearest points of water use.
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Owing to the shallow depth down to the groundwater the repository of Dukovany 
is designed as an above ground structure with foundations at the ground surface.

3. SAFETY ASSESSMENTS

3.1. Multibarrier concept

Safety, both during and after operation, was considered the most important 
overall aspect to be examined in field as well as laboratory studies. The assessments 
included identification of pathways that could result in releases of radioactive 
materials from the wastes, and modelling of various transfer mechanisms and of 
different routes by which these materials might reach man and his sources of 
nutrition.

It is generally agreed that the degree of isolation of radioactive wastes 
depends on the performance of the overall disposal system, which is formed by 
three major components: the waste, the repository and the site. This concept 
implies that some less favourable characteristics in one component can be 
compensated for by improving the performance in another component while 
achieving the desired degree of safety for the whole system.

In the case of the central repository for radioactive wastes from research 
and the utilization of radionuclides, which is located in a limestone mine, the 
required degree of safety has been obtained as a result of favourable hydrogeological 
characteristics of the site and by imposing three engineered barriers. That is, 
the wastes are converted into solid form and placed into containers with 
sufficient corrosion resistance; the third engineered barrier is the drainage 
system installed in the repository.

Shallow ground repositories are fully engineered facilities in which the first 
barrier is a fixing medium (bitumen or cement), the second is a container (steel 
drum) protected from inside and outside by anticorrosion coats, the third consists 
of ferroconcrete walls with hydroinsulation, and the fourth barrier is the drainage 
system around the disposal modules.

In both cases the natural barriers are formed by relatively or totally imper
meable layers with high retention capabilities.

3.2. Radionuclide content of the wastes

The wastes from research and the application of radionuclides are of different 
natures, the radionuclide content varying over a broad range. Ten of the most 
important radionuclides with considerable lifetimes have been taken into account 
in the safety assessments. The forecast for the radionuclide inventory at each 
repository in the year 2000 was made on the basis of current research and 
development projects in various branches and of prospective work in the production
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TABLE I. MAXIMUM TOTAL RADIOACTIVITY (Bq) OF SELECTED 
NUCLIDES IN RADIOACTIVE WASTES

Radionuclide Half-life (a) Mined repository 
(year 2000)

Shallow ground repository 
(year 2020)

H-3 12.3 3.70 X 1013 3.09 X 1014

C-14 5 580 4.12 X 10n -
Fe-55 2.60 - 4.63 X 1014
Co-60 5.27 2.02 X 10,s 1.85 X 101S
Ni-63 100 - 1.34 X 1014
Sr-90 28.6 1.05 X 1010 3.36 X 1013
Cs-137 30.2 4.95 X !0 12 3.82 X 101S
Ir-192m 224 6.32 X 1012 -
Tl-204 3.80 9.50 X 1012 -
Pu-239 24 000 8.80 X 109 5.50 X 10"
Pu-241 14.8 5.27 X 1012 1.34 X 1013
Am-241 433 6.25 X 1010 5.38 X 1012

Total 2.08 X 1015 6.75 X 101S

TABLE II. DECAY OF TOTAL RADIOACTIVE CONTENT (Bq) IN 
REPOSITORIES

Year Mined repository Shallow ground repository

2000 2.08 X 1015 2.62 X 10’5
2010 5.77 X 1014 4.04 X 1015
2020 1.68 X 1014 6.75 X 101S
2030 5.51 X 1013 3.99 X 1015
2050 1.29 X 1013 2.18 X 101S
2100 5.74 X 1012 7.05 X 1014
2150 4.57 X 1012 2.46 X 1014
2200 3.90 X 1012 1.07 X 1014
2300 3.24 X 1012 3.17 X 1013
2400 2.86 X 1012 1.59 X 1013
2500 1.76 X 1012 1.01 X 1013
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and application of radiation sources, radiopharmaceutical substances, etc. The 
typical composition of reactor wastes from Novovoronezh type PWRs has been 
supplemented with radionuclides expected from various decommissioning operations, 
including decontamination.

Radioactivities at repositories of both types are listed in Table I. The values 
relating to the regional repository in shallow ground correspond to the waste 
production from eight 440 MW(e) and four 1000 MW(e) reactors. The maximum 
total radioactivity is expected in the year 2020.

Changes of the radionuclide inventory with time are shown in Table II. 
Radioactivity in the year 2500 in the mined repository is caused predominantly 
by m Irm, whereas in the shallow ground repository it results mainly from 63Ni,
239Pu and 241 Am.

3.3. Pathways studied

In the safety analyses for the repositories under study the following eight 
pathways were taken into account:

(a) Groundwater migration
(b) Plant or animal intrusion
(c) Erosion
(d) Fire due to aircraft crash
(e) Improper disposal operation
(f) Reclamation of objects
(g) Construction of a building at the repository site
(h) Agricultural activity at the site.

A more detailed description of each pathway is given elsewhere [2]. Each 
pathway has a different probability of occurrence. The method adopted in this 
study for calculating probability and risk was based, in general, on combination of 
the current rate of occurrence of initiating events with the rates of consecutive 
ones. The resulting probabilities ranged from 10-6 to 10-7 per year for pathway
(d) or (0 , to 10-4 for (b), (c) and (h), and to 10_1—1 for (a). The probability values 
varied with time and the expected duration of the isolation capability of individual 
engineered barriers.

3.4. Dose calculations

Biosphere transport models were originally developed for two purposes. In 
their simpler form they were applied to the evaluation of potential sites in order to 
assess migration characteristics of radionuclides in the biosphere in the immediate 
vicinity of a site under study. More complex models were used in the later stage 
of the site selection process, where potential or already selected sites were the 
subject of detailed evaluation.



134 DLOUHŸ

TABLE III. MAXIMUM EXPOSURES RESULTING FROM VARIOUS 
EVENTS AT SHALLOW GROUND REPOSITORY

Pathway Period* IDEb
OrSv/a)

CDEc
(manmSv/a)

(a) Groundwater migration II-III 3 000

(b) Plant/animal intrusion II-III 10-15 60

(c) Erosion II-III 1-2 0.1

(d) Fire due to aircraft crash I 10 000d
(e) Improper operation 1 2 000
(f) Object reclamation III 680

(g) Building construction III 900

(h) Agricultural activity III 40 240

a I: operational period; II: institutional control period; III: unrestricted use period. 
b IDE: individual dose equivalent. 
c CDE: collective dose equivalent. 
d Single exposure.

TABLE IV. MAXIMUM EXPOSURES DUE TO GROUNDWATER 
MIGRATION AT DIFFERENT TIMES 
(individual dose equivalents (pSv/a))

Year Mined repository Shallow ground repository

2000 2450 3000

2100 35 620

2200 1190 80

2300 1450 245

2400 280 385

2500 15 350



IAEA-SM-289/11 135

TABLE V. MAXIMUM EXPOSURES FROM VARIOUS EVENTS AT 
SHALLOW GROUND REPOSITORY AT DIFFERENT TIMES
(individual dose equivalents (ßSv/a))

Year Pathway

(b) (0 (d) (e) (f) (g) (h)

2000 10-15 1-2 10 000 2000 - — -

2100 3.5 0.5 70 - 680 - -

2200 0.6 0.07 10 - 500 - -

2300 0.2 0.02 3.5 - 450 900 • 40

2400 0.07 0.008 1 - 420 250 15

2500 0.04 0.005 0.3 - 400 100 5

TABLE VI. EFFECTIVENESS OF BARRIERS IN MINED CAVITY 
REPOSITORY WITH RESPECT TO GROUNDWATER MIGRATION

Barrier Individual dose equivalent QrSv/a) delivered in year

2000 2100 2200 2300 2400 2500

None 2450 35 1190 1450 280 15

Waste form 60 30 650 180 45 5

Waste container 0 1800 1030 1225 300 12

Drainage system 0 0 0 0 75 10

The maximum individual and collective doses which would be delivered as a 
result of an abnormal situation at a site have been calculated with a system of 
computational programs [3]. For the shallow ground repository the results are 
presented in Table III. It can be seen that the groundwater migration pathway 
(a) should be considered the most important one.

A comparison between a shallow ground repository and that built in a 
mined cavity is presented in Table IV. Here the doses refer to the consumption 
of groundwater from a nearby well at different times in the repository lifetime. 
The fluctuation of values is due to the radionuclide content in the disposed waste: 
the dose in the early period after the repository has been closed is caused by 3H, 
whilst later on other radionuclides will be more important.



136 DLOUHY

Analogous time dependences for the remaining pathways in the case of a 
shallow ground repository are shown in Table V. From the results it follows that 
doses, in general, fall rapidly with time, and in the year 2500 only in case (f) 
are they still significant, owing to the presence of actinides at the site.

The effectiveness of engineered barriers used in the design of a repository 
in a mined cavity is shown in Table VI. It is assumed that where no barriers are 
applied the groundwater contamination will only be governed by the migration 
characteristics of the geological setting at the site. The leachability of radio
nuclides in the waste form will show a maximum after approximately 200 years 
from the closure of the repository; this will be mainly due to the presence of 
137Cs and 90Sr in the waste. The lifetime of a waste container is expected to be 
less than 100 years; thereafter, releases of 90Sr will be responsible for elevated 
concentrations in the biosphere.

The repository is designed such that the drainage system should withstand 
any abnormal situation for at least 300 years. A failure after that cannot then lead 
to serious consequences for the population in the surrounding area.

4. DISCUSSION OF RESULTS

4.1. Uncertainties

Radionuclide migration was modelled by numerical solution of the mass 
transport equation using the finite element approach. The results of geological 
and hydrogeological field investigations, combined with the results of laboratory 
experiments and field tracer studies, served as input data. The weakest point in 
the current estimates is the imperfect knowledge of future conditions, especially 
of demographic patterns and land and water use in the region of interest, which 
could lead to changes in parameters used in migration models.

Among the technical parameters involved in the modelling the main lack of 
precision lies in the lifetime of the containers. Although some predictions could 
be made from observations of containers stored for more than 20 years, it is felt 
that more cautious assumptions should be posed when assessing the appropriateness 
of the selected disposal option. On the other hand, it seems reasonable to 
assume that the required lifetime of the drainage system, 300 years, can be reached, 
on the basis of the relatively long history of the particular mined cavity and of 
long term experiences with mining in the country. Regarding the waste form, 
more than 25 years of leachability studies of different waste types can guarantee 
the representativeness of the data used in the assessments described above.

4.2. Sensitivity studies

Sensitivity analyses carried out at an earlier stage of the overall assessment 
were predominantly intended for the identification of parameters of basic and
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secondary significance and for a specification of future investigative field-work. 
In this context the roles of leach rate, groundwater flow velocity, sorption 
capability and the length of the transport route were studied in detail. The 
main results of this study are presented elsewhere [4].

5. CONCLUSIONS

Of the different possible pathways for radionuclide migration, groundwater 
migration should be considered the most important one. Other transport 
mechanisms, such as erosion, plant or animal intrusion, and fire at the repository 
site, do not lead to severe radiological exposures of the population in the vicinity 
of the site. Similarly, intrusion pathways are not so important as to affect the 
design characteristics of the repository.

In radionuclide migration via groundwater the geological structure is the 
dominant factor to consider. Therefore, in site selection preference should be 
given to areas that would ensure maximum retention capability for the most 
important radionuclides from the radiological point of view. Where such conditions 
do not exist, it is necessary to guarantee an adequate distance from the repository 
to the nearest points of water use and thus the maximum groundwater 
travel times to these points.

The leach rate of radionuclides from the waste form seems to be of low 
significance. It could therefore be recommended that an increase of radioactivity 
of the wastes be allowed, which would involve the utilization of new, progressive 
methods of waste treatment and conditioning, e.g. calcination followed by 
solidification of calcined products. This, it is hoped, can lead to a volume reduction 
of the wastes to be disposed of and to minimization of the present costs of safe 
disposal systems.
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Abstract

A CONCEPT FOR SHALLOW GROUND DISPOSAL OF SHORT LIVED LOW AND 
INTERMEDIATE LEVEL WASTES IN YUGOSLAVIA.

The continuation of activities in the Yugoslav Atomic Energy Programme requires the 
solution of problems related to disposal in Yugoslavia of radioactive wastes from different 
sources, such as the Kräko nuclear power plant (in operation since 1982), a series of nuclear 
power plants to be constructed in Yugoslavia by the end of the year 2010 (4000 MW(e)), nuclear 
research institutes, industrial applications and hospitals. The general study related to the 
problems of radwaste disposal and spent fuel storage in Yugoslavia was completed for the 
Yugoslav Electricity Generating Board (JUGEL) in January 1985. The first part of the study 
was concerned with the production of radioactive wastes and spent fuel for three different 
types of nuclear reactor (PWR, BWR and HWR) and for different nuclear fuel cycle technologies 
(with and without reprocessing). The wastes were classified according to their physical and 
chemical forms and categorized according to their activity levels and radiotoxicities. Different 
immobilization, packaging and storage/disposal technologies were compared. After technical 
and economic evaluation, and ecological and social aspects having been taken into account, 
the concept of shallow ground disposal of short lived low and intermediate level wastes in 
Yugoslavia was generally accepted. A map and literature area survey also formed part of the 
study. After completion of analyses a site will be selected and the site confirmation procedure 
started. 1

1. INTRODUCTION

The Yugoslav programme for the construction of nuclear power plants (NPPs) 
by the year 2010 has scheduled the commissioning of two 1000 MW(e) nuclear 
power plants after 1995 and the commencement of construction of another two 
1000 MW(e) plants before the end of 2000. The first NPP in the 4 X 1000 MW(e) 
series should be constructed at the Prevlaka site, near Zagreb. Yugoslavia already 
has a two-loop, 660 MW(e) Westinghouse PWR plant; this has been in commercial 
operation at Krsko since 1982.

The international bid invitation procedure is in progress for the construction 
of the four NPPs. During this procedure, the kind of technology (PWR, BWR 
or HWR) and of nuclear fuel cycle will be selected. Consequently, it is presently
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not possible to determine precisely the quantities of liquid and solid radwastes 
that will be produced in the future, so the disposal capacity plans are based on 
assessments. On the other hand, in the operation of the Kräko NPP, both liquid 
and solid LLW and ILW are produced; for these wastes temporary storage is 
provided at the power plant site with capacity sufficient for approximately 
another four years. Therefore, it is clear that the undisturbed operation of the 
Kräko NPP in the future, as well as of the NPPs to be constructed, may be 
achieved only through a long term solution for the disposal of LLW and ILW 
(LILW). The schedule for gradually mastering the technology and constructing 
nuclear fuel cycle facilities does not anticipate reprocessing before the year 2000, 
thus so far no construction of a repository for long lived HLW or for ILW with 
a significant content of alpha radioactivity has been planned. Under the present 
conditions, only spent fuel storage has been anticipated, whereby the spent fuel 
will be collected until reprocessing has been proven to be cost effective.

The disposal concept for short lived LILW in Yugoslavia is a result of the 
trade-off between the real risks to man and his environment and the expected 
costs of disposal facility preparation, construction and operation. An area survey 
has been performed in Yugoslavia to obtain enough information on specific large 
areas (about 10-30 km radius) with geological, hydrogeological and other (natural) 
conditions that, generally speaking, could provide suitable sites for realization of 
the shallow ground disposal concept, which has been considered favourable at 
least from the economic point of view.

Basically, the idea was to use appropriate local clay soil conditions for burial 
of short lived LLW, the waste being previously adequately conditioned and 
immobilized, using additionally, where possible, volume reduction (pressing or 
incineration) at the repository site.

During the map and literature review (desk study), a number of large areas 
were selected with potentially favourable conditions for shallow ground disposal. 
Field reconnaissance has been planned for two sites in north-western Yugoslavia 
in order to collect enough data for preliminary site selection.

Detailed site analysis, prior to site confirmation, is planned to be carried out 
only at the two or three locations considered most suitable after the issuing of a field 
reconnaissance report. This has been decided in order to reduce the overall site 
investigation costs, which could be very high if detailed analysis were started at 
too many sites. We believe that such a decision is extremely important, because 
lack of money for necessary scientific and technical examinations at a disposal 
site may seriously threaten overall safety.

Here, we might quote from I. Hirling [1]:

“Based on the results of the scientific examination we have to decide the 
location of the waste disposal site and the technology of conditioning, 
taking into consideration the expected interaction between the conditioned 
(solidified, packed, and isolated) waste and the soil of the selected waste 
disposal site.”
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TABLE I. REFERENCE ANNUAL QUANTITIES OF LLW AND ILW FOR 
1000 MW(e) PWR PLANT [2]

Type of waste
No. of 0.2 m2 3 drums

LLW ILW

Waste from normal operation 

Waste from maintenance

1800 200

275

TABLE II. KESKO NPP: ANNUAL QUANTITIES OF LLW AND ILW FOR 
660 MW(e) PWR PLANT

No. of 0.2 m3 drums
Type of waste

LLW ILW

Evaporator concentrates 735
Spent resins 66
Filters 16

Compressible waste 148

Other 12

Total 895 82

During the next two years the feasibility study and all necessary documentation 
for the site permit and construction permit will be prepared by architect
engineering organizations supported by nuclear research institutes and relevant 
universities (specialists in geology, hydrology and hydrodynamics).

Before the site confirmation, a safety analysis report and an environmental 
report have to be prepared and approved by the regulatory body supported by 
independent groups for the safety analyses (at nuclear institutes) and IAEA experts.

2. SOURCES AND QUANTITIES OF LILW

An assessment of waste quantities has been supported by data from the 
literature (Table I) [2], Kräko NPP operation data and experience (Table II), and 
the assumed schedule of NPP construction in Yugoslavia (the four plants are
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expected to come on-line in 1995, 1998, 2001 and 2004). Since the decision on 
reprocessing of spent fuel is not expected before the year 2000, the radioactive 
waste generated from reprocessing was not considered in the assessment of 
cumulative quantities.

During the normal operation of an NPP, only LILW are generated. In 
Table I, the reference quantities are averages for a great number of NPPs, and are 
expressed as the number of 0.2 m3 metal drums required to hold the LLW and 
ILW generated annually during the operation of a 1000 MW(e) PWR plant. A 
possible volume reduction (e.g. by pressing) was not taken into account in estimating 
the number of drums.

However, in addition, the number of drums certainly depends, to a great 
extent, on the NPP mode of operation, process efficiency and equipment quality.
For instance, somewhat lower quantities have been generated during operation of 
the Kräko NPP since 1982, as shown in Table II. If the data for the Kräko NPP 
are used, approximately 33 000 drums should be expected by the year 2000, 
consisting of approximately 30 000 drums of LLW and about 3000 drums of ILW.
In these estimates no volume reduction has been assumed. If the LLW from the 
Kräko NPP is compressed, a volume reduction by a factor of eight seems feasible.

Concentrated radwaste will be conditioned in a so-called solidification matrix, 
which is chemically and thermally inert and has sufficient mechanical strength.
All wet and liquid wastes will be solidified in the waste generating plant at the 
NPP, while oversize solid and compressible (combustible) wastes will be 
transported unconditioned to the repository site, where categorization, volume 
reduction and conditioning will be performed.

3. CONCEPTUAL SOLUTIONS FOR WASTE DISPOSAL

The concept of final disposal of LILW in shallow ground has been adopted, 
taking into account the following factors:

— Experience in countries with developed nuclear programmes (France [3])
— Experience in developing countries (Hungary [4])
— Technical and economic aspects of the back end of the nuclear fuel cycle.

In accordance with the above factors, three complementary technologies for 
LILW disposal have been proposed:

(a) On a concrete pad provided with hydroinsulation and a drainage system are 
placed metal drums of 0.2 m3 capacity, cylindrical concrete containers of 
2 m3 capacity, or both. After the space defined by the reinforced frame
work is filled with drums and/or containers, the structure is filled with concrete, 
resulting in a cubic monolith with 5 m sides (Fig. 1).
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FIG. I. Cubic monolith.

FIG. 2. Closed basin.
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FIG. 3. Radwaste flow diagram for a disposal and storage site.

(b) Metal drums and concrete containers are placed in concrete basins provided 
with a drainage system and hydroinsulation. The spaces between the drums 
and containers are filled with gravel, sand or clay, or with an appropriate 
mixture of these. After filling, a concrete cover is poured over to provide 
adequate hydroinsulation (Fig. 2).

(c) Radioactive waste, properly conditioned and packed in concrete containers, 
is placed on a concrete pad in a trench, near the surface or on it, provided 
with a drainage system and hydroinsulation. The space is filled with gravel, 
sand and clay. The result may be a dyke or trench filled to ground level.

The radwaste flow diagram for a disposal and storage site shown in Fig. 3 
indicates that LILW of categories IV and V [5] will be disposed of, and that 
categories II and III [6] can be stored for an indefinite period. Figure 3 also shows
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FIG. 4. LILW disposal site layout. 1, Temporary storage; 2, acceptance, categorization
and sorting; 3, radwaste conditioning; 4, volume reduction; 5, control room; 6, administrative
and operator's premises; 7,  laboratory; 8, entrance, lockers and showers; 9, electric facility;
10, heating station plant; 11, concrete mixing plant, construction material storage and workshop; 
12, waste disposal trenches; 13, gatehouse; 14, parking lot; 15, truck and/or railway 
terminal.

that some types of waste (such as compressible or combustible waste) will be 
reduced in volume and/or conditioned. Figure 4 shows a disposal site layout for 
LILW.

4. ENGINEERED SAFETY BARRIERS

Particular features of the site will perform to a greater or smaller extent as 
natural barriers to the release and migration of waste radionuclides. The natural 
barriers may be combined with complementary engineered safety barriers to 
improve the overall control capabilities.
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LILW with short lived beta and gamma activity should be isolated from the 
human environment for 100-300 years. Isolation for such a period is rendered 
possible by an appropriate combination of natural and engineered barriers which 
ensure that the mean annual concentrations of radioisotopes in the human environ
ment do not exceed the maximum permissible doses prescribed by the Yugoslav 
Regulation on Maximum Permissible Dose Limits of Radioactive Contamination [7].

In site selection the best ground properties, that is, the best natural barriers, 
are selected through which investment savings on engineered barriers can be made. 
For example, a natural barrier may be a soil with some specific properties, such 
as lower permeability (to reduce or stop water circulation) and greater sorption 
(a collective term denoting adsorption, ion exchange, filtration and sedimentation) 
of radionuclides. A good repository site has to be a naturally dry place, sufficiently 
above the groundwater-table and with a small chance of water intrusion. An 
additional advantage of a site is a low probability of earthquakes, floods and 
other natural disasters which could threaten the natural and engineered safety 
barriers.

The embedding of wastes in a solid matrix (conditioning) is the first 
(engineered) barrier to reduce the mobility of radionuclides. The better the 
quality of the conditioning and packaging of the radwaste, the less will be the 
need for extensive engineered barriers on the repository site. Therefore, the 
disposal concept implies making maximum use of improvements in conditioning 
technology and packaging.

The solid matrix is placed in a watertight steel drum. Concrete is then poured 
over the drum to form a block. The concrete block increases the retention capacity 
and physical strength and reduces the leach rate (second barrier).

Filling material outside the concrete block may serve as an additional barrier. 
Bentonite, for example, swells when in contact with water, thus reducing the 
porosity and preventing washout of the concrete block. Backfill thus prevents 
moisture from penetrating the complete block and increases the capacity for 
absorption of radionuclides, should they escape from the block. Backfill would 
also reduce the sensitivity of the concrete block to disturbances which might 
occur in the event of an earthquake.

A concrete pad and cover (cap) each have a lining of hydroinsulation to 
protect against groundwater and rainfall. An additional engineered barrier is the 
drainage system, which ensures that water which might penetrate during the 
period of 100-300 years mentioned earlier will be drained and then discharged 
into the environment once it has been checked for radioactivity.

The risk of water intrusion can be reduced further by locating the concrete 
pad above the groundwater-table. Safety assessment methodology [6, 8] 
(deterministic and probabilistic approaches) permits verification of the effectiveness 
of combined natural and artificial barriers under the most conservative assumptions. 
It should be demonstrated that even in the most adverse conditions the assumed 
minimum effectiveness of the barriers will still provide satisfactory protection 
of the human environment.
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1985 1986 1987 1988 1989 1990

1 Selection of concept T

2 Waste specifications and
solidification and conditioning techniques 19 ,1 0 J

3 Preliminary activities (for 2 —3 sites) 111,12): 
Feasibility study, site investigation, conceptual design, 
site and construction permit documentation

4 Safety analysis (for 2 - 3  sites! 16,81 :
Site and technology analyses, risk analyses, 
environmental report, safety analysis report

5 Site selection (12,131:
Inventory, evaluation, selection, confirmation

6 Repository construction (14,15):
Construction, technical documentation, tender and
contracting, preliminary and construction activities, 
equipment installation, testing and startup

7 Technical documentation on repository as built

8 Licensing (S: site permit; C: construction permit; 
0 : operation permit) S C 0

FIG. 5. Schedule for a radioactive waste repository for waste categories II-V.

5. KEY ACTIVITIES AND SCHEDULING IN PREPARATION OF AN
LILW DISPOSAL REPOSITORY IN YUGOSLAVIA

Our prime concern is the criteria for final shallow ground burial and temporary 
storage of radwastes, not the technical procedures. Furthermore, it is necessary 
to determine the technical criteria for conditioned wastes which define the 
quality of conditioning. Knowledge of two parameters is essential for calculating 
acceptability margins for disposal and/or storage of wastes; these parameters 
are the physical integrity of the matrix and the maximum permissible leach rate 
from the matrix.

Technical standards for drums and containers used for transport and disposal 
should be established. In addition, standardization of waste conditioning and 
packaging may be considerably improved by establishing relevant technical 
standards and regulations in Yugoslavia.

Scheduled activities in the preparation of a waste disposal facility for waste 
categories IV and V, and a storage facility for waste categories II and III are shown 
in Fig. 5. The critical dates for the completion of single phases (1 to 8) are to 
be generally understood as ‘optimistic’.
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6. CONCLUSIONS

Yugoslav architect-engineering organizations, research institutes and local 
manufacturers gained sufficient experience during construction of .the Krsko NPP 
to develop suitable technology and to design and construct a waste repository 
and temporary storage facility, as well as a volume reduction and conditioning 
plant, with the assistance of IAEA experts and foreign consultants. It is 
expected that the import of only some equipment and components will be 
necessary; the rest will be supplied by local industry.

All reference technologies are shallow land burial technologies, but they 
will be chosen and tailored to suit the specific characteristics of a particular site. 
Depending on the site characteristics, technologies and procedures will be developed 
by Yugoslav experts supported by IAEA expertise relating to the safety measures 
and preparation of the legislative work.
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Abstract

RADIOACTIVE WASTE DISPOSAL IN SHALLOW TUNNELS IN GLACIAL TILL OR 
CLAYEY SOIL: GEOTECHNICAL AND HYDROGEOLOGICAL CONSIDERATIONS

Disposal in shallow tunnels in glacial till or clayey soil deposits is an attractive disposal 
alternative for low and intermediate level radioactive wastes. The soil cover over the tunnel 
and waste materials is not disturbed. Problems associated with other shallow depth disposal 
methods, such as handling of large volumes of excavated soil, soil compaction and site 
rehabilitation, are substantially reduced in the tunnel concept. In addition, the number of 
subsurface access points is reduced to one or two large trenches. Considering that the sealing 
of an underground disposal facility against surface water inflows may require much attention 
to design, the shallow tunnel concept could have a significant advantage over concepts involving 
trenches and large diameter augered boreholes. Geotechnical and hydrogeological characteristics 
of a southern Ontario clay deposit that could be suitable for the shallow tunnel concept are 
described. A layout of a hypothetical facility and a preliminary performance assessment are 
presented. Results of a preliminary construction cost estimate are also given. It is concluded 
that where suitable geological and hydrogeological conditions exist, the shallow tunnel concept 
is viable as well as potentially cost effective. 1

1. INTRODUCTION

The principal consideration in the design, construction and operation of 
any low level waste (LLW) and intermediate level waste (ILW) management 
facility is the long term containment of radioactivity in the waste materials. The 
most likely mode of release in all subsurface waste management facilities is by 
the infiltration of surface water and groundwater into the waste materials and the 
subsequent leaching and mobilization of soluble radionuclides. Therefore, to 
minimize radionuclide releases from the facility, appropriate design features must 
be used to prevent large fluxes of water through the waste and to maximize the 
leach resistance of the waste. These objectives would be achieved by constructing 
the facility in a relatively impermeable geological medium and by surrounding the 
waste with appropriate man-made barriers. In addition, special care would have 
to be taken to seal former subsurface access routes to prevent the infiltration of 
surface water into the waste materials via these pathways.

151
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It is anticipated that achieving an effective seal in boreholes, shafts, ramps 
or trench openings will be a difficult and costly task. Inadequate sealing of these 
openings will most probably be the main factor leading to the unacceptable 
performance of a waste management facility that is situated in low permeability 
soil or rock. Thus, in principle, if the waste could be introduced into the soil or 
rock mass without creating any opening to and from the ground surface, the 
problem of a seal would be avoided. This proposition being impossible in practice, 
if the number of subsurface access routes that have to be sealed is minimized, the 
likelihood of poor facility performance should also be minimized.

Relative to other soil waste management concepts, such as trenches and 
augered boreholes, the soil tunnel waste management technique would have the 
fewest surface access routes to seal. Moreover, it is the only soil disposal concept 
in which there would be an undisturbed soil cover above the waste materials.
For these reasons it is worthy of serious consideration. An illustration of a waste 
management facility based on this concept is shown in Fig. 1.

2. POTENTIAL HOST GEOLOGICAL MATERIALS

Glacial till and clayey soil are the two principal soil types that would be 
suitable for a shallow depth waste management facility for LLW and ILW if the 
soil tunnel concept were used.
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Hydrogeological and geotechnical field and laboratory studies have been 
performed on these geological materials at two locations in southern Ontario 
during site investigations for other projects. The conditions at these sites are 
considered to be representative of conditions in other parts of southern Ontario 
where till or clayey soil deposits exist at the surface or under a shallow mantle 
of other deposits. Therefore, if the concept is determined to be viable at these 
locations, there would be a strong probability of its being viable at other locations 
with similar conditions. In this paper the results from studies at the clayey soil 
site (Lambton Generating Station) only will be presented and used in the prelimi
nary performance assessment of the soil tunnel concept. Information on the 
glacial till site is given elsewhere [1 ].

The clayey soil deposit is approximately 44 m thick (Fig. 2). It is believed 
to be, for the most part, of lacustrine origin although it has a ‘till-like’ appearance 
owing to the presence of coarser material. For the purpose of defining patterns 
of groundwater flow and potential contaminant migration, the soil profile may 
be divided into a near surface weathered zone and a much thicker unweathered 
zone. This weathered-unweathered profile has been observed in other clayey 
soil deposits in south-western Ontario [2].

The weathered zone consists of a buff to brown coloured silty clay that is 
relatively stiff and is often brittle and fractured. Fractures have been observed 
to depths of 8 m and the vast majority of the fractures have near vertical 
orientations [3]. The fracture spacing generally ranges between 4 and 10 cm and 
the fracture apertures may be as large as 2.0 mm (the observed large fracture 
apertures may have been caused by stress relief at excavation walls).

Some work has been done to study the influence of these fractures on the 
bulk hydraulic conductivity of the weathered zone. There is as yet no direct 
evidence that the fractures exert a significant influence on groundwater flow and 
contaminant migration (3, 4]. This is a positive finding from the perspective of 
LLW and ILW management. However, it is in contrast to the hydrogeological 
behaviour of other fractured soil deposits (e.g. [5, 6]). The more plastic nature 
of the clayey soil at the Ontario Hydro study site may explain this contrast in 
findings.

The unweathered zone consists of stiff, grey, plastic clay with an undrained 
shear strength of the order of 50 kPa (Fig. 3) [7]. The plasticity of this clay, 
measured on the basis of the Atterberg limits, varies somewhat with depth. 
Generally, the plasticity index is between 20 and 30% and the liquid limit is 
between 35 and 55% [8]. This zone is generally massive and is without any 
distinct sedimentary structure or fractures. Nests of piezometers located in the 
unweathered zone show an overall decrease in hydraulic head with depth. At the 
site (Fig. 2) the downward hydraulic gradients range between 0.03 and 0.47 with 
a mean of 0.24. The hydraulic conductivity of the clayey soil at the site ranges 
between 5 X 10~n and 1.5 X 10-9 m/s. The transport porosity of the clayey soil 
is equivalent to the total water saturated porosity, which is approximately
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Shea r S t re n g th  (kPa)

FIG. 3. Shear strength profile at the clayey soil site. C: undrained shear strength;
P: overburden pressure; CU: consolidated undrained triaxial test; UC: unconfined compression 
test [7].

0.46 [9]. If the average values for hydraulic gradient and hydraulic conductivity 
are used, the computed downward linear groundwater velocity is 0.2 cm/year. 
Groundwater velocities of this magnitude indicate that the groundwater would 
take up to tens of thousands of years to flow through this 44 m thick clayey 
deposit to the underlying bedrock. The observed distributions of natural tritium 
and 180  support estimates of a groundwater residence time of this magnitude.

Groundwater velocities in this range imply that solute transport would be 
dominated by molecular diffusion [10]. The effective diffusion coefficients for 
an unattenuated radionuclide range between 4 X 10~6 and 6 X 10-6 cm2/s in this 
clayey soil [9, 11].
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Natural, Undisturbed Soil 
Cover Over Tunnel

Tunnel Lining

Undisturbed Soil Buffer 
between Tunnels and 
Bedrock or Aquifer
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FIG. 4. Disposal tunnels in till or clayey soil.

3. CONCEPTUAL LAYOUT

The basic layout (Fig. 1) consists of parallel tunnels driven between two 
access ramps and trenches. This layout allows flexibility in simultaneously carrying 
out construction of new tunnels and disposal in completed ones, while keeping 
both activities totally separated. The tunnel depth, diameter and access will be 
controlled by a number of factors, described below.

3.1. Tunnel depth

Given the site conditions described previously, construction of disposal 
tunnels in clayey soil or glacial till deposits can be achieved at reasonable depths, 
i.e. deep enough to provide a sufficient buffer above the waste and shallow enough 
to permit the use of well known and proven soft ground tunnelling techniques. 
Construction can be performed without resorting to costly ground stabilization 
methods such as freezing.
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In this proposed concept, each disposal tunnel is located within the clay/till
deposit such that (Fig. 4):

(a) It is located in the unweathered zone below the zone of seasonal water-table 
fluctuations.

(b) A sufficient buffer exists between the waste and the presumed more permeable 
geological unit (usually bedrock) underlying the till or clayey soil.

(c) A sufficient thickness of natural earth cover is present above the tunnel. This 
cover acts as a hydraulic barrier against surface water infiltration into the 
disposal tunnel, a buffer against diffusion of contaminants to the ground 
surface, and to some extent as an intrusion barrier.

For LLW and ILW, a thickness of 10-15 m buffer below the waste and a similar
thickness of earth cover above are probably adequate.

3.2. Tunnel diameter

The choice of the tunnel diameter depends on many factors, among which
are the following:

(a) The clay/till should be sufficiently thick that the disposal tunnel is located 
within the deposit while the requirements of earth cover and buffer are 
satisfied.

(b) Clay/till strength: the undrained shear strength of the deposit is a major 
geotechnical characteristic that influences the choice of tunnel diameter 
and depth, the distances between adjacent tunnels, and the construction 
method and support requirements. Theoretical relationships, supplemented 
by data available from case histories, exist for interrelating these factors 
(e.g. [12, 13]).

(c) Tunnelling equipment: tunnel boring machines (ТВMs) are now commonly 
used in tunnel construction. TBMs are built in a variety of sizes and are 
usually custom built to handle the specific characteristics of a deposit.

(d) Excavation costs: generally, the larger the diameter of the tunnel, the smaller 
the cost per cubic metre of excavated tunnel. However, data collected
from Canadian consultants, contractors and utilities for actual project costs, 
as well as some estimates [14], indicate that for diameters larger than 3.0 m 
the decrease in excavation costs with increasing diameter is relatively small.

(e) To some degree, compatibility with the size of the waste containers, to 
optimize the waste capacity of the tunnel. For example, with reference to 
Fig. 5, a tunnel of 3.0 m inside diameter (i.d.) would be fairly restrictive as 
to the types of waste container it can accommodate, while a 4.5 m i.d. tunnel 
can accommodate a wider variety of containers. If it is assumed that 0.2 m3 
drums are stacked lying on their sides, the 3.0 m i.d. tunnel would have a 
volume efficiency of 48% while the 4.5 m i.d. tunnel would have an efficiency 
of 52% for case A and 63% for case B.
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3.0 m INSIDE DIA. TUNNEL 4.5 m INSIDE DIA. TUNNEL

(Volume Efficiency 48%) Case A Case В
(Volume Efficiency 52%) (Volume Efficiency 63%)

FIG. 5. Effect o f container size and shape and tunnel diameter on the volume efficiency o f a 
disposal tunnel.

3.3. Type of access

In a generally flat topography, access to the waste disposal facility could be 
through a shaft or a ramp. While a shaft access reduces the potential contamination 
pathways, it introduces complications in the handling of the waste and general 
operation of the facility. For this reason, and because this concept is for relatively 
shallow depths, a ramp access is favoured. However, it is acknowledged that the 
access openings will be the weakest link in the disposal scheme, and that a concen
trated effort would be required to seal them during the backfilling and decom
missioning of the facility.

4. CONSTRUCTION, OPERATION AND DECOMMISSIONING

Tunnels advanced from one access ramp/trench to another would be 
constructed using a TBM. The tunnel support could be a system of steel ribs 
and timber lagging erected within the tail of the TBM. This system is traditionally 
used in soft ground tunnel construction and is usually described as a primary 
support system. For other tunnel applications (e.g. public transport or municipal 
engineering), a secondary lining is installed within the primary one. This secondary 
lining can be of concrete cast in situ, precast concrete segments, cast iron, steel, 
bricks, etc., and is usually required for aesthetic reasons or for its hydraulic flow 
properties. By the time the secondary lining is installed, the primary lining and 
the surrounding soil have achieved equilibrium and the primary lining is carrying 
all the loads [12]. While it does not contribute to soil support, the secondary 
lining usually adds substantially to the tunnel cost. Studies of tunnels built in
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several regions in Canada seem to indicate that the cost of the secondary lining 
is approximately one-third of the total cost of a tunnel [14, 15].

For the present application it is argued that a secondary lining would not 
be required. The waste containers would be stacked in vertical rows to fill a 
length of tunnel. A temporary bulkhead would then be put in place and a fluidized, 
cement based backfill injected to fill all voids within the tunnel. Once the 
backfill had hardened, the waste containers would be encapsulated in a solid mass 
of backfill within the glacial till or clayey soil deposit.

Since the tunnels would be below the level of groundwater fluctuations, 
the timber lagging would be protected from the adverse effects of wetting and 
drying. This would minimize any possibility of minor surface ground settlement 
in the very long term due to timber decay. However, even in tunnels subject to 
wetting and drying there has been no quantitative evidence of such settlement [15].

Upon completion of waste emplacement and backfilling of all the tunnels, 
decommissioning would begin with the sealing of the access openings. This 
operation is critical to the success of this disposal concept. It is proposed that 
it be carried out as follows:

(a) All surface covers placed over the natural soil of the ramp/trench during 
the construction and waste emplacement phases are completely removed.
These covers could include paving, granular material, slope protection, etc., 
which, if left in place, would become a potential pathway for surface water 
into the closed facility.

(b) The sides of the access ramps/trenches are shaped in a stepped configuration 
to allow better compaction and blending with the natural soil.

(c) Backfilling is done by placing the previously excavated clay or till in shallow 
layers, observing moisture and compaction control to achieve a predetermined 
permeability close to that of the surrounding natural soil.

(d) A blend of bentonite and natural clay/till is used in a horizontal layer near 
the top of the ramp/trench to achieve a watertight seal.

(e) The ground surface over the access openings is reshaped to prevent water 
ponding. 5

5. PRELIMINARY PERFORMANCE ASSESSMENT

Predicting the long term hydraulic behaviour of the tunnels during their 
operating life is an important step in the overall performance assessment. In order 
to analyse and predict the movement of water in and around the tunnels, one 
must be cognizant of three phases in their operating life [16]:

(a) Waste emplacement phase
(b) Saturating phase
(c) Steady state, saturated flow phase.
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3 1  m

FIG. 6. Cross-section o f  a tunnel in a clayey soil deposit and the zone o f groundwater diversion.

The hydraulic behaviour of a hypothetical soil tunnel situated in a 44 m 
thick clayey soil deposit (Fig. 2) will now be described in the context of these 
operational phases. The water inflow rate, saturation time and water flow-through 
rate are estimated for the tunnel during each phase. The implications of the long 
term hydraulic behaviour for the potential radiological impact of the LLW and 
ILW in the tunnels are discussed.

5.1. Waste emplacement phase

It is assumed that the construction of the facility and the emplacement of 
wastes that are in drums or otherwise immobilized could take up to a decade to 
complete. During this time the tunnels would act as a sink in the local ground
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water system. However, since the permeability of clayey soil or till is relatively 
small, the inflow rates would be negligible. If one assumes that the tunnels are 
infinitely long and completely penetrate an isotropic and homogeneous medium 
of hydraulic conductivity K, the following equation may be used to estimate the 
steady state groundwater inflow Q per unit length of tunnel [17]:

_ 2тгКН0
Q " ln(2H0/r)

where H0 is the height of the water-table above the tunnel (Fig. 6) and r is the 
excavated tunnel radius. This steady state equation is valid as long as the water- 
table is not drawn down because of the tunnel. This would be the case during 
the early construction period. If the clayey soil has a hydraulic conductivity of 
1 X 1СГ10 m/s and the 4.8 m diameter tunnel is situated 12 m below the water- 
table, the groundwater inflow rate would be approximately 0.2 mL-min_1-m-1.

Groundwater inflow at this rate is very small and could be easily removed 
as air moisture in ventilation air. Also, this would be the maximum rate of 
groundwater inflow from the clayey soil into the tunnels during this phase. It 
would decrease progressively with time if the water-table were to be drawn down 
towards the tunnel.

However, if the tunnels were to intersect permeable heterogeneities in the 
clayey soil (e.g. sand lenses), then the inflow rates could be larger at isolated 
locations in the tunnel. Depending on the extent of such heterogeneities, special 
measures could be required to prevent them from potentially affecting the 
performance of the facility. For example, isolated small sand lenses intercepted 
by the tunnel would probably be totally drained during construction and would 
not affect radionuclide migration after tunnel closure. However, large sand 
bodies, particularly if connected to other potential aquifers, such as a fractured 
bedrock surface, would have to be grouted. This would prevent potentially 
excessive groundwater inflows during construction and waste emplacement.
It would also prevent rapid radionuclide migration through the sand bodies after 
closure of the facility.

Thus, it is unlikely that groundwater would accumulate around the waste 
materials during waste emplacement. There is a greater probability that surface 
water might flow into the tunnels via the access openings, and therefore appropriate 
precautions, such as the provision of interceptor ditches and sumps around and 
within these accesses, should be taken during waste emplacement to prevent this 
from occurring.

5.2. Saturating phase

Following the backfilling and sealing of the tunnels, the backfill materials 
would begin to saturate with water. The waste materials in drums or otherwise
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immobilized would also begin to saturate at a much slower rate. However, this 
would not occur until after the outer drums developed leaks. The rate of pore 
space saturation in the backfill and waste materials must be predicted in order to 
conduct a complete performance assessment. A preliminary estimate of saturation 
time can be obtained by assuming a 10% porosity in the tunnels. At this porosity 
there would be approximately 2 m3 of void space per metre of a tunnel with a 
4.8 m excavated diameter. If the inflow rate per unit length into the waste filled 
tunnels is assumed to be the same as during the waste emplacement phase, then 
the time required to fill the pore space would be of the order of 16 years. This 
would be the minimum time in which a facility could become saturated. It is 
most likely that a longer time would be required owing to the presence of trapped 
gases. In addition, the convergent hydraulic gradients would be smaller during 
the saturating phase than during the waste emplacement phase, which would also 
reduce the rate of groundwater inflow.

The time required to saturate the backfilled tunnels may be smaller if former 
access routes to the waste filled tunnels are not properly backfilled and sealed.
A relatively permeable backfill or poor bonding between the backfill and adjacent 
soil will permit near surface groundwater and surface water to easily infiltrate the 
tunnels. In addition, these construction imperfections may create pathways for 
long term radionuclide migration back to the biosphere.

If soluble radionuclides were to be leached from the waste materials during 
the saturating phase they could be released from the tunnels even if the 
groundwater flow were convergent on the tunnels. This would occur by diffusion 
if radionuclide transport by this process could overcome the containing effect 
of inward groundwater flow.

Following saturation, the groundwater would begin to flow downwards 
through the waste filled tunnels. Depending on the lengths of the waste emplace
ment and saturating phases, this may be as long as 50 years after the beginning of 
tunnel construction. During this period radioactive decay would significantly 
reduce the radioactivity of the LLW and ILW. Radionuclides such as 137Cs, 90Sr, 
3H and 14C would produce the bulk of the radioactivity remaining in the waste 
materials, and would be available for release from the facility following any 
leaching of waste materials.

5.3. Steady state, saturated flow phase

The quantity of water that might flow through a properly backfilled and 
sealed soil tunnel would be small, as is illustrated by the following calculation 
(Fig. 6). In this calculation it is assumed that the tunnel is infinitely long and 
that for any unit length of the tunnel the flow occurs along a plane. The internal 
hydraulic conductivity of the waste filled tunnel is assumed to be much larger 
than that of the surrounding soil. Because of this contrast in hydraulic 
conductivities, a stream of groundwater that is twice the diameter of the tunnel
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is assumed to be intercepted by the tunnel. The size of this stream would become 
smaller as the contrast in hydraulic conductivities decreased. At the extreme, 
groundwater would be diverted away from the waste filled tunnels if their bulk 
hydraulic conductivity were much smaller than that of the surrounding soil [18]. 
However, if one assumes the worst case conditions and uses an average hydraulic 
gradient of 0.24 and a hydraulic conductivity of 1 X 10“10 m/s for the clayey soil 
site, then 8 L/year are estimated to flow through a unit length of the tunnel. At 
this volumetric flow-through rate it would take 260 years to replace the tunnel 
pore water once. With respect to corrosion of metal waste containers and waste 
leaching, the tunnel pore water may be considered to be relatively immobile.

Long lived radionuclides with high mobility in groundwater, such as 14C, 
will be the critical radionuclides to consider in any long term radiological impact 
assessment. Owing to their relatively short half-lives and/or immobility in clayey 
soils, 137Cs, 90Sr and tritium are not expected to migrate a large distance in the 
clayey soil if leached from the waste. Any release of 14C would most probably 
be in the form of carbonate or bicarbonate anions.

In order to estimate rates of I4C migration through the clayey soil following 
its aqueous release, a one-dimensional analytical solution for the advection- 
dispersion equation was used. The solution is for a semi-infinite, homogeneous, 
saturated porous medium with a step function input of a conservative solute [19]. 
This equation is appropriate where diffusion is in the same direction as ground- 
water flow. For the case of transport upwards towards the ground surface, 
diffusion is against the direction of groundwater flow and the aforementioned 
equation is not appropriate. To obtain a conservative estimate of potential 
upward radionuclide migration rates, it was assumed that diffusion would be the 
only transport process and the semi-infinite solution for one-dimensional diffusion 
was used.

Figure 7 shows the relative concentration distribution of a non-attenuated 
radionuclide, such as 14C, where no correction has been made for radioactive 
decay and a constant contaminant source has been assumed. Both assumptions 
would lead to overestimation of the spatial and temporal distribution of the 
radionuclide concentration in the clayey soil between the tunnel and the bedrock 
surface. Because a semi-infinite solution to the advection-dispersion equation 
has been applied to a finite system, the concentration values at the lower boundary 
of the system will not be accurate. However, the curves in Fig. 7 do give an 
estimate of how long it would take for a contaminant front to move through the 
clayey soil to the bedrock surface. For example, if it is assumed that the critical 
concentration of 14C is 0.5 of the tunnel porewater concentration C0, these 
curves show that it would take in excess of 10 000 years (approximately two 
14C half-lives) for the 14C concentration C to reach this level at the bedrock surface.

The flux of 14C contaminated water into the groundwater of the permeable 
bedrock surface would be small. It is most likely that the concentration of 14C 
in groundwater will be greatly diluted at this point.
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FIG. 7. Distribution o f concentration C o f a non-attenuated radionuclide relative to source 
concentration C o  from tunnel invert (0.0 mj to bedrock surface (28.6 m). V: groundwater 
flow rate; D*: effective diffusion coefficient.

Figure 8 depicts the upward migration of a non-attenuated radionuclide by 
diffusion alone. Conservatism in concentration estimates due to ignoring the 
effects of radioactive decay and source term depletion also applies in this case.
The curves in Fig. 8 would also be shifted to the left if the opposing effect of 
downward groundwater flow against upward diffusion were taken into consideration. 
Nevertheless, the results in Fig. 8 show that it would take in excess of 6000 years 
for the concentration of 14C to exceed one-half of the source term concentration 
near the water-table. Upon reaching the unsaturated zone, there would be a 
significant loss of 14C from the aqueous phase to the gas phase as a result of C02 
transfer at the freewater surfaces. There would then be a slow release of 14C02 
to the atmosphere.

It must be emphasized that these calculations of 14C migration are preliminary. 
Their accuracy would be improved substantially by employing models that better 
represent the hydrogeochemical behaviour of 14C contaminated water. Also, an 
improved assessment of potential impact could be made if the release of 14C from 
the waste were more accurately represented in future modelling. Even though the
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FIG. 8. Distribution o f concentration C o f a non-attenuated radionuclide relative to source 
concentration Cq between tunnel crown (0.0 mj and water-table (9.6 m) due to upward diffusion 
only. V: groundwater flow rate; D*: effective diffusion coefficient.

results in Figs 7 and 8 are conservative, they indicate that the soil tunnels in 
clayey soil may have excellent long term LLW and ILW containment capabilities. 
It is expected that similar results would be found for soil tunnels constructed in 
a thick glacial till deposit.

6. COMPARISON WITH OTHER CONCEPTS OF SHALLOW DEPTH 
DISPOSAL IN SOILS

Compared with trench disposal, disposal in tunnels has the following 
advantages:

(a) Tunnels are far less disruptive to the environment at the site than trenches.
(b) Tunnels permit all-weather construction and operation.
(c) They substantially reduce the requirements for surface drainage, surface 

finish and landscaping at the site and the associated maintenance.
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(d) Depending on the thickness of the clay/till deposit and its geotechnical 
characteristics, disposal can be carried out at greater depth than is practically 
achievable with engineered trenches.

(e) The soil cover above the disposal tunnel is the natural undisturbed soil at 
the site, and hence there are no problems associated with creating a potential 
surface pathway of contamination as a result of, for example, poor compaction 
of the earth cover in the case of trench construction.

A preliminary estimate of the total construction costs of a generic disposal 
facility using the tunnel concept was compared with that for a similar facility 
where disposal would be in engineered trenches. These trenches can best be 
described as underground reinforced concrete structures where the waste is placed 
and the voids backfilled. A structural cover is then constructed to support a 
maximum of 5.0 m of compacted clay cover. The walls of the trenches are 
designed to support the structural slab cover and its surcharge. A reference waste 
quantity of 50 000 m3 in 0.2 m3 drums was assumed for both cases. The costs 
included that of backfilling all voids within the disposal unit with similar backfill 
(low strength concrete) as well as the cost of site preparation, drainage, etc., during 
construction and site rehabilitation following closure. The cost estimates in 1984 
Canadian dollars per cubic metre of waste were as follows: tunnels $ 360/m3; 
engineered trenches $ 345/m3.

Thus, it appears that the proposed concept is cost competitive as long as a 
secondary lining is not required and construction does not necessitate any special 
construction stabilization measures (e.g. freezing or compressed air). For the 
clayey site described, if the tunnels are constructed deeper than 11-13 m the use 
of compressed air could be required, which would affect the cost estimates. On 
the other hand, the safety achieved would be much greater than that of the trenches, 
which are estimated to have a 3.0-5.0 m earth cover only.

However, the tunnel concept also has some other practical limitations. For 
example, a tunnel scheme would probably require a custom built TBM, and is 
most cost effective if a large quantity of waste is at hand, it being assumed that 
a minimum of 1 km of tunnel would be constructed at a time. Also, the circular 
cross-section of a tunnel is more restrictive and allows less manoeuvrability than 
the rectangular section of a trench. In addition, once a diameter is selected any 
variation would necessitate major adjustments to the TBM, or even the purchase 
of a new one. During tunnel construction, natural soil imperfections, such as 
boulders, sand seams or lenses, could cause problems and delays. Finally, 
retrievability of the waste after closure would be extremely difficult and would 
involve major site excavation.

7. CONCLUSIONS

The preliminary geotechnical studies of a concept for waste disposal in 
tunnels in a clayey soil deposit of southern Ontario indicate that the concept is
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viable and that it can be implemented with currently known and proven con
struction methods. A preliminary performance assessment using generally 
conservative assumptions indicates that the soil tunnel concept would have a 
potentially adequate LLW and ILW containment capability. Under favourable 
ground conditions, the concept can also be economically viable compared with 
engineered trenches.

It is concluded that where the suitable geological and hydrogeological 
conditions are available, the tunnel concept should be given serious consideration 
as an alternative disposal concept.
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Abstract-Résumé

SAFETY CRITERIA FOR THE SELECTION OF A SITE FOR THE SURFACE STORAGE 
OF RADIOACTIVE WASTES.

The French radioactive waste management programme envisages the establishment of 
two new surface storage sites. Initial examination of the first site was carried out at the 
beginning of 1986; more detailed characterization is currently being carried out with a view 
to establishing the basic nuclear facility. The safety objectives and associated criteria which are 
applicable to the new surface storage sites were laid down in Basic Safety Regulation No. 1-2 
communicated in June 1984. A safety evaluation methodology based on these criteria is 
presented here. Then each criterion of the Basic Safety Regulation is studied in terms of 
favourable, unfavourable or exclusion parameters in the following disciplines: topography, 
geology, hydrogeology, geochemistry, hydrology, geotechnics and meteorology; they are also 
compared to regulations in other countries and to international regulations (IAEA). The 
relative weight of the criteria is examined with regard to the various stages of investigation and 
regulation.

CRITERES DE SURETE POUR LE CHOIX D’UN SITE DE STOCKAGE EN SURFACE DE 
DECHETS RADIOACTIFS.

Le programme français de gestion des déchets radioactifs prévoit la réalisation de deux 
nouveaux sites de stockage en surface. L’examen précoce du premier site est intervenu début 
1986; une caractérisation plus poussée est en cours pour aboutir au processus de création de 
l’installation nucléaire de base. Les objectifs de sûreté et les critères associés, applicables aux 
nouveaux sites de stockage en surface, ont été définis par la Règle fondamentale de sûreté n° 1-2 
notifiée en juin 1984. Une méthodologie d’évaluation de sûreté, à partir de ces critères, est 
présentée ici. Puis, chaque critère de la RFS est étudié en le traduisant par des paramètres 
favorables, défavorables ou d’exclusion, dans les disciplines suivantes: topographie, géologie, 
hydrogéologie, géochimie, hydrologie, géotechnique, météorologie; ils sont par ailleurs comparés 
aux réglementations étrangères et aux recommandations internationales (AIEA). Le poids 
relatif des critères, selon les différentes étapes d’investigation et de réglementation est examiné.
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1. CRITERES DE CHOIX D’UN SITE

1.1. Objet de la réglementation française

Nous nous référerons à la Règle fondamentale de sûreté (RFS) n° 1-2 
(révision 1) [ 1 ] relative aux objectifs de sûreté et aux bases de conception pour 
les centres de surface destinés au stockage à long terme de déchets radioactifs 
solides de période courte ou moyenne et de faible ou moyenne activité massique, 
édictée par le Ministère de l’industrie et de la recherche, en 1984.

1.1.1. Type de déchets

La RFS (titre II, para. 1 ) précise quels sont les déchets concernés:
«Les déchets radioactifs dits à période courte ou moyenne et de faible ou 
moyenne activité massique (...) dont l’activité résulte principalement de la pré
sence de radioéléments émetteurs bêta ou gamma à période courte ou moyenne 
(inférieure à 30 ans ou de l’ordre de 30 ans) et dont la teneur en radioéléments à 
période longue est très faible. (...) Seuls les déchets solides, ou rendus tels, 
peuvent être acceptés dans un centre de surface».

Par ailleurs, elle fixe des limites aux radionucléides émetteurs alpha à vie 
longue acceptables sur les sites de surface:

-  0,01 Ci alpha par tonne en moyenne pour l’ensemble du stockage;
— 0,1 Ci alpha par tonne maximum par colis, cette limite pouvant être portée 

à 0,5 Ci alpha par tonne par colis sur la base d’un agrément au cas par cas, de 
façon à tenir compte des variations des procédés industriels.

1.1.2. Type de stockage

Il s’agit d’installations nucléaires de base dites «centres de surface destinés 
au stockage à long terme de substances radioactives».

Le stockage est réalisé à faible profondeur et sa «vie» comporte deux phases 
successives:

— l’exploitation: de Tordre de 20 ans par exemple pour le Centre de stockage 
de la Manche;

— la surveillance, à définir par l’exploitant: 300 ans au plus, soit 10 périodes 
environ pour des radionucléides comme le 90Sr et le 137Cs (l’activité de ces radio
nucléides est alors réduite d’un facteur 1000); la durée de cette période est 
fonction de l’inventaire radiologique.

A Tissue de la période de surveillance, le terrain doit pouvoir être restitué 
en vue d’un usage sans restriction.
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1.2. Objectifs de sûreté

Les autorités françaises [1,2] ont défini des objectifs de sûreté que l’on 
peut résumer ainsi:

— isolement des déchets par des barrières artificielles (conditionnement, 
ouvrage, couverture définitive);

— protection contre les eaux de surface (couverture) et les eaux souterraines 
(stockage au-dessus des plus hautes eaux de la nappe phréatique);

— protection contre les intrusions humaines pendant les phases d’exploitation 
et de surveillance.

Les dispositions de sûreté propres au stockage sont complétées par la 
«barrière géologique» qui continue à jouer son rôle après la période de surveillance, 
notamment en ralentissant la migration ou en fixant les radionucléides à vie longue.

L’isolement des déchets vise au respect des principes généraux de protection 
immédiate et différée des personnes et de l’environnement (titre III, para. 1 de 
la RFS).

1.3. Les critères de sûreté applicables au choix du site

La RFS, au para. 5 du titre VI, définit des «critères de sûreté applicables au 
choix des sites» pour satisfaire aux dispositions des titres III (objectifs fonda
mentaux) et IV (bases de conception liées à la sûreté).

Ces critères sont classés sous trois rubriques:
a. Sismicité et stabilité tectonique et géotechnique;
b. Caractéristiques hydrogéologiques;
c. Ressources naturelles.

2. LIAISON ENTRE LES CRITERES DE SURETE DE LA RFS ET 
LES PARAMETRES DE CHAQUE DISCIPLINE (tableaux I et II)

2.1. Sismicité et stabilité tectonique et géotechnique

2.1.1. Sismicité faible et stabilité tectonique

La RFS précise que «le site devra être situé dans une zone de sismicité faible 
et stable tectoniquement». En effet, la sismicité pourrait affecter les prévisions 
liées au système hydrologique et hydrogéologique par ses effets sur le réseau 
hydrographique. Elle pourrait intervenir dans la stabilité des pentes ou des 
ouvrages de stockage et dans le maintien en état des réseaux de drainage et de 
collecte des eaux, ainsi que dans la position des niveaux de la nappe et des 
exutoires.

(Suite du texte p. 181)
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Les facteurs géologiques sont ici déterminants: on y incorpore la sismo- 
tectonique qui vise à corréler structures tectoniques (accidents, plis, provinces, 
etc.), sismicité et sismologie, pour l’étude des séismes et de leur répartition, et 
la néotectonique pour les mouvements à dominante verticale récents et de faible 
amplitude.

Dans le contexte français, ce critère est important dans une phase d’inventaire 
général visant à aboutir à un choix de zones favorables. Il ne devrait ensuite pas 
jouer un grand rôle dans le choix d’un site au sein des zones présélectionnées.

2.1.2. Stabilité géotechnique

«La stabilité géotechnique devra également être assurée en tenant compte de 
l’influence des ouvrages sur le terrain et des risques de mouvements de terrain liés 
notamment à la présence éventuelle de vides ou de cavités en profondeur du site». 
Les préoccupations de la RFS sont évidentes: l’instabilité des ouvrages ou des 
déchets entraîne celle de la couverture et celle des réseaux de collecte des eaux 
conduirait à accroître le risque d’intrusion d’eaux météoriques et le risque de 
relâchement de radionucléides dans l’environnement.

Les disciplines géotechnique et topographie, auxquelles il faut ajouter géo
logie et géochimie, permettent de caractériser la sensibilité du milieu à l’égard de 
ce critère de stabilité géotechnique. Par contre, hydrogéologie, hydrologie et 
météorologie vont fournir les facteurs d’instabilité.

Pour la topographie, on s’accorde à parler de faible inclinaison pour des 
pentes inférieures à 5% et de fortes déclivités pour des pentes supérieures à 10%.

Notons que la pente de la surface topographique influence directement 
le ruissellement, l’infiltration ainsi que la pente de la nappe phréatique et la vitesse 
des eaux souterraines. Pour ralentir celle-ci, on ne peut toutefois souhaiter un 
terrain plat, eu égard aux risques d’inondation et de remontée de la nappe.

2.1.3. Erosion

«Le stockage devra être convenablement protégé à l’égard du risque d’éro
sion». La RFS précise que la couverture doit assurer cette protection.

Les facteurs intervenant se rapportent à l’hydrologie et à la météorologie.
Les prescriptions relatives à la couverture des ouvrages ne sont pas tributaires du 
site.

2.2. Caractéristiques hydrogéologiques

2.2.1. Hydrogéologie simple et modélisable

Pour permettre une évaluation des transferts de radionucléides, la RFS 
demande une «bonne connaissance» de l’hydrogéologie du site, d’où la nécessité 
«que cette hydrogéologie soit simple et modélisable».
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Rappelons qu’est favorable tout ce qui peut concourir à faciliter la prédic
tion, grâce aux simulations, en hydrogéologie et en géologie qui déterminent 
les types d’écoulement. Est défavorable toute configuration conduisant à des 
incertitudes dans le temps ou l’espace, sauf si on sait borner ces incertitudes.

Un manque de vigilance aux stades précoces de la sélection peut entraîner 
d’interminables études pour caractériser ou amender un site.

Par ailleurs, comme le mentionne la Règle fondamentale de sûreté, une 
connaissance exhaustive des exutoires de la ou des nappes concernées par le 
stockage est nécessaire. D’une part, cela permet une surveillance efficace de 
l’environnement et, d’autre part, cela assure une meilleure fiabilité aux calculs 
effectués pour estimer les conséquences radiologiques.

2.2.2. Capacité de dilution des exutoires

La RFS poursuit en précisant que «les exutoires actuels (et potentiels) 
devront avoir une capacité de dilution radiologique suffisante».

Pour satisfaire cet objectif, il faut en principe des flux importants (pluvio
métrie, hydrologie, eaux souterraines) alors que le processus de sélection des sites 
de stockage vise à limiter le risque de contact entre l’eau et les déchets. Toutefois, 
certaines configurations, en bord de mer ou de rivière peuvent être favorables à 
l’application de ce critère, à condition d’échapper à certains risques tels que 
les inondations, la pollution de nappes alluviales et l’instabilité des zones côtières.

2.2.3. Niveaux hauts

Le choix du site et la conception de zones de stockage, nous dit la RFS, 
devront permettre d’éviter que la nappe phréatique et les eaux des cours d’eau 
avoisinants, même à leurs niveaux les plus hauts, ne puissent atteindre les déchets.

Pour des régions au climat tempéré et relativement humide, comme on en 
rencontre en France, placer les déchets au-dessus des nappes phréatiques re
présente une contrainte indiscutable. L’incursion des eaux souterraines dans les 
ouvrages de stockage de surface est une défaillance qui a été fréquemment observée 
dans le monde. Le risque associé à un tel événement est essentiellement la 
lixiviation des déchets et l’altération des ouvrages. La détermination des niveaux 
hauts nécessite une première observation par puits sur 12 à 18 mois et une esti
mation (ou une observation) des niveaux sur une période au moins décennale.

La RFS n’a pas imposé une approche probabiliste, ni une hauteur de garde, 
ni une périodicité de récurrence pour les niveaux retenus. Le principe de la sûreté 
intrinsèque amène à ne pas prendre en compte le rôle des drains sous radier dans 
un éventuel rabattement de la nappe.

Des études peuvent par ailleurs être effectuées sur les conséquences radio
logiques d’une intrusion périodique (50 ou 100 ans par exemple) des eaux de 
la nappe.
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La recherche de sites «imperméables», sans nappe phréatique, ne paraît pas 
très réaliste en France, outre les effets néfastes de l’imperméabilité, sous l’angle 
géotechnique et par suite de l’absence de l’effet de rétention du terrain. Il en est 
de même pour les sites à zone non saturée importante. Sous notre climat, cela 
se présente surtout en terrain calcaire, à tendance karstique, avec des circulations 
d’eau plutôt rapides et difficiles à modéliser. On peut également concevoir un site 
de stockage de surface où les ouvrages ne seraient pas enterrés. Dans ce dernier 
cas, l’effet de rétention du terrain peut se trouver partiellement réduit lorsque 
le site se prête à des écoulements hypodermiques.

Pour les crues du réseau hydraulique de surface, on retrouve le problème de 
la prévision des niveaux centenaires ou millénaires, bien maîtrisé pour les rivières 
d’une certaine importance. La topographie peut, bien entendu, pour les eaux 
de surface, jouer un rôle important en évitant la stagnation ou en mettant le site 
à l’abri de crues ou de ruissellements.

2.2.4. Pouvoir de rétention

Pour respecter le principe de la «sûreté intrinsèque», la RFS, en ce qui 
concerne la capacité du site à confiner les radionucléides à vie longue après la 
période de surveillance, estime nécessaire «que les matériaux naturels en place au 
sein desquels sont réalisés les ouvrages possèdent un bon pouvoir de rétention des 
radioéléments». La connaissance de ce paramètre nécessite des essais et des obser
vations de longue durée. L’exploitation des incidents et quelques expériences 
peuvent permettre l’évaluation du facteur de retard pour tel ou tel radionucléide 
dans un contexte donné. Notons que les roches présentant un bon pouvoir de 
rétention sont généralement peu aptes à assurer un drainage satisfaisant du site 
de stockage.

2.2.5. Compatibilité chimique

En outre, les «matériaux naturels» devront être «chimiquement compatibles 
avec les matériaux constitutifs du stockage lui-même, y compris les déchets».
Ce domaine est encore mal connu et peu expérimenté. Il est à rapprocher de 
l’éventualité d’une introduction d’éléments chimiques dans le milieu naturel, soit 
à partir des déchets ou des ouvrages, soit à partir d’une «pollution» dont la source 
est à l’extérieur du site. L’objectif recherché vise à obtenir, notamment, que 
le béton des barrières de confinement et les ouvrages soient à l’abri d’éléments 
agressifs tels le chlore, le magnésium, l’ammonium, les sulfates, etc.

2.3. Ressources naturelles

«Le site choisi pour l’implantation du stockage ainsi que les matériaux utilisés 
pour sa construction et son revêtement ne devront pas contenir de ressources
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naturelles présentant un intérêt». La RFS vise le risque d’intrusion humaine et 
la préservation des possibilités d’exploitation de ressources minérales ou de 
ressources en eau.

Les premières sont relativement faciles à circonscrire précocement, les 
secondes parfois plus difficiles à évaluer, qu’il s’agisse d’un usage industriel des 
ressources, ou de l’utilisation domestique des eaux. Pour ce qui concerne les 
ressources en eau, en particulier dans les systèmes hydrogéologiques multicouches, 
la mise en évidence des connections éventuelles entre nappes superficielles et 
nappes plus profondes, de grande étendue et exploitées, est parfois difficile.

En conclusion, nous ferons remarquer qu’il ne peut être satisfait pleinement 
et simultanément à tous les critères, pris un à un. Comme nous l’avons vu, c’est 
le cas pour la capacité de dilution aux exutoires avec la recherche d’une limita
tion des flux d’entrée d’eau, d’une structure hydrogéologique bien circonscrite et 
de développement limité; de même, un bon pouvoir de rétention est peu compa
tible en général avec une formation géologique drainante. Ce type de formation 
sera recherché pour accroître la hauteur de la zone non saturée en vue d’y 
installer les ouvrages de stockage et de maintenir les déchets hors d’atteinte des 
eaux souterraines.

3. COMPARAISON DES REGLEMENTATIONS

Les tableaux III à X présentent les textes réglementaires pour la France, les 
Etats-Unis et le Royaume-Uni ainsi que les recommandations de ГА1ЕА.

Pour la France, le texte de base est la Règle fondamentale de sûreté n° 1-2 
révision 1 (1984). Pour les Etats-Unis, le texte réglementaire est le 10 CFR Part 61, 
paragraphe 50 (1982) [3-5]. Le Département de l’énergie des Etats-Unis (US-DOE) 
utilise des critères de sélection des sites respectant les normes du 10 CFR Part 61 
[6-8]. Le Département de l’environnement britannique a édicté des principes à 
respecter (1984) [9]. L’Agence internationale de l’énergie atomique a publié 
des recommandations en 1981 et 1983 pour les stockages souterrains [10], 
de faible profondeur [11] ou les stockages de déchets de faible et moyenne activité 
en cavités rocheuses [12].

Pour les Etats-Unis, précisons que la réglementation définitive de 
Г Environmental Protection Agency (EPA) est en cours d’élaboration pour les déchets 
de faible activité massique sous l’intitulé 40 CFR Part 193.

3.1. Analogies entre la réglementation française et les différentes
réglementations nationales et internationales

La recherche d’une sismicité faible et d’une stabilité tectonique et géo
technique se retrouve dans les différents textes mentionnés ci-dessus.

(Suite du texte p. 193)
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Pour ce qui concerne les caractéristiques hydrogéologiques, le souci commun 
est d’assurer une prévision sûre des transferts des radionucléides. La Nuclear 
Regulatory Commission (NRC), l’US-DOE et ГА1ЕА demandent donc une hydro
géologie simple et modélisable.

Le maintien des déchets à l’abri des hautes eaux de surface ou souterraines 
est également souhaité par la NRC, l’US-DOE et l’AIEA. Toutefois les positions 
de la NRC et de l’US-DOE ne sont pas identiques: la NRC préconise de placer 
les ouvrages de stockage au-dessus de la zone de battement de la nappe, dans la 
zone non saturée. Elle n’acceptera, au coup par coup, une position au sein de 
la zone saturée que si les vitesses d’écoulement sont très lentes (de l’ordre de 
0,3 m/a) et les mécanismes de transfert liés uniquement à la diffusion. Jusqu’à 
présent, la pratique américaine a évité le recours à cette disposition. L’US-DOE 
recommande essentiellement d’éviter la zone de battement de la nappe où les 
échanges sont intensifiés. L’AIEA évoque le risque d’inondation et précise avec 
force [10] un critère relatif aux hautes eaux souterraines: «quelques mètres 
doivent séparer la base du stockage du niveau le plus haut des eaux souterraines et 
la surface de la nappe doit être exempte de fluctuations importantes».

Enfin, l’absence de ressources naturelles dans le voisinage du site de stockage 
est un souhait général exprimé par la NRC, l’US-DOE, le Royaume-Uni et l’AIEA. 
Les différences portent sur la prise en compte des ressources actuelles seules ou 
des ressources actuelles et futures, et sur la mention explicite des ressources 
hydrauliques. La NRC semble laisser la porte ouverte à des exploitations des 
ressources naturelles qui ne mettraient pas en cause le respect des objectifs de sûreté.

Remarquons que les textes américains incorporent des critères extérieurs à 
la géosphère tels que des facteurs socio-économiques.

3.2. Différences entre les diverses réglementations

La RFS se signale par deux critères particuliers: la capacité de dilution des 
exutoires et la compatibilité chimique des matériaux naturels avec les matériaux 
des ouvrages de stockage et les déchets.

Nous avons indiqué plus haut le caractère particulier du premier critère.
Il détermine la capacité radiologique pour les radionucléides alpha et béta-gamma 
à vie longue, et il intervient dans les calculs des conséquences radiologiques des 
scénarios accidentels. Il semble que les Etats-Unis ne mentionnent pas cet objectif 
de capacité de dilution des exutoires dans la mesure ou ils excluent l’éventualité 
d’un relâchement notable de radionucléides aux exutoires: dans le cas où cela 
se produirait, ils précisent que les déchets seraient repris.

Le second critère n’a pas d’équivalent à l’étranger dans le domaine des 
déchets nucléaires.

La RFS n’a pas retenu le principe d’un périmètre de protection (zone tampon), 
retenu par les réglementations américaines (critères n° 1 de l’US-DOE et n° 10 
de la NRC), cette question étant encore à l’étude.
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La RFS n’évoque pas particulièrement la situation géographique des exutoires 
(critère n° 7 de la NRC qui introduit le critère de la distance à parcourir par les 
radionucléides), l’acceptabilité des conséquences radiologiques de rejets éventuels 
étant fondée à la fois sur la distance parcourue par les radionucléides dans le 
terrain, la capacité de rétention des roches et la capacité de dilution des exutoires. 
Elle ne mentionne pas non plus, pour les mêmes raisons, la limitation des flux des 
eaux souterraines proposée par l’AIEA [ 10].

La NRC admet, en théorie, la possibilité de stocker en milieu saturé, impose 
l’absence d’exutoire sur le site et ne fait pas état de la capacité de rétention des 
terrains. L’US-DOE reprend la possibilité de stocker en milieu saturé; par contre, 
il fait intervenir les propriétés géochimiques des terrains (critère n° 7).

L’expérience acquise en France, en laboratoire et sur le terrain, montre la 
possibilité de prendre en compte, pour certains radionucléides, la capacité de 
rétention des terrains dans l’évaluation du retard apporté dans le transfert 
jusqu’aux exutoires. 11 convient toutefois d’utiliser les modèles et données 
correspondants avec prudence.

3.3. Conclusion

Un consensus apparaît pour tous les risques géologiques mettant en péril 
les caractéristiques du stockage ou de son environnement. Les eaux, tant sou
terraines que de surface, sont considérées comme le vecteur le plus sensible du 
retour des radionucléides à l’environnement.

Une performance globale est attendue de la barrière géologique (hydrogéo
logie favorable, rétention, stabilité, etc.) et cette performance doit pouvoir être 
modélisée et aboutir à des prévisions fiables. Cette dernière condition privilégie 
les systèmes simples. 4

4. LES ETAPES REGLEMENTAIRES FRANÇAISES

Quatre étapes sont prises en compte (tableau XI): l’examen précoce, le 
rapport préliminaire de sûreté, le rapport provisoire de sûreté et le rapport définitif 
de sûreté.

L’examen précoce comporte les considérations ayant trait au site. Le rapport 
préliminaire de sûreté, déposé à l’appui d’une demande d’autorisation de création, 
doit donner l’assurance du respect des objectifs fondamentaux de sûreté, notam
ment la sûreté du stockage proprement dit. Il doit comporter le résultat des 
premières études visant à déterminer la capacité radiologique du centre de stockage. 
Il doit par ailleurs préciser les niveaux les plus hauts des eaux souterraines, de 
même que la position des exutoires et leur capacité de dilution.

Des scénarios «plausibles» sont définis pour l’évaluation des transferts des 
radionucléides vers l’environnement.
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Le rapport provisoire de sûreté, déposé à l’appui de la demande de mise en 
exploitation, voit s’achever la description des dispositions assurant la sûreté du 
stockage. On notera la confirmation définitive des conditions aux limites (exu
toires) et de l’absence de vices, initialement non identifiés, pouvant remettre en 
cause le site.

Le rapport définitif de sûreté tient compte de l’expérience de la première 
période d’exploitation et justifie, à partir des résultats obtenus, la nature et les 
quantités de radionucléides acceptables sur le site.

Le tableau XII reprend les données du tableau XI en ménageant une entrée 
par critère de la R FS et en rappelant, pour chaque critère, la discipline dominante 
selon l’étape ainsi que le moment de sa prise en compte.

Quelques remarques peuvent être faites sur le rôle et l’appréciation des 
critères tout au long de ces étapes réglementaires. Dans une étape de pré
sélection, les critères al (sismicité), b4 (inondations) dans le cas de rivières majeures 
et c pour les ressources naturelles évidentes doivent intervenir. Dès l’étape de 
l’examen précoce, interviennent les critères bl (hydrogéologie modélisable), 
b2 (capacité de dilution de l’exutoire), b3 (hautes eaux de la nappe) et b5 (ré
tention); le critère b3 peut être tourné si l’on n’enterre pas les ouvrages. En ce 
qui concerne le critère b5, compte tenu de son rôle limité aux déchets alpha et 
bêta-gamma à vie longue, dans l’évaluation du risque, et à certaines situations 
accidentelles, il pourrait éventuellement glisser vers les critères d’importance 
moyenne; par ailleurs un compromis est à trouver entre l’impératif de la facilité 
de modélisation qui incite à rechercher des formations drainantes simples et la 
capacité de rétention de la roche. Au cours des étapes ultérieures, on doit exa
miner les critères a2 (stabilité géotechnique), a3 (érosion), b4 (inondations) 
pour les systèmes hydrogéologiques de plus faible importance, éventuellement 
b5 (rétention), et le critère b6 (compatibilité chimique).

On retrouve dans ce classement l’importance relative des facteurs intervenant 
dans le respect du principe de confinement des déchets, c’est-à-dire la protection 
contre les eaux et le maintien des performances des barrières ouvragées.

Notons que le critère bl (hydrogéologie modélisable) peut être satisfait à 
partir de configurations géologiques assez différentes. 11 reflète une appréciation 
globale du site, ce qui permet une certaine souplesse dans son application.

5. SCHEMA DE PRINCIPE POUR LES NOUVEAUX SITES

L’Agence nationale pour la gestion des déchets radioactifs (Andra) a retenu 
un schéma de principe qui consiste à placer les ouvrages de stockage dans (ou sur) 
une formation sédimentaire à faible pendage, d’extension limitée, semi-perméable, 
de sables fins plus ou moins argileux, reposant sur une ou plusieurs séries 
argileuses, d’épaisseur au moins décamétrique, qui isole un substratum pouvant 
être perméable.
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L’Andra précise que la couche sableuse doit être d’une épaisseur suffisante 
pour que les ouvrages restent hors d’atteinte des plus hautes eaux, qu’elle doit 
reposer sur une couche imperméable pour s’opposer à la migration d’une pollution 
éventuelle per descensum et qu’un pendage faible et régulier permette l’écoulement 
des eaux. La nappe phréatique doit être drainée naturellement et un contrôle 
doit être possible pour les exutoires; s’il existe un aquifère à caractère régional, 
sous la couche imperméable, il peut présenter l’avantage d’être en charge pour 
éviter un effet de drainance per descensum.

Une telle configuration correspond à une structure simple qui facilite la 
modélisation.

Outre une «hydrogéologie simple et modélisable», cette configuration satisfait 
les objectifs suivants de la règle fondamentale de sûreté: la bonne connaissance 
des exutoires, la limitation des agressions par les eaux, une certaine rétention des 
radionucléides, par les argiles sous-jacentes et celles incorporées aux sables. 
L’isolement et le contrôle des radionucléides sont donc, en principe, assurés.

Certains objectifs ne sont cependant pas nécessairement respectés dans un 
tel schéma. C’est le cas en particulier de la capacité de dilution à la sortie des 
exutoires ou des qualités géotechniques du site. De plus, ce schéma de principe 
implique une épaisseur suffisante des formations géologiques pour, d’une part, 
maintenir les ouvrages enterrés hors d’eau et, d’autre part, éliminer le risque de 
transfert des radionucléides vers d’éventuels aquifères sous-jacents, à grand dévelop
pement.

C’est donc une étude spécifique à chaque site qui permettra d’apprécier 
l’acceptabilité du stockage sur le site proposé.

6. CONCLUSION

Dans le cadre de l’analyse de sûreté effectuée cas par cas pour les différents 
sites, l’application des critères de la RFS est examinée. Ce mémoire a précisé 
l’intervention des différentes disciplines dans l’application de ces critères et leur 
poids relatif aux différents stades d’examen.

Ce type d’examen est en cours pour les nouveaux sites que l’Andra envisage 
de créer en France.
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Abstract
DESIGN OF A SHALLOW LAND REPOSITORY FOR FINAL DISPOSAL OF LOW LEVEL 
AND SHORT LIVED INTERMEDIATE LEVEL RADIOACTIVE WASTES ON A CLAY SITE.

The paper describes the principal design considerations and conceptual design features of 
a shallow land repository on a clay site in the United Kingdom. It does not present decisions 
made as to the choice of site and limits proposals to considerations within the site boundary. 
Design guidelines and mandatory requirements are identified, and the role of quality assurance 
through all stages from design to release from institutional management is outlined. The 
engineering proposals take account of scientific and historical evidence and of computational 
modelling information that predicts nuclide migration in order to aid a final choice of trench 
design and construction. The design concepts proposed show that no engineering obstacles 
to the safe construction, operation and closure of a waste repository have been identified, and 
provide the basis for near and far field investigation. 1

1. INTRODUCTION

The paper discusses the principal design considerations and identifies regulatory 
guidelines and mandatory requirements in respect of a radioactive waste repository 
in the United Kingdom. It proceeds from these to a practical design along with 
considerations for minimizing nuclide migration. Conceptual design features are 
described, as well as the fundamental engineering thinking that lay behind a 
proposed design for a repository on a clay site.

The obvious and basic requirement is the establishment of parameters and a 
working brief. The brief includes some basic site data sufficient for conceptual 
studies; clearly, full site characterization and topographical data are required 
before a design can be finalized.
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2. QUALITY ASSURANCE

The application of quality assurance (QA) principles is a prerequisite of 
authorization and licensing of facilities for radioactive waste processing and 
disposal. Reference [ 1 ] describes the requirements of the Department of the 
Environment in processing radioactive waste for land disposal; further require
ments are to be issued for the disposal phase in due course [2].

References [3, 4] describe the requirements of the Nuclear Installations 
Inspectorate of the Health and Safety Executive for the design, construction, 
operation and closure of facilities for the disposal of radioactive waste. These 
refer to British Standard BS 5882 [5] for guidance on an acceptable standard of 
organization arrangements and procedures of the repository licensee. The QA 
requirements and standards require the licensee to ensure that appropriate 
arrangements are also established and implemented by all other organizations 
involved in a specific project. When licensee responsibilities are delegated through 
contractual arrangements, the licensee is responsible for ensuring that QA is 
operated throughout the hierarchy of purchasers and suppliers involved.

3. REPOSITORY DESIGN

The function of the proposed repository is to permit the safe reception, 
transfer, emplacement and retention of specified radioactive wastes for a defined 
period. To meet the functional requirements the repository will require a receipt 
area and receipt building, a site transport system and waste trenches, as well as 
waste handling equipment (Fig. 1). In addition, site service buildings, workshops 
and civil construction facilities will be required. 4

4. RECEIPT AREA

Use of land on the site must be given careful consideration. The receipt 
area will by necessity be adjacent to the site boundary and will be accessible by 
public road and rail systems. Careful layout of rail sidings and road lay-bys is 
therefore required in order to optimize land usage and also to ensure that, in the 
unlikely event of site contamination, no contamination is carried off-site.

Waste is transferred from the off-site transport on to a site rail system by 
means of an overhead crane at a hand-over bay. A notional site layout is shown 
in Fig. 2.
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SITE FENCE

5. RECEIPT BUILDING

The purpose of a receipt building is to prepare the waste for emplacement 
in the trenches. The prerequisite of the repository design described here is that 
waste is delivered to the site in its disposable form. The assumption is that low 
level waste (LLW) is delivered in compacted form in 200 L drums and that inter
mediate level waste (ILW) is delivered in 500 L drums. The anticipated throughput 
is 5000 m3 of LLW and 2500 m3 of ILW per year, equivalent to 100 200-L drums 
and 25 500-L drums of waste per day, respectively. The waste is then transported 
to the trench zone in shielded containers [6].

At an early stage in the design it became apparent that if drums were handled 
singly, the throughput of LLW would result in operational inefficiencies in the 
receipt building, with implications for trench handling equipment and the turn- 
round time of site transport. This led to the conclusion that a larger unit of waste 
would be an attractive proposition. Therefore, the proposal was made that LLW 
should be dispatched by the waste producers in crated form with 12 drums per 
crate, the crate being considered a consumable item.

The ILW section of the receipt building requires significantly more shielding 
for the handling of the 500 L drums once they have been removed from their 
shielded transport container.

The proposed method of manning needs careful consideration, since the 
question of single or double shifts and the provision of buffer storage space can 
significantly affect the capital cost of the receipt building.
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E LE V A TIO N  SHOWING  
T U N N E L  SECTION

FIG. 3. IL W on-site transporter in tunnel (dimensions in millimetres).
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FIG. 4. ILW handling sequence. ILW on-site transport consists nominally o f two flat-wagons 
each carrying two IL W containers. A t the hand-over bay, four empty outgoing containers are 
exchanged for four full incoming containers. A t the receipt building, the four containers 
(16 ILW drums) are unloaded. A t the maintenance building, contamination checks are made 
on the containers, lids and handling frames.
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FIG. 5. Timing cycle for four locomotives and package cars, one receipt building buffer store 
crane and two trench loading machines for IL W.

6. SITE TRANSPORTATION

The transportation of LLW from the receipt building to the trenches may 
be carried out relatively easily using lightly shielded site vehicles. However, the 
transport of ILW presents a more difficult problem owing to the relatively high 
dose rate (0.5 Sv/h (design basis) touch contact on a 500 L drum). Heavily shielded 
road/rail vehicles provide one possible solution. Alternatively, a feeder tunnel from 
the receipt building to the trench zone appears to be a good prospect. A tunnel 
would provide inherent shielding, enabling lighter vehicles to be used. A likely 
proposition would be a narrow gauge train (Fig. 3). A tunnel would also permit 
site transport in all weathers.

The wáste handling logistics need to be assessed in detail and optimized.
Figure 4 shows a typical waste handling sequence for ILW, and Fig. 5 a timing 
cycle for transporting waste from the receipt building to the ILW trenches.

Optimization of waste movements may be best handled by means of a 
computer. The normal operations may be modelled and the implications of break
downs and maintenance or adjustments to throughput superimposed to assess the 
effects and perhaps highlight layout deficiencies or further buffer requirements.
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MOVABLE WEATHERPROOF COVER

7. TRENCH DESIGN

Our focus of attention is on trench design and construction (Fig. 6), par
ticularly for ILW. No matter what level of sophistication may be applied using 
mathematical models to analyse nuclide migration, the trench will ultimately be 
constructed to a practical design for the prevailing ground and operational con
ditions, assumptions having been made as to future environmental conditions. 
Therefore, any modelling should pay due regard to the detailed design features. 

Trench design should be optimized to take account of:

(a) Constructibility
(b) Limitation of nuclide migration
(c) Minimum disruption to clay adjacent to trench walls
(d) Prevention of water ingress both during operation and filling and after filling
(e) Radiological protection of operators, site construction workers and public
(f) Long term stability
(g) Soil movement
(h) Effective land usage
(i) Activity monitoring
(j) Closure and site marking.
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An emphasis should be placed on known technology and construction 
techniques. For example, concrete diaphragm walls or sheet piling may be employed 
to construct the vertical walls, hence minimizing the disturbance of the adjacent 
clay stratum. This allows better site land utilization as walls of adjacent trenches 
may be constructed closer together than would otherwise be possible using con
ventional excavation and shuttering techniques. Also, by minimization of clay 
disturbance, a homogeneous stratum is maintained which is beneficial in limiting 
nuclide migration. The longevity and durability of concrete are an important 
issue, particularly since the design philosophy is that of activity retention as 
opposed to dilution and dispersal.

It has been suggested that no claims be made for activity retention using 
engineered barriers and that the safety considerations be made on geological 
grounds alone. Whilst it is imperative that site selection depend heavily on geological 
and hydrogeological factors, the authors believe that designed engineered barriers 
play an important part in the retention of activity, particularly the concept of 
interposing absorbing materials between the waste and the ground environment.

Containment of the activity can be enhanced, particularly for short lived 
species, by keeping the waste as dry as possible for as long as possible and by 
delaying the flow of water through the trench. This can be achieved by the use 
of low permeability concrete in the structure along with an impermeable liner. 
However, the permeability to water must not be so low as to prevent gases which 
may be generated in the waste from escaping. Therefore, some form of venting 
system will also need consideration. The container itself can also provide protection 
from water although this will be limited to a short period if mild steel is used.

Once the radioactive species have been entrained in the water flow, additional 
delays can be obtained by use of appropriate absorbing materials in the design.
These can be introduced as infill between the containers, as a special layer within 
the trench surrounding the containers, as aggregate used in the concrete manufacture 
or as backfill surrounding the trench.

Which absorbing material is chosen will depend on several factors but it must 
be one readily available in engineering quantities. The questions to be considered 
in making this choice are as follows:

(a) What are the main species in the waste stream?
(b) Is the surrounding clay deficient in any desirable absorbing characteristics?
(c) What is the chemistry of the water within the trench?
(d) Can the infill be used to control the trench water chemistry?
(e) Can the absorber be incorporated into the concrete without deleterious effects 

on the concrete properties?
(f ) Can the absorber be incorporated into the infill so as to enhance the structural 

integrity of the trench?

Examples of absorber material mixtures can be found in the literature. For 
example, in Ref. [7], which discusses conditioning of LLW, the mix chosen for the 
backfill involved mainly quartz, bentonite and vermiculite.



IAEA-SM-289/15 209

For the repository considered in this paper, it was assumed that the site 
would be in clay of the Oxford type, which contains a number of minerals, 
including mica, vermiculite, kaolinite and calcite. These already provide good 
sorption characteristics. However, by addition of bentonite (in the form of 
fuller’s earth or imported Wyoming bentonite) the cation exchange capacity can 
be improved to aid the retention of, for example, I37Cs, 90Sr and 60Co. Since Co 
and Sr have also been known to form anionic organic complexes, it is worth 
incorporating a phosphate (for example, marine phosphorite as used in the fertilizer 
industry) to take account of these. An additional advantage is that the phosphorite 
will, in part, degrade with time to form apatite, which is known to have a good 
capacity for absorption of actinides.

On the basis of these principles a simple but effective absorber mix could be 
made from 25% bentonite, 5% phosphate rock and a 70% sand-limestone balance. 
Calculations for transport of nuclides through this mix suggest that, for example, 
significant release of 90Sr from the trench could be prevented by use of a 0.15 m 
thick layer of this absorber, and breakthrough of 237Np could be delayed for 
5000 years by use of a 0.3 m layer.

Obviously, the effectiveness of such absorbers needs to be evaluated in detail 
for a wider range of relevant nuclides, but it is clear that by use of a suitably chosen 
mix major improvements in nuclide retention can be achieved comparatively cheaply 
and in a manner which can aid the structural integrity of the trench.

Monitoring for nuclide migration may be effected in a number of ways.
Vertical stand-pipes may be located a suitable distance from a trench wall and 
underground pipework at the base of the trench may be installed to drain to a 
sump. In addition, non-radioactive tracers of differing types with known migration 
characteristics could be placed strategically within a trench and their movements 
predicted and monitored. The success of this technique, however, depends upon 
first demonstrating that the added tracers do not swamp the absorption capacity 
of the trench and site materials for the waste nuclides themselves. It is suggested 
that within a repository complex the trenches filled first should be most highly 
monitored.

Closure of each trench may be effected using a weatherproof cover, which 
consists of a sorber layer and waterproof membrane capped by a thick, full span 
concrete roof/intrusion barrier. The trench site area is then backfilled with 
reconstituted clay and finally topsoil.

On site closure the receipt building and other surface facilities would be 
decommissioned and the trench zone identified with substantial markers. The 
identification of the area would also be entered in national and public records 
offices.
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8. CONCLUSION

The paper has described the principal design considerations and requirements 
for a clay site repository in the United Kingdom, and discussed the operational 
activities and their effects upon the engineering design. It has also discussed the 
trench design requirements, with particular reference to the incorporation of 
retention barriers and absorber materials.

It is concluded that the concepts proposed suggest that there are no engineering 
obstacles to the safe construction, operation and closure of such a waste repository.
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Abstract

THE SWEDISH FINAL REPOSITORY FOR REACTOR WASTE (SFR).
Twelve nuclear power units are in operation in Sweden. According to Swedish law, the 

utilities are responsible for the handling and final disposal of the radioactive waste from the 
nuclear power stations. Responsibility for design, construction and operation of facilities for 
this purpose has been delegated to the utilities’ jointly owned Swedish Nuclear Fuel and Waste 
Management Company, SKB. In March 1982 the SKB applied to the Government for a licence 
to build and operate the Swedish Final Repository for Reactor Waste (SFR). The licence was 
granted in June 1983 and the construction work started in July. Vattenfall (the Swedish State 
Power Board) is the contractor for the design and construction of the SFR. The SFR facility 
is adjacent to the nuclear power station at Forsmark. The repository will be situated in 
crystalline rock underneath the Baltic Sea. Its rock caverns have been individually designed 
for the various categories of waste. The total volume of reactor waste from the Swedish 
programme up to the year 2010 has been'calculated to be 90 000 m3. The repository will be 
built in two phases. The first phase is planned to be commissioned in 1988 and the second 
construction phase is planned to be carried out at the end of the 1990s. It will be possible to 
enlarge the repository to accommodate the waste arising from future decommissioning of the 
nuclear power plants. Such an extension will require an additional licence from the Government. 
All the Swedish nuclear facilities are located on the coast. For the transport of spent fuel and 
radioactive waste, a specially designed ship has been built. It can carry ten transport containers, 
each with a weight of up to 120 t. Loading and unloading are done by specially designed trans
port vehicles. When the SFR is commissioned in 1988, Sweden will have a complete system for 
handling, transport and final storage of low and medium level wastes from the nuclear industry. 1

1. NUCLEAR POWER IN SWEDEN

Sweden has 12 reactor units in operation at four sites. The total installed 
electric power generating capacity is 9.9 GW. Around 50% of the electric energy 
in Sweden is produced by nuclear power.

In 1980 Sweden had a referendum on nuclear power. The Parliament decided 
after the referendum that the nuclear power programme should be limited to 
12 reactor units, and furthermore that none of these reactors should be in operation

211



212 HEDMAN and ARONSSON

after the year 2010. The total cumulative production from the Swedish nuclear 
power stations has been estimated to be 1900 TW-h.

Residues produced during this programme will amount to around 7800 t 
of spent fuel (calculated as uranium), 90 000 m3 of operational waste and 
130 000 m3 of waste from the decommissioning of all nuclear facilities. This 
report is limited to a description of the management and final storage of the 
operational waste (reactor waste).

1.1. Organization of nuclear waste management

According to Swedish law, the primary responsibility for the safe manage
ment and final disposal of the radioactive waste lies with the owners of the nuclear 
utilities. This responsibility also includes financing of these activities.

The four power utilities in Sweden producing electricity in nuclear power 
plants are Forsmark Kraftgrupp AB, Vattenfall (Swedish State Power Board),
OKG AB and Sydsvenska Värmekraft AB. These companies are joint owners of 
the SKB, the Swedish Nuclear Fuel and Waste Management Company. The SKB’s 
functions are to plan, build, own and operate systems and facilities for the trans
port and disposal of spent nuclear fuel and radioactive waste. The SKB’s work 
in this field is overseen by the Swedish Nuclear Power Inspectorate, SKI, and the 
National Institute of Radiation Protection, SSI.

The financing of future activities is ensured by a fund into which a fee is 
paid for every kilowatt-hour of nuclear electric power produced. The fee is based 
on a plan and a cost calculation for future activities presented every year by the 
SKB. The supervisory and reviewing authority is the National Board for Spent 
Nuclear Fuel, SKN.

The total cost for the management and disposal of spent fuel and radio
active waste as well as decommissioning of the power stations has been estimated 
to be about 0.020 Swedish kronor (SEK 0.020) per kW-h. Of this, SEK 0.019 is 
a fee to the Government fund and SEK 0.001 is allocated to capital accounts 
within the utilities for the final disposal of low and medium level wastes from the 
operation of the nuclear power plants.

The management and disposal of reactor waste in Sweden are regulated by 
the following Acts:

The Nuclear Activities Ac t f l  984) applies to all nuclear activities and sets 
forth the fundamental stipulations for the construction and operation of nuclear 
facilities. The supervisory authority is the SKI.

The Radiation Protection Act (1958) contains regulations for providing 
protection against ionizing radiation. The supervisory authority is the SSI.

The Act on the Financing o f  Future Expenses for the Disposal o f Spent 
Fuel (1984) stipulates that the primary financial responsibility for the manage
ment and disposal of radioactive waste lies with the reactor owner. The supervisory 
authority is the SKN.
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2. SITING AND GENERAL DESIGN OF THE REPOSITORY

It was decided early that, owing to the natural conditions in Sweden, the 
waste disposal facility (SFR) should be located underground in rock caverns.
It was also a primary requirement that it should be adjacent to one of the five 
nuclear facilities, Barsebäck, Forsmark, Oskarshamn, Ringhals or Studsvik 
(a research centre).

2.1. Siting and geological surveys

The potential sites were evaluated on the basis of available data concerning 
the geological conditions and other information of importance for site selection. 
This work indicated that the host rock was best at the sites on the east coast.
In the next phase geological surveys were carried out at Oskarshamn, Forsmark 
and Studsvik. Different locations of the repository on the sites were also con
sidered during this time. The surveys included geophysical tests and geological 
mapping of the environment.

The geological and hydrogeological conditions at Forsmark and Oskarshamn 
were found to be suitable for siting of the planned type of repository. When all 
aspects were considered, Forsmark came out as the best site for the SFR (Fig. 1).
At that time (1981) the SKB started a programme for characterization of the 
Forsmark site. Alternative locations were investigated, and when the best area 
was found the programme included the following tasks:

— To locate fractured zones in the area and find a good host rock for the 
silo repository,

— To determine the variations of hydraulic conductivity in the rock mass and 
measure hydraulic gradients in the groundwater,

— To determine the mechanical properties of the rock as a basis for a preliminary 
study of excavation methods and reinforcement work.

This phase was evaluated and reported on in the beginning of 1982 as a basis 
for the preliminary safety report. A total of 900 m of cores (six holes) were 
drilled from a jack-up rig in the sea. Natural stresses in the rock were measured 
in one hole. Hydraulic tests were carried out in all holes, as well as mapping of 
the cores.

In 1983, when the SKB was granted the licence to build the repository at 
the proposed site in Forsmark, a new phase of surveys started. Ten new holes 
were drilled in the area to a total length of 1500 m. This survey confirmed that 
the rock mass in the area was suitable for the various types of cavern planned for 
the repository. As a result of the evaluation, the layout of the caverns was 
modified.

During the excavation of the tunnels and caverns additional boreholes 
(1000 m) have been drilled to verify the conceptual model based on the earlier
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N

FIG. 1. The SFR is located under the Baltic Sea, 1 km from the harbour at the Forsmark 
Nuclear Power Plant.

results. Geological mapping of all surfaces in the tunnels and caverns has been 
carried out. Additional hydraulic tests have been performed and all available data 
have been compiled and incorporated in a descriptive model of the area.

The total cost for the geological and hydrogeological investigations, evaluations 
and modelling will be around MSEK 20 (MSEK: millions of Swedish kronor).
The results have been useful for the layout and design work, as well as for planning 
of the excavation and reinforcement work. The final descriptive model will be 
used as a basis for numerical calculations of the groundwater flow in the repository 
area.

2.2. General design of the repository

The repository is situated in the bedrock under the Baltic Sea, with a rock 
cover of about 60 m (Fig. 2). The crystalline host rock is gneiss-granite with dykes 
of pegmatite and amphibolitic compositions that occur quite frequently. With 
respect to engineering geology the rock mass has been found to be as good as expected 
on the basis of the results of the geological surveys.
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The location of the SFR under the bottom of the sea ensures that the 
hydraulic gradient and thereby the groundwater flow are very low in the repository 
area. It must also be ensured that no well will be drilled in the vicinity of the 
repository for at least 1000 years while the area is covered by the sea. (The rate 
of land uplift is at present 6 mm/year.) The sea water also constitutes a recipient 
medium with a high dilution capacity.

The SFR has various storage chambers with different barriers, depending 
on the waste to be disposed of. The function of the engineered barriers is to limit 
the release of radioactivity to the groundwater. Forty per cent of the waste 
volume contains 90% of the activity and will be deposited in large concrete silos 
situated in 70 m high cylindrical rock caverns. The concrete silos will be surrounded

FIG. 2. General layout o f tunnels and caverns in the repository.



216 HEDMAN and ARONSSON

by a clay barrier with low permeability. This ensures very low release rates from 
this part of the repository to the groundwater, since release of nuclides would 
have to take place by diffusion through the concrete and the clay.

Rock caverns 160 m long will be used for the less active waste. The design 
of these storage chambers is dependent on the type and dose rate of the waste 
packages. The release of activity from these caverns will mainly be governed by 
the exchange rate of groundwater inside the caverns.

The repository is designed to be built in two phases. The first phase includes 
one silo and four rock caverns for 60 000 m3 * * of waste. This phase is planned to 
be commissioned in 1988. The calculated cost of the first building phase is MSEK 700 
(1985 prices). A second building phase with one more silo and one or two rock 
caverns is planned to be carried out within 10-15 years.

The layout of tunnels and caverns allows future extension of the repository 
to accommodate waste from the decommissioning of the nuclear power plants.
Such an extension will require an additional licence from the Government.

3. SAFETY ASSESSMENTS AND LICENSING OF SFR

The design basis of the SFR has been the waste packages from the nuclear 
power plants, the central storage facility for spent fuel (CLAB) and Studsvik. 
Planned changes of waste types have also been taken into consideration. The 
different types are described later.

The radionuclides of greatest interest in the waste are 60Co and 137Cs. The 
131Cs content will determine the toxicity of the waste in the SFR for 
500-1000 years. After that, the very low content of transuranium elements in 
the waste will dominate. The total amount of 1?7Cs in the operational waste 
produced by the 12 Swedish reactors to the end of the year 2010 is estimated 
to be 3 X 106 GBq.

As long as the barriers retain their intended function, the release rates will 
be low enough even if the activity is not limited to the waste package. Processes 
that could degrade the function of the barriers have therefore been accorded 
greater importance in the safety evaluation. Examples of such processes are gas 
production and waste product swelling. Gas production can be caused by radiolysis, 
microbial attack and corrosion. Swelling may occur in dried and bituminized ion 
exchange resins.

The environmental impact of the SFR has been calculated and presented in a 
preliminary safety report. The conservatively calculated dose to the most exposed 
individual is 3 X 1СГ6 Sv/year. The real dose will most likely be considerably lower.
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3.1. Licensing procedure

In March 1982 the SKB applied for a licence to build and operate the SFR. 
The application was based on the preliminary safety report, which was scrutinized 
by the SKI and SSI. In late June 1983 the Government granted a licence according 
to the application.

The licence is subject to certain stipulations. The most important are as 
follows:

-  The SKB shall furnish information to the public on the progress of the 
project and safeguards against the release of radioactivity from the repository.

-  A comprehensive quality control programme supported by a test and 
verification programme shall be carried out during the construction work.

-  Further studies of gas production reactions shall be conducted, as well as a 
study of the gas transport capacity of the rock.

-  The SKI shall scrutinize the design and construction work and, if necessary, 
issue further requirements.

-  Before commissioning, the SKB has to apply for a licence to operate the 
facility. The application shall be based on a final safety report.

-  Final sealing will require a special licence based on a re-evaluation of the 
new safety assessment.

3.2. Research programme and safety assessments

A final safety report will be prepared for the commissioning of the repository. 
This report will be based on data collected from a research programme carried out 
during construction. This programme includes:

— Geological and hydrogeological investigations (described earlier);
— Additional tests of pure bentonite as well as of bentonite-sand mixtures 

which will be used as barriers in the silo repository;
— Studies and tests of processes giving rise to gas production and of the transport 

properties of concrete, clay and bedrock;
— Characterization of the various waste packages that will be disposed of in 

the SFR;
— Studies of the chemical environment in the repository and its impact on 

the migration of radionuclides.

This work, to be completed in 1986, will serve as a basis for the safety assessments 
in the final safety report.
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4. DESIGN BASIS AND TRANSPORT SYSTEM

In mid-1983, Vattenfall was contracted by the SKB to design and construct 
SFR1 (Phase 1). The main part of the work is being done with Vattenfall’s own 
resources.

The design and layout work for the repository started with determination 
of the starting point, direction and dimensions of the two tunnels down to the 
repository. Blasting of the tunnels started in October 1983. The time required 
for excavation of the two tunnels down to the repository area was about ten 
months. This time could be used for supplementary investigations and studies 
of the final layout and location of the repository.

The different repository chambers are planned as follows:

Phase 1 Planned Phase 2

Silos 17 000 m3 16 000 m3
Rock caverns 43 000 m3 14 000 m3

60000 m3 30000 m3

Dividing the construction of the repository into two phases will make it possible 
to adjust the storage capacity, depending on the results of the ongoing work with 
volume reduction of the reactor waste.

4.1. Waste categories

The reactor waste that will be stored in the SFR consists mainly of ion 
exchange resins and filter material from different water treatment systems. Other 
waste categories are contaminated components and material, trash (e.g. cleaning 
materials and clothes) and ash from the incineration of combustible waste. Before 
transport to the SFR, the waste is conditioned at the reactor plants into packages. 
The main types of waste package and their maximum surface dose rates are given 
in Table I.

The wet waste contains most of the activity and is normally solidified in 
cement or bitumen at the reactor stations. Cement solidification is done in 
concrete cubic containers, known as moulds, with 1.2 m sides. Bitumen solidifi
cation is done in standard 200 L drums. Low activity resins from the condensate 
cleanup system are merely dewatered and stored in large transportable concrete 
tanks.

4.2. Transportation system

Most of the operational waste will be transported by sea. Low level waste 
that does not have to be radiation shielded will be transported by road in ordinary 
freight containers.
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TABLE I. TYPES OF WASTE PACKAGE TO BE STORED IN SFR

Dimensions
(m)

Dose rate 
(mSv/h)

Max. weight 
(t)

Concrete containers with 
resins solidified in cement

1.2 X 1.2 X 1.2 <30 4

Drums with bituminized 
resins

<250.6 X 0.9 <500 0.5

Drums with resins 
solidified in cement

î>0.6 X 0.9 <30 0.5

Drums with trash and 
metal scrap

2)0.6 X 0.9 <0.3 0.5

Steel containers with resins 
solidified in cement

1.2 X 1.2 X 1.2 <500 4

Concrete tanks with 
dewatered resins

3.3 X 1.3 X 2.3 <10 20

20 or 10 ft containers3 <0.15 20

a 1 ft = 0.3048 m.

Sea transportation will be entrusted to the specially built ship M/S Sigyn, 
which will be used for all shipments of spent nuclear fuel and reactor waste. The 
ship can carry ten radiation shielded transport containers for reactor waste. 
Loading and unloading will take place according to the roll-on/roll-off principle.

M/S Sigyn will arrive at the harbour at Forsmark with transport containers 
about ten times a year. Around 150 containers, including the shipments from 
the Forsmark power station, will arrive at the SFR every year. Depending on 
how much the ship is used, low level waste could also be shipped by sea.

Some of the waste forms have such a high surface dose rate that shielding 
will be required during transport. To accept the waste packages the shielded 
transport containers must be designed with regard primarily to size, weight and 
surface dose rate. The wall thickness of the containers will be designed to meet 
the IAEA transport recommendations.

The gross weight of the shielded transport cask will be limited to 120 t.
The limiting factor is the maximum payload of the ship. The shielded containers 
have to be designed to accept the additional loading and acceleration associated
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FIG. 3. Testing o f prototype cask with handling equipment.

with transport on a ship in rough sea. Different materials were investigated for 
construction of the containers. Steel was found to be the best material.

A prototype container with a wall thickness of 80 mm has been designed 
and manufactured. Testing of the container together with the waste handling 
equipment was carried out in mid-1985. The prototype is shown in Fig. 3.
Four types of container are planned and the total number of containers will be 
about 50. The first containers will be needed in mid-1987 for testing of the various 
transport and handling systems in the SFR.

The SKB already has three vehicles for the transportation of spent fuel. The 
special vehicle that will be used for the SFR is of the same type but with some 
modifications. The total weight of the vehicle with load will be about 155 t.
The vehicle is automatically steered when in the repository. It has seven axles 
with 28 wheels which are hydraulically driven. The hydraulic system is powered 
by a diesel engine (180 kW) when above ground and by an electric motor (160 kW) 
when in the tunnels and repository areas. The power supply to the electric motor 
comes from a 660 V, 50 Hz conductor rail system. When the vehicle is driven 
downhill in the tunnel, the braking energy is fed back to the electric power grid. 
The maximum slope of the tunnels is 1:8 and the velocity of the vehicle is about 
3 km/h. When above ground, its maximum velocity is about 10-14 km/h.
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Electric drive in the tunnels and the repository areas is non-polluting and 
will reduce the cost of the ventilation system. The sound level from the vehicle 
will also be reduced. This vehicle will also be used for transportation between 
the harbour, the SFR and the Forsmark power station.

5. DESIGN AND LAYOUT

5.1. Site plan

The layout of the site (Fig. 4) is based on the following main parameters:

— The location and direction of the entrances
— The layout of the existing harbour area
— The dose rates from loaded waste transport containers
— Transport requirements
— Holding areas for empty transport containers
— Possible future extensions
— Aesthetic aspects and harmonization with the archipelago environment.

The main buildings on the site are:

— An office and workshop building with offices, a workshop, a store-room 
and garages.

— A terminal building for temporary storage of 12 loaded transport containers.
— A ventilation building located above the tunnel entrances. This building 

houses the ventilation systems for the underground chambers, an electric 
switch room, heating systems, etc.

Since the tunnel entrances are located below sea-level the repository has 
been protected against flooding with a watertight sea-wall around the descent.

5.2. Layout of tunnels and caverns

By the use of computer aided design the layout of the repository and tunnels 
and the results of the geological investigations have been fed into a database and 
three-dimensional drawings produced. This type of drawing has been very useful 
in the layout and design work (Fig. 5).

The sizes of the operating and construction tunnels have been determined 
mainly by transport requirements. The tunnels are also used for carrying various 
service systems, e.g. ventilation ducts, pipes and electric cables.

The operating tunnel is more than 1000 m long and has a cross-sectional 
area of 60 m2. The construction tunnel has a cross-sectional area of 50 m2. The 
free area for transport in the operating tunnel has a height of 5.2 m and a width 
of 5.0 m. Normally, the transport vehicle with one waste cask requires a height
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FIG. 4. Site plan.
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FIG. 6. Silo repository.

of about 4.5 m and a minimum width of about 3.5 m. The extra height and width 
are reserved for special transport of, e.g., large scrap components such as steam 
generators. A generator must first be cut up into parts, however, after which the 
bottom part with the tubes can be transported down to the repository.

The tunnel system has been arranged so that any water that leaks in can be 
collected at only two points, one at the main level and one at the bottom of the 
silo.

5.3. Silo repository

The silo repository (Fig. 6) consists of a cylindrical rock cavern 70 m in 
height and 30 m in diameter. The cavern contains a concrete silo 53 m in hëight 
and 27.5 m in diameter. This silo contains 57 cells with dimensions of 2.5 m X 2.5 
and 12 cells with dimensions of 1.25 m X 2.5 m. Each cell will be covered with a 
concrete plug so that entry will be possible even after the waste has been deposited 
in the cells.



224 HEDMAN and ARONSSON

To reduce the time required for unloading a transport container, four concrete 
moulds or 16 drums can be handled in one lifting sequence. The time required for 
unloading a container with 12 moulds is estimated to be about two hours. When 
the waste packages have been emplaced in the cells by remote control they are 
surrounded with concrete of low viscosity. This grouting is done with the same 
handling equipment as that used for the waste.

5.4. Rock caverns

5.4.1. Cavern for medium level waste (BMA)

The BMA (Fig. 7) is designed for medium level waste such as concrete moulds 
with granulated resins solidified in cement or bitumen. The normal surface dose 
rate of the waste is less than 30 mSv/h. The overall dimensions of the rock cavern 
are: length, 160 m; width, 19.5 m; height, 16.5 m.

The storage chamber is divided by concrete partitions into 15 sections 
and the waste is handled by a remotely controlled overhead crane. The lid of the 
transport container is removed by a separate remotely controlled overhead crane.
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The handling equipment for the container lid and the waste is identical to that 
used in the silo repository.

The waste can be grouted in concrete in the BMA. This can be done from 
the space between the rock and the concrete wall.

5.4.2. Cavern for low level waste (B LA)

Low level waste is normally enclosed in steel boxes or drums. They are 
normally loaded into 20 or 10 ft standard containers which are deposited with 
the waste. The weight of a container is limited to 20 t. The overall dimensions 
oftheBLAare: length, 160 m; width, 15 m; height, 12.5 m. All handling of 
the waste is done with an ordinary fork-lift truck.

5.4.3. Caverns for concrete tanks(BTFs)

The two BTFs are designed for the disposal of big concrete tanks containing 
dewatered granulated resins and filter material. The overall dimensions of the 
two rock caverns are: length, 160 m; width, 14.8 m; height, 9.5 m.

A transport container for concrete tanks has the capacity to carry three 
tanks. One side of the transport container has doors so that the tanks can be 
taken out with a radiation shielded fork-lift truck which is also used in the BLA 
repository. The tanks are stacked in two layers and will subsequently be grouted 
in concrete, which will make them stable for a very long time. This may be done 
at a later stage in connection with closure of the repository.

5.5. Service buildings and service facilities

The repository contains service buildings for personnel, ventilation, electric 
systems and maintenance of handling equipment, etc. All handling equipment 
is remotely controlled and all transportation down to the repository is conducted 
from the operating building.

In the event of an accident during transportation or handling of the waste 
in the repository, a controlled area will be established. The requirements for the 
controlled area are similar to those at power plants for facilitating cleaning and 
control of contamination.

5.6. Future extension of the repository

A design requirement was that future extensions should be possible. The 
tunnel system is therefore arranged to permit future extensions with additional 
silos and rock caverns. The service facilities already built are planned to be used 
in a future extension, e.g. for decommissioning waste.
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5.7. Fire protection and ventilation

Fires in tunnels and rock caverns are normally more difficult to manage 
than fires on the surface. The evacuation of personnel is more difficult and fire 
fighting and the control of gases more difficult than for fires in buildings above 
ground. Generally, the risk of a fire in the repository area is very low. Vehicles 
and electric equipment could cause a fire, however. The probability of a fire in 
the waste is considered to be extremely low.

To reduce the consequences of a fire the repository area is divided into 
several fire zones. Water sprinkling is provided in areas with a higher risk of fires. 

The ventilation system has three main functions:

— To supply enough air to the repository area and tunnels so that standards 
of hygiene are met with regard to, e.g., diesel exhausts or radon from the 
rock;

— To remove airborne activity following a handling accident with a waste 
package;

— To remove smoke in the event of a fire.

6. CONSTRUCTION AND OPERATION

6.1. Civil engineering works

The main part of the project is the civil engineering works and especially 
the excavation of the rock. Codes and regulations do not exist for the design 
of rock facilities to the same extent as for designs in steel or concrete. Safety 
considerations are, however, accorded similar importance. In Sweden we have 
considerable experience of construction work in rock.

Maintenance of rock support, drainage systems, concrete covers, etc., is 
difficult or impossible in some areas. It is therefore important that the design 
and engineering materials used be extremely durable. During the construction 
and operating period, the repository must be safe for the personnel. The risk 
of rock collapsing or of pieces of rock falling must be minimized.

Conventional techniques are being used for rock excavation. However, to 
achieve a high degree of safety they are supplemented by an investigation 
programme that includes:

-  Continuous investigations of the rock mass during construction by core 
drilling and measurement of hydraulic conductivity;

-  Evaluation of the results of the investigations and preliminary design of the 
reinforcement of the rock mass;

-  Calculation of changes in deformations and rock stresses during different 
phases of the excavation work;
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-  Use of special methods for careful blasting to ensure very limited damage 
in the remaining rock;

-  A thorough follow-up of the geological conditions by examination of the 
rock surface after blasting;

-  The design of the final reinforcement of the rock mass, on the basis of the 
results of the geological investigations;

-  Measurement of deformations in different sections for comparison with 
calculated values.

The two tunnels down to the repository pass through a 200 m wide zone 
of fractured rock of varying quality. A high safety margin was required when 
passing through this zone. Nevertheless, excavation of the rock proceeded as 
planned with regard to time and costs.

Most of the excavation work has been completed as planned. The volume 
of rock that has been excavated is about 430 000 m3. The rock is being used for 
piers in the harbour area and as fill for extension of the land area at the SFR 
facility. Some of the rock spoil will be used for sealing of the repository.

The concrete silo will be constructed by means of the slip-form technique. 
The volume of concrete required for this is about 8000 m3. The work will take 
three weeks. Special attention must be devoted to heat development in the 
concrete and to cooling and ventilation of the sealed rock cavern.
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The silo is supported on a bentonite pad consisting of 10% bentonite and 
90% sand. The gap between the cylinder wall and the rock, which is about
0.85 m wide, will be filled with granulated bentonite. The bentonite will consist 
mainly of montmorillonite, and the pressure in the material will be about 
0.5 MPa owing to swelling from water uptake. The high pressure and the low 
conductivity in the bentonite material will prevent water from flowing through 
the silo.

6.2. Time schedule and costs

Figure 8 shows the time schedule for Phase 1 of the SFR. Since the start 
of construction in mid-1983, the work with layout, the detailed design of systems, 
and rock and concrete design have followed the planned schedule. Most of the 
equipment and systems have been purchased, and erection work is due to start 
in mid-1986 and to be completed by mid-1987. Testing and commissioning of 
the plant will then take place. Handling of radioactive waste is planned to start 
early in 1988.

The costs of Vattenfall’s commitments as chief contractor for the SFR are 
as follows:

Administration 20
Engineering and design 95
Civil engineering works 400
Mechanical and transport systems 70
Auxiliary systems 70
Electric and control equipment 45

Total MSEK 700

The second construction phase is planned to be carried out at the end of 
the 1990s.

6.3. Operation and closure of the repository

It is estimated that a staff of about 20-25 people is required for operation 
and maintenance of the SFR. Vattenfall’s organization at Forsmark will be used 
at the SFR.

Closure of the repository is planned to be done in stages. When a rock 
cavern has been filled with waste, that part of the repository can be closed. The 
silo will be surrounded with bentonite buffer and the remaining space will be 
filled with backfill material. The waste handling equipment will be used for silo 2. 
Other rock caverns will be closed in a similar manner, and equipment, ventilation 
air, etc., can be used for new caverns.
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When all caverns have been filled and closed, total and final closure of the 
repository will take place. The entrances to the individual storage chambers 
will be sealed with concrete plugs. Then the tunnel entrances will be filled with 
rock material. The buildings on the ground will be pulled down and the site 
restored.
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Abstract

FINAL DISPOSAL OF LOW AND INTERMEDIATE LEVEL WASTES FROM NUCLEAR 
POWER PLANTS IN FINLAND.

Finland produces 35-40% of its electricity from its four nuclear power plant units. The 
plant utilities are responsible for management of the radioactive waste, including its final 
disposal. LLW and ILW are presently treated and stored at the power plant sites; the amounts 
of waste are moderate. The suitability of the bedrock of the power plant sites for final disposal 
was assessed in 1982, and the principle of disposing of LLW and ILW at the sites was approved. 
During 1983-1985 the site investigations were complemented by additional field investi
gations, more detailed repository design and related safety analyses. The location and layout of 
the repositories at both sites are determined on the basis of geological conditions. The Loviisa 
repository consists of a cavern for solidified waste and tunnels for dry waste. The Olkiluoto 
repository consists of a waste cavern with two silos. Provisions have been made for later enlarge
ment of the repositories for decommissioning waste. After operation the repositories will be 
backfilled and sealed. The safe final disposal will be based on the principle of multiple barriers. 
The performance of each disposal system will be evaluated with a comprehensive safety analysis 
and will be expressed in terms of the total health risk for various release scenarios. Results are 
to be presented to the authorities in preliminary safety analysis reports by the end of 1986. 
Construction of the repositories will be started during 1988, in which case the repositories could 
be commissioned by the end of 1992. 1

1. INTRODUCTION

In Finland four nuclear power plant units are in operation and these 
produce 35-40% of the electricity in the country. The Imatran Voima Oy (IVO) 
(Imatra Power Company) operates two 445 MW(e) PWR units at the Loviisa power 
station and the Industrial Power Company Limited (TVO) operates two 710 MW(e) 
BWR units at its Olkiluoto site. In 1978 these two power companies established 
a joint organ, the Nuclear Waste Commission of Finnish Power Companies, to plan 
and co-ordinate research and development activities in radioactive waste 
management.

231
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In Finland the producer of radioactive waste is responsible for the manage
ment of the waste, including its final disposal. The objectives and the schedules 
for nuclear waste management are stated in a decision in principle by the Council 
of State in Finland (Government) dated 10 November 1983. With regard to the 
final disposal of low and intermediate level reactor wastes, the decision states the 
following:

“By the end of the year 1986 the necessary plans with safety assessments 
concerning the construction of repositories must be submitted to the 
regulatory authorities, whereby the repository has to be completed for talcing 
it into use, if necessary, by the end of the year 1992.”

All the low and intermediate level wastes produced in the nuclear power 
plants are now treated and stored at the power plant sites. According to the 
present plans, all wastes will be disposed of at the same sites. The time schedule 
for final disposal is given in Fig. 1, which shows that construction of the repositories 
will be started in 1988.

2. CURRENT PRACTICES IN THE CONDITIONING AND STORAGE OF
LLW AND ILW

At the Loviisa nuclear power plant (NPP) liquid wastes are stored in liquid 
form in a tank storage facility. The current storage situation and the waste amounts 
to be disposed of are summarized in Table I. On 31 December 1985 the total 
activity of spent ion exchange resins was about 3 TBq and that of evaporator 
concentrates was about 0.3 TBq. A plant for solidification based on the cemen
tation process has been designed and licensed. It will be constructed in 1988 and 
commissioned in the first half of 1992.
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TABLE I. REACTOR WASTE QUANTITIES (m3) FROM NUCLEAR POWER 
PLANTS IN FINLAND

Loviisa Olkiluoto

Waste amounts 
by 1985-12-31

Dry 430 480

Wet Evaporator
concentrates

Resins

474
(liquid form) 

74
(liquid form)

500
(solidified)

Wastes to be Dry 2800 4300
disposed of by 2010 Wet

(solidified)
7400 2600

At the Olkiluoto NPP spent ion exchange resins are solidified with bitumen. 
Bituminized waste is stored at the power plant units and in a storage facility.
The total activity of stored waste at the end of 1985 was about 20 TBq.

At both power plant sites dry LLW is compacted into 200 L steel drums.

3. SITING OF THE REPOSITORIES

Finland belongs to the old Precambrian bedrock area. The bedrock of the 
power plant sites is considered a feasible alternative for final disposal of low and 
intermediate level wastes. The preliminary suitability assessments of the power 
plant sites were presented in 1982 [1,2]. The work included preliminary geological 
investigations, repository design and safety analysis. In 1983 the site reports were 
inspected by the authorities in connection with renewal of the operating licences 
of the power plants. The siting plans were approved in principle by both national 
and local authorities.

After 1982 the site investigations were complemented by additional field 
investigations, more detailed repository design and related safety analyses. Field 
investigations included, for example, various cross-hole methods to study the rock 
mass between the boreholes. Table II gives a complete list of the geological 
investigations accomplished during 1979-1985. On the basis of the investigations, 
hydrogeological models of the sites were devised for safety analyses.

The bedrock of the Loviisa site on the island of Hästholmen consists of 
homogeneous rapakivi granite with low permeability and two major fractured
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TABLE II. GEOLOGICAL INVESTIGATIONS AT POWER PLANT SITES

Field activities Laboratory investigations

Geological mapping

Core drilling

Percussion drilling

Geophysical surface measurements

Geophysical single-hole measurements

Electric cross-hole measurements

Seismic cross-hole measurements

Permeability tests

Pulse tests

Pressure head measurements 

Tracer and pumping tests 

Groundwater sampling tests 

Observation of ground water-table

Petrographic investigations 

Rock mechanical tests 

Sorption studies

Geochemical analysis and dating of water 
samples

F I G . 2 .  H y d r o g e o l o g i c a l  m o d e l  o f  t h e  L o v i i s a  s i t e .  1 ,  H o m o g e n e o u s ,  i n t a c t  r o c k  ( m e d i a n  

К :  З У ,  1 0  9 m / s ) ;  2 ,  u p p e r  b r o k e n  z o n e  ( m e d i a n  К :  1 X 1 0 ~ 6 m / s ) ;  3 ,  l o w e r  b r o k e n  z o n e  

( m e d i a n  K :  4  X 1 0  7 m / s ) ;  4 ,  b o u n d a r y  b e t w e e n  f r e s h  a n d  s a l i n e  g r o u n d w a t e r ;  5 ,  l o c a t i o n  

o f  t h e  r e p o s i t o r y .

zones with higher permeability (Fig. 2). The groundwater on the island contains 
two zones of different salinity. The boundary between the upper, fresh zone and 
lower, saline zone is between 60 and 140 m depth. The saline water dates from 
the time of the Litorina stage of the Baltic Sea and thus is about 6000-10 000 years 
old.

At the Olkiluoto site the bedrock consists of an intact tonalité massif 
surrounded by more fractured mica-gneiss (Fig. 3). Groundwater of the site is of 
fresh or brackish type with no great variations in salinity.
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F I G . 3 . H y d r o g e o l o g i c a l  m o d e l  o f  t h e  O l k i l u o t o  s i t e .  1 , T o n a l i t é ; 2 ,  m ic a - g n e i s s ;  3 ,  f r a c t u r e  

z o n e ;  4 ,  r e p o s i t o r y .

4. PLANNING AND CONSTRUCTION OF THE REPOSITORIES

4.1. General design principles

The repositories are designed for the disposal of all the LLW and ILW 
produced during the operation of the power plants. Provisions have been made 
for later enlargement of the repositories for the waste from decommissioning of 
the power plants. The location of the repository at each site is determined by 
geological conditions and eventual future utilization of the bedrock of the site.

After the disposal operations the repository will be backfilled and sealed to 
facilitate long term safety without the necessity for supervisory activities.

4.2. Loviisa repository

The factors affecting the location of the Loviisa repository are the available 
area and the geological and hydrogeological conditions. Because of the existing 
power plant facilities and the site reservation for a possible additional unit, the 
potential area is restricted to the central and western parts of the island.

The repository will be constructed in a zone which is suitable with respect 
to the groundwater flow. It will lie at a depth of approximately 120 m and 
between the upper and lower broken zones of higher permeability (Fig. 2). The 
repository will be constructed in the zone of stagnant saline water.

A new layout of the repository was prepared in 1985 (Fig. 4). It differs 
from the construction plans of 1982 [1, 3, 4] mainly because of the differences 
in waste amount estimates and in the accuracy of the geological model.



236 TUSA et al.

F I G .  4 .  F i n a l  r e p o s i t o r y  o n  H ä s t h o l m e n ,  L o v i i s a .

The repository consists of separate caverns and tunnels for different waste 
types. A connecting tunnel is used between the auxiliary facilities and the waste 
caverns and tunnels. Two ventilation shafts are needed during both construction 
and operation. The transport tunnel links the power plant area with the repository.

The length of the transport tunnel is about 1000 m and the cross-sectional 
area is about 40 m2. The tunnel ends in the control and auxiliary facilities at the 
110 ш level. Three tunnels with cross-sectional areas of 25 m2 are used for dry 
maintenance wastes. These tunnels are located at the 110 m level. Separate 
tunnels are used for combustible and non-combustible wastes. A waste cavern is 
used for all solidified waste. The unloading area for this cavern is at the 120 m 
level and the bottom of the waste cavern is at a depth of 126.5 m. The cross- 
sectional area of the cavern is about 300 m2 and its length is about 100 m.

Figure 4 also outlines the tunnel and cavern for the decommissioning waste. 
More information on these rooms will be presented when the decommissioning 
plan of the power plant is in the phase where detailed waste specifications can be 
given.

4.3. Olkiluoto repository

The Olkiluoto repository lies on the Ulkopää peninsula, about one kilometre 
to the north-west of the power plant. The repository will be constructed in the 
tonalité massif between the 50 and 100 m levels (Fig. 3).
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The repository consists of a waste vault with two silos and auxiliary facilities 
(Fig. 5). Bituminized waste will be placed in one silo and dry LLW in the other. 
The diameter of the silos is 22 m and the height about 25 m. The silo for bitumi
nized waste will be provided with an extra barrier consisting of a reinforced 
concrete wall with a thickness of 500 mm.

Waste packages are transported to the repository via an access tunnel. In the 
repository the waste packages are handled with an overhead crane operated from 
the control building at ground level. The control building is connected to the 
repository by a vertical shaft which houses ventilation ducts, cables, etc. It also 
provides personnel access between the control building and the repository.

4.4. Shutdown and sealing of the repositories

After operation the repositories will be backfilled and sealed. The primary 
aims of shutdown and sealing are to prevent increased groundwater flow via the 
tunnel system to the waste vaults and to prevent inadvertent intrusion into the 
repository later.

Backfilling is started in the waste vaults by filling the empty space with 
crushed and ground rock. Underground auxiliary facilities are not backfilled.
The transport tunnel is sealed with concrete plugs placed near to where major 
water bearing fracture zones cross the tunnel. The upper end of the tunnel is 
filled with crushed rock and boulders to prevent intrusion. The vertical shafts are 
filled with crushed rock and concrete plugs.

F I G .  5 . F i n a l  r e p o s i t o r y  a t  O l k i l u o t o .
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5. SAFETY OF FINAL DISPOSAL

Radiation protection criteria for final disposal of radioactive waste are being 
developed in Finland. In repository design a risk limit of 10“5 6/a for a critical group 
has been applied.

The safe final disposal of LLW and 1LW is based on the principle of multiple 
barriers. Engineered barriers in the repository include the waste forms, the waste 
containers, backfill materials and concrete structures in the waste vaults. The 
engineered barriers are complemented by independent natural barriers, the geo
sphere and the biosphere.

The performance of the disposal systems will be evaluated in a comprehensive 
safety analysis. Figure 6 shows the main stages of the analysis and the most 
important input data needed. The overall performance of the repository will be
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expressed in terms of the total health risk for various release scenarios which can 
result in radiation exposure to man. The release scenarios to be analysed can be 
grouped into:

— Reference scenario
— Disturbed evolution
— Disruptive evolution.

The reference scenario represents the most probable behaviour of the 
repository system. Two biosphere analyses will be made: one with the present 
biosphere data and another with a biosphere resulting from continuing land uplift 
on the Finnish coast.

The disturbed evolution includes improbable events which can result in an 
increased radionuclide release. These events must have physical causes, but their 
probabilities cannot be determined.

The disruptive evolution includes natural events and human activities which 
can result in an increased release of radionuclides to the biosphere. Examples are 
earthquakes and the sinking of a well in the vicinity of the repository. A probability 
will be assigned to each event.

The total risk of disposal is determined as the sum of the risks from different 
scenarios. Safety analysis work is going on and is to be described in the preliminary 
safety analysis reports which will be submitted to the regulatory authorities by the 
end of 1986.
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Abstract

CONSTRUCTIONAL CONCEPTS AND SITE SELECTION PROCEDURES FOR A LOW AND 
INTERMEDIATE LEVEL WASTE REPOSITORY IN SWITZERLAND.

The Swiss nuclear waste management concept includes a mined cavern system, accessible 
through a horizontal tunnel, in a suitable geological formation as an LLW/ILW repository.
The main open parameters are the type of host rock and the repository site. The paper describes 
the concepts for design, construction and operation of the repository and the site evaluation and 
selection procedures applied by Nagra to promising potential sites for detailed characterization. 
The ultimate aim is to select a suitable site offering the required level of long term safety -  no 
attempt is made to define or to select a ‘best’ site. Site selection proceeded in several stages. First, 
a decision was taken with regard to potential host rocks and five rock types were selected 
(crystalline, marl, anhydrite, clay and shielded formations). Then 100 potential sites located on 
these host rocks were evaluated using safety and engineering criteria. The results led to selection 
of 20 potential sites for which additional, non-licensed investigations were undertaken. Following 
assessment of the advantages and disadvantages of individual sites, the latter were divided into 
three priority groups. Three sites, one each in anhydrite, marl and Alpine gneisses, are to be 
characterized with first priority. For this purpose, an extensive geological, geophysical, 
hydrogeological and rock mechanical exploration programme has been set up. The necessary 
applications were prepared and submitted to the authorities at the end of 1983. The first stage 
of the exploration programme was authorized in September 1985. 1

1. INTRODUCTION

According to the concept of nuclear waste management in Switzerland [1], 
radioactive waste is to be finally disposed of in repositories situated in suitable 
geological formations. The principal goal of disposal is to ensure long term 
safety after closure of the repository. Release of radionuclides from a sealed 
repository as a consequence of realistically assumed processes must not, at any 
time, lead to radiation doses which exceed 10 mrem/year (0.1 mSv/year).

241
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F I G .  1 .  W a s te  q u a n t i t i e s  r e s u l t i n g  f r o m  a n  a s s u m e d  t o t a l  N P P  o u t p u t  o f  6 0 0 0 M W ( e )  a n d  a n  a v e r a g e  

N P P  l i f e t i m e  o f  4 0  y e a r s  ( S w i s s  ' 2 4 0  G W - a  s c e n a r i o ’) .  F E :  f u e l  e l e m e n t s .

The current concept [2] provides for two repository types:

-  A type C repository for high level waste and certain alpha containing inter
mediate level waste

— A type В repository for all remaining intermediate and low level wastes.

The general concept also contains the option for a type A repository 
exclusively for low level waste which, in relation to type B, has reduced safety 
requirements. The decision for or against a separate type A repository will be 
made when the projects are being finalized for the type В repository. The present 
paper deals with the type В repository for all LLW and ILW.

Waste quantities resulting from an assumed total output from nuclear power 
plants (NPPs) of 6000 MW(e) (twice the present value) and an average NPP life
time of 40 years up to dismantling were taken as the basis for planning. The 
corresponding ‘240 GW a scenario’ is summarized in Fig. 1. Hence the repository 
is to be designed to hold 200 000 m3 of solidified LLW/ILW. The safety require
ments for the whole repository are determined mainly by the ILW with the 
highest toxicity, which of course represents only a small part of the total volume.
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Different time-scales apply to the different repository projects. The type В 
repository should be available as quickly as is technically and organizationally 
possible, taking into account the necessary safety investigations; the type C 
repository (and possibly type A) should be available when wastes of the relevant 
categories arise (HLW from reprocessing after interim storage, LLW from reactor 
decommissioning). For technical and licensing reasons the Swiss LLW/ILW 
repository is scheduled to commence operation after 1995.

2. SAFETY BARRIERS FOR LLW/ILW REPOSITORY

The waste in the repository is isolated from the biosphere by both natural 
and engineered safety barriers. Scenario analyses show that water is the critical 
medium for transporting waste material to the biosphere. Safety barriers are 
therefore selected to restrict groundwater flow through the repository, to limit 
the transfer of radioactive material from the waste into the water, and to retard 
the transport of contaminated water from the repository to the earth’s surface. 
The barrier system has the following components:

— The waste solidification matrix (cement, bitumen or polymers) restricts 
release of radionuclides into deep groundwater.

— Solidified waste is encased in concrete repository containers and surrounded 
with a special cement grout. The backfill and the container walls form an 
additional impediment to groundwater inflow and further restrict radionuclide 
release.

— The filled containers are emplaced in concrete-lined disposal caverns and are 
surrounded by a special concrete backfill. Diffusion is the main mechanism for 
solute transport through this barrier. Lining and backfilling restrict water flow, 
thus delaying the beginning of radionuclide release into the host rock and 
limiting release rates. The concrete barriers buffer the pH to high values, 
reducing both the solubility and mobility of some important nuclides.

— The host rock in the repository zone protects the engineered safety barrier 
system from climatic effects and erosion for a sufficient length of time and, 
in addition, the near field host rock ensures low water flow and reducing 
conditions.

— The geosphere — the host rock and the surrounding and overlying rock strata — 
ensures sufficiently long times for the flow of deep groundwater from the 
repository to the earth’s surface. Additional lengthening of migration times is 
caused by various chemical and physical retardation mechanisms. The stability 
of the geological formations is such that deep hydrogeological conditions do 
not deteriorate, in particular through erosion, for a sufficiently long time.

In the safety analyses of Projekt Gewähr 1985 [2], the efficiency of the 
multiple-barrier system could be demonstrated for a specific geological situation
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modelled by a data set derived from one of the potential future repository sites 
(Oberbauenstock, described in Section 4.3). It has been shown that radiation 
doses to the population lie under the protection objective of 10 mrem/year 
(0.1 mSv/year) for all likely release scenarios, mostly by three orders of magnitude 
and more. A summary of the work is included in an accompanying paper at this 
Symposium [3].

3. CONSTRUCTIONAL CONCEPTS

The preceding section described one possible variant of the multiple-barrier 
concept — that chosen for Projekt Gewähr 1985. Key parameters are the choice 
of host rock (clay, marl, anhydrite, crystalline rock, etc.) and the engineering 
design of the repository.

A mined cavern system with access through a horizontal tunnel in an Alpine 
formation of Valanginian marl was selected as the repository concept for 
Projekt Gewähr 1985 [4]. This was based on the geological situation at the 
Oberbauenstock site. However, the choice of the concept does not prejudice
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later decisions relating to realization of the repository with regard to the host 
rock, the repository site or the constructional and operational details.

Figures 2 and 3 give an overview of the LLW/ILW repository together with 
some operational details. The repository is characterized by the following basic 
aspects of design and operation:

— Disposal is in underground rock caverns with access through a horizontal 
tunnel; the reception area is also underground (Fig. 2).

— Disposal is conceived in such a way that no control and supervision will be 
necessary after repository closure and yet a high level of long term safety can 
be ensured.

— Supervision and control during emplacement and subsequent backfilling are 
ensured. Before final closure of the repository, long term in situ experiments 
will be evaluated with regard to safety. Retrieval of the waste after closure is 
not envisaged but might be possible, at considerable expense.

— The system of engineered safety barriers corresponds to the description in 
Section 2. The waste is delivered in conditioned form (in the solidification 
matrix). All remaining engineered barriers are provided during construction, 
operation and closure of the repository (Fig. 3).

— All waste is emplaced in standard repository containers, into which the smaller 
drums are loaded in the reception area, and immobilized with a special cement 
grout (as an ‘overpack’, cf. Fig. 3(a)). This facilitates transport between the 
reception area and disposal caverns and the remotely controlled handling of 
the waste (monolith concept).

— Waste from the decommissioning of NPPs, which is already solidified and 
immobilized in large containers, does not require loading in the reception 
area. The decommissioning containers are, after appropriate entry control, 
transported directly to the disposal caverns.

— The mechanical condition, surface contamination, etc., of the delivered waste 
containers are checked in the reception area. In particular, facilities are 
planned for checking the radioactivity inventories of the waste containers. 
Waste with nuclide concentrations which exceed maximum permissible values 
specified for the repository is transferred to the type C repository for high 
level waste.

— An inventory is kept of delivered and emplaced waste. This provides informa
tion on the waste in each container and the emplacement positions in the 
disposal caverns. It also gives a continual overview of accumulated quantities 
of significant radionuclides in the waste already emplaced.

— The construction and emplacement phases are separated, the whole repository 
being completed before the commencement of waste emplacement. This is 
assumed for Projekt Gewähr, but for a later project construction and operation 
in phases or simultaneous construction and emplacement could be considered.
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The total excavated volume of the underground facilities is around 
1 000 000 m3 and the repository is intended for the disposal of a total of 
200 000 m3 of conditioned waste (gross volume on delivery). The construction 
time (not including geological research) is estimated at seven years and the costs 
at around 320 million Swiss francs. Operation of the repository requires a team 
of around 30 people.

The engineering study has shown that construction of a disposal cavern 
system in the Valanginian marl of Oberbauenstock is feasible with present day 
technology. Although the project has not yet been economically optimized, it is 
obvious that disposal is commercially feasible.

4. SITE SELECTION

Certain low and intermediate level wastes — mainly operational waste 
from nuclear power plants and waste from medicine, industry and research -  
already exist today in a form suitable for final disposal. An LLW/ILW repository 
could therefore be operated as soon as it becomes available. For technical and 
licensing reasons, the Swiss LLW/ILW repository is scheduled to commence 
operation after 1995. The evaluation of possible sites is accordingly advanced.
The ultimate aim of the evaluation is to select a site offering the required level 
of long term safety — no attempt is made to define or to select a ‘best’ site.

The legal position in Switzerland makes any detailed field-work for site 
characterization impossible until a lengthy licensing period has elapsed. Therefore, 
the selection procedures applied in the beginning were based on published or 
otherwise available geological information and on non-licensed investigations.
Site selection proceeded in several stages:

— First, a decision was taken with regard to potential host rocks, and five rock 
types were selected (crystalline, marl, anhydrite, clay and shielded formations).

— Then 100 potential sites located on the five host rocks were evaluated in 
1978-1981 using safety and engineering criteria and the geological and hydro- 
geological information available at that time.

-  The results led to selection of 20 potential sites for which additional, non- 
licensed investigations were undertaken in 1982-1983. The sites were ranked 
using criteria derived from consideration of safety, engineering and environ
mental planning.

-  Following assessment of the advantages and disadvantages of individual sites, 
the latter were divided into three priority groups. Three sites were chosen 
for characterization with first priority. Five further exploratory areas are 
being pursued with second priority (reserve sites). Further processing of the 
remaining 12 sites has been deferred.
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-  For the three sites of the first priority group, one each in anhydrite, marl and 
Alpine gneisses, an extensive geological, geophysical, hydrogeological and 
rock mechanical exploration programme has been set up, and the necessary 
licence applications were prepared.

4.1. Selection of host rock

As mentioned in Section 2, water is the critical medium for transporting 
radionuclides from the waste in the repository to the biosphere. The geological 
barriers play an important role during water transport of leached nuclides 
through the rock formations to the biosphere; groundwater chemistry also 
influences corrosion of the waste matrix and leaching of radionuclides.

The host rock therefore has to meet the following requirements:

— High impermeability
— Low water flow
— Good sorption properties for nuclides in aqueous solution
— Low content of chemically aggressive components.

Safety and construction considerations extend the list of requirements to 
include:

— Sufficiently large extent of host rock
— Predictability of geometrical form
— Geological stability of the siting area over the waste isolation times required
— Suitability for tunnel construction.

Of the criteria listed, the first two are the most important. Therefore, 
host rocks in which the dryness of the disposal caverns is due to the natural 
impermeability of the rock itself or of its overburden are suitable. Geological 
conditions in Switzerland are such that investigations were concentrated on the 
following host rocks.

4.1.1. Anhydrite

The mineral anhydrite is anhydrous calcium sulphate and, in its pure form, 
is dry and stable. On uptake of water it alters to gypsum, with a 61% volume 
increase, and water bearing cracks are reclosed by gypsum precipitation.

Two disadvantages are that anhydrite deposits are frequently rather small 
and bordered by complex formations, and that, in the presence of water or in 
humid conditions, calcium sulphate corrodes metals and concrete.
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4.1.2. Alpine marls and clay shales

In the Alps there are large deposits of marls and clays which are distinguished 
by their very low permeability and good sorption properties. The plasticity of 
these rocks renders them insensitive to tectonic stresses but, on the other hand, 
presents problems for tunnel construction.

4.1.3. Jura Opalinas clay

In the Jura Mountains in northern Switzerland there is a formation of 
Opalinus clay whose thickness extends up to 110 m. This rock is practically 
impermeable and has excellent sorption properties. However, from the point of 
view of tunnel construction, Opalinus clay is mechanically less stable and undergoes 
plastic deformation.

4.1.4. Crystalline rock

Crystalline formations occur on a large scale. Unfractured crystalline rocks 
are largely impermeable, their sorption properties are good and they have 
practically no chemically aggressive components. They are also suitable from 
the point of view of construction. Both the crystalline bedrock below the 
sedimentary cover in northern Switzerland and Alpine mountain formations can 
be considered.

4.1.5. Shielded limestone

The only permeable rock to be considered was limestone, which is very 
suitable for tunnel construction. It is considered only when occurring in an 
anticlinal form, overlaid by a protective, watertight layer of clays and marls, 
and when the planned disposal zone can safely be located above the highest 
expected groundwater level.

4.2. Preselection of 20 potential sites

For the five selected host rock types, Nagra evaluated 100 potential 
repository sites between 1978 and 1981: 23 in Alpine anhydrite, 15 in Alpine 
marls and clays, 25 in Jura Opalinus clay, 14 in crystalline rock and 23 in 
shielded limestone formations.

The rock formations were evaluated on the basis of their extent, low 
permeability, groundwater conditions and suitability for tunnel construction, 
the predictability of future geological changes and the knowledge already 
available, as well as the extent of exploratory work judged necessary for site



250 KOWALSKI et al.

Q  crystalline rocks 
Opalinus clay

A  Alpine maris and shales 

5 7  anhydrite
Û  limestones under 

impermeable cover

first priority _secondjinority_ О

F I G .  4 .  T h e  2 0  p o t e n t i a l L L W / I L W  r e p o s i t o r y  l o c a t i o n s  in  S w i t z e r l a n d ,  d i v i d e d  i n t o  t h r e e  

p r i o r i t y  g r o u p s .

confirmation. The results, which have been published in a comprehensive report 
[5], led to preselection of 20 sites (Fig. 4) for further investigations in 1981.

4.3. Selection of three sites for experimental investigations

The 20 preselected sites were evaluated in 1982-1983 with regard to their 
suitability for further detailed in situ investigations, for which licence applications 
were necessary. The main criterion in this selection was the potential level of 
safety offered by the geological formations in question, but considered in addition 
were criteria of a more technical and economic nature and, not least, planning and 
environmental aspects. Evaluation was made difficult because conclusions about 
site suitability have to be made on the basis of necessarily incomplete information, 
and all the information required will be available only after licensed exploration 
work has been carried out.

The most important selection criteria were as follows.
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Geological and hydrogeological conditions

— Extent of the host rock, predictability of geometrical form, complexity of the 
geology;

— Water flow through the host rock, lengths of flow paths, flow rates, the 
possibility of more strongly water bearing zones;

— Radionuclide retention capacity of the host rock, chemical properties of the 
groundwaters in the disposal zone;

— Predictability of geological and hydrogeological changes, tectonic stability, 
the possibility of erosion, glaciation, etc.

Construction and realization criteria

— Rock mechanical stability, suitability of the rock in the disposal and access 
zones from the point of view of construction;

— Present state of knowledge: the extent of investigations still required to bring 
the projects to a level where a general licence can be applied for, the scope, 
duration and costs of the exploratory work, the likelihood of geological 
‘surprises’;

— Time requirements and costs of construction of the repository (first stage and 
completion).

Environmental and planning aspects

— Nature and countryside protection, water protection, adaptation of the 
repository installations to the landscape;

— Impacts on the environment during repository construction and operation;
— Dumping of excavated material;
— Traffic links.

The selection work proceeded in two stages. In the first phase, the 
geological and hydrogeological data were completed to a stage where a better 
comparison between siting areas (even those with different host rocks) was 
possible. Site independent, host rock specific project studies were prepared to 
allow construction options to be assessed. Planning and environmental protection 
criteria were detailed and a first evaluation was undertaken. As a result of this 
stage, further evaluation of nine sites was deferred (five on geological, two on 
engineering and two on other grounds).

In the second phase, appropriate construction variants were selected for 
the 11 remaining, most promising sites, and lists were drawn up of the most 
significant gaps in knowledge. The incompleteness of the data being borne in 
mind, general programmes were drawn up for possible future exploration work,
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and time requirements and costs were estimated. A general construction project 
was prepared for each site and the planning assessment was repeated.

The results have been published in a comprehensive report [6]. Three 
sites have been selected for detailed characterization by licensed investigations 
(‘first priority’ group in Fig. 4):

-  Bois de la Glaive (anhydrite)
-  Oberbauenstock (Valanginian marl)
-  Piz Pian Grand (Alpine gneisses).

Their geological profiles are shown in Figs 5-7. For these sites, Nagra has 
set up a research programme for extensive geological, geophysical, hydrogeological 
and rock mechanical exploration. Provided that the preliminary investigations 
and exploratory boreholes indicate no unforeseen problems, further studies will 
involve exploratory tunnels.

Five further exploratory areas have been considered with second priority 
(Fig. 4). Additional information is to be collected for these areas and further 
investigations (not licensed) may be carried out. Subject to the suitability of 
the first priority locations, no exploratory work is planned for this group. Further 
investigation of the remaining 12 sites has been deferred.

The results of the 1982-1983 evaluation largely support the 1979-1981 
preselection. None of the 20 sites was deemed inadequate from the point of view 
of nuclear safety which, above all, allowed the secondary realization criteria to be 
evaluated. The only clearly negative evaluation results related to the construction 
possibilities at two Opalinus clay sites.
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Within each group of sites with the same host rock, a ranking of site suitability 
evolved on the basis of the chosen criteria, and the sites evaluated as best in the 
three best host rock groups could then be allocated to the first priority group.

4.4. Summary of progress

In terms of the ruling of the Swiss Federal Government of 24 October 1979, 
the planned explorations and tunnel constructions constitute preparatory action 
with a view to constructing a repository. Nagra therefore prepared relevant 
applications and presented them at the end of 1983 to the responsible authorities.

The first stage of the work — hydrogeological and geological investigations 
from the surface or from existing underground facilities (road tunnel, hydroelectric 
power plant water tunnel), and exploratory drillings — was authorized by the Federal 
Government on 30 September 1985. The decision on tunnel construction has been 
postponed by the Government until the results of the first licensed investigations 
are available.

The commencement of licensed exploratory work is scheduled for 1986.
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Abstract

TECHNIQUES FOR EVALUATION AND CONDITIONING OF SITES FOR SHALLOW 
BURIAL OF RADIOACTIVE WASTE.

The paper describes a technique adopted for evaluation and selection of a site for a shallow 
ground disposal facility for nuclear waste. Parameters of interest are statistically evaluated to 
locate the most suitable zone for disposal of waste at selected sites. A technique is also presented 
for conditioning a specific ground disposal facility using magnesium chloride and sodium silicate, 
which are readily available as by-products for in situ precipitation of magnesium silicate. 1

1. INTRODUCTION

The ground environment has been traditionally used as a repository for waste 
material. However, when ground disposal is resorted to for disposal of radioactive 
waste, a cautious approach is adopted in selecting a suitable site on the basis of 
studies encompassing such areas as geology, hydrology and soil chemistry. Also, 
provision is made to retard the movement of pollutant by imposing a suitable 
barrier where necessary. This assumes special significance for sites having fractured 
and weathered zones with a relatively high porosity which present potential migra
tion pathways for pollutants.

This paper describes a technique developed and adopted for evaluation and 
selection of sites for shallow disposal of radioactive waste from the Indian Rare 
Earths (IRE) plant at Alwaye, a subsidiary of the Department of Atomic Energy 
(DAE). In addition, data from studies carried out to provide a chemical barrier by 
in situ precipitation of magnesium silicate at a waste disposal site of the Nuclear 
Fuel Complex (NFC) in Hyderabad are included.
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2. INDIAN RARE EARTHS PLANT

The abundantly available monazites are processed at the IRE plant, which 
generates about 300 kg/d of waste sludges containing radium and barium 
sulphates and lead sulphides, known as mixed cake. A typical analysis of the cake 
showed that it contains 1.50 mCi/kg (55.5 MBq/kg) of gross alpha, 1.07 mCi/kg 
(39.59 MBq/kg) of gross beta and 0.54 mCi/kg (19.98 MBq/kg) of 226Ra. The 
mixed cake is sealed in polythene bags inside a concrete cask of 75 mm wall 
thickness weighing about 800 kg; the surface dose rate is 100 mR/h 
(25.8 pC kg- 1 h-1). An off-site location had to be selected for ground disposal 
of these radioactive wastes as the IRE plant is situated in a thickly populated area 
and there is a paucity of land for disposal locally.

2.1. Criteria for site selection

The general criteria considered for site evaluation and selection are location, 
ease of transportation to the site, infrastructural facilities such as electricity and 
water supplies, local meteorological conditions, population density, the availability 
and cost of land, favourable soil characteristics and operating cost.

On the basis of these factors, 8 sites were chosen for evaluation out of 
22 sites made available. Detailed geological, hydrological and soil investigations 
were done for these sites and the data are given in Table I. To compare the relative 
merits of the sites, a weighting factor was assigned for each criterion. Table II 
shows the results. The site with the highest weighting (site 6) was selected for 
waste disposal. This site was subjected to detailed investigations.

2.2. Characteristics of selected site

2.2.1. Geology

The selected site is a flat terrain, and the prevailing rock consists of hard 
and compact intermediate charnockite having a thin cover of ferruginous soil.
This soil is oxidizing in nature and radionuclides adhere relatively strongly to it.

The groundwater-table in the area is between 2 and 17 m from the surface. 
The average groundwater level is about 7.5 m. No major drainage system exists 
nearby.

2.2.2. Soil studies

To evaluate the physico-chemical characteristics of the soil strata, samples 
were collected in an area of 200 ha at three different depths (0.3, 1 and 1.5 m) 
and at 300 m grid intervals. The porosity, coefficient of permeability, calcium 
carbonate content, total dissolvable solids and pH were determined using standard
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techniques. The distribution ratio was determined using 89Sr as a tracer [1]. At 
the site the porosity is in the range 39.7-49.5%, the coefficient of permeability 
is around 3.5 X 10-6 cm/s, the calcium carbonate content is around 0.79%, the 
proportion of total dissolvable solids is around 0.16%, the cation exchange capacity 
of the soil is around 16.4 meq/100 g and the distribution coefficient ranges 
from 75 to 250 mL/g. The distribution ratio at the site is in the range 110-580.

2.3. Statistical evaluation o f soil parameters to select suitable area

A statistical technique was applied to find the best zone for disposal in 
200 ha of the selected site. Since the values of the soil parameters had wide 
distributions at different depths it was difficult to choose the best value for each 
parameter in the horizontal plane. To circumvent this problem a Gaussian 
distribution of values was assumed. The mean and the standard deviation (a) 
were evaluated for the parameters at each depth. A tolerable deviation of 0.68a 
was ascribed to each parameter, i.e. only 25% of the values around the mean were 
considered for disposal. For the soil parameters, such as cation exchange capacity, 
distribution coefficient and calcium carbonate content, higher values are 
preferable for disposal. Hence values above (mean — 0.68a) were considered for 
the soil parameters. For other parameters, such as total dissolvable solids, 
coefficient of permeability and porosity, smaller values are preferable. Hence 
values less than (mean + 0.68a) were considered.
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Figure 1 depicts the selected areas (shaded) for three important parameters 
at two depths. By superimposition of these suitable areas at a particular depth, 
the best area weighted for all three parameters could be obtained. By further 
superimposition of the best areas at two different depths (here, 1 and 1.5 m), the 
best zone in the site could be determined. This zone was proposed for disposal 
of higher activity wastes and the remaining area for low level wastes.

3. NUCLEAR FUEL COMPLEX

At the NFC, during purification and pelletization of uranium and thorium 
about 30 t/month of wastes, consisting of uranyl nitrate and thorium contaminated 
solids, are generated. Geological and hydrological studies were conducted for 
disposal of these wastes. Studies of the subsurface geology of the NFC site revealed 
the presence of fractured and weathered zones having relatively high porosity.
One of the weathered zones extends over 50 m and has a depth of 35 m. In these 
formations, provision of a suitable chemical barrier for conditioning of the site 
was envisaged. It is reported [2] that injection of certain materials which have the 
property of swelling retards the movement of groundwater.

In situ ground conditioning was used to improve the performance of the waste 
disposal site. The conceptual design of the in situ treatment involves the study of 
four aspects: the geological and hydrological conditions, the physico-chemical 
properties of swelling materials and, finally, geotechnical considerations such as 
the depth, width and area of conditioning in the disposal site.
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3.1. Geology

The disposal site at the NFC is underlain by pink and grey granites [3] of 
Archaean age. The granites are fine to medium grained and have quartz, 
orthoclase, microcline, biotite and opaque minerals as the main constituents. The
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granites are jointed; the joint pattern is shown in an azimuth frequency rose 
diagram in Fig. 2. The diagram shows that joints predominantly occur in the 
north-south, east-west and north-east-south-west directions. A contour map of 
the disposal site is shown in Fig. 3. A series of boreholes were drilled in the 
disposal site and the subsurface geology was constructed as shown in Fig. 4. It 
can be seen from Fig. 4 that two distinct weathered zones exist, representing 
potential migration pathways for radionuclides.

3.2. Hydrology

Groundwater in the area was found to occur generally in the weathered 
fractured zones at a depth of about 8-10 m. A survey of four open wells in the 
area showed yields ranging from 40 to 50 m3/d. The yield in the boreholes 
varied from 8 to 12 m3/h. The direction of groundwater flow is towards the 
weathered zones, in the east-north-easterly direction.

3.3. In situ conditioning of ground environment

The most important single function of any swelling material is to prevent 
or restrict the movement of groundwater within the repository. As the coefficient 
of permeability is directly proportional to the cube of the porosity, any in situ 
treatment to provide an underground barrier must aim at reducing the porosity 
of the weathered zone.

3.3.1. Barrier studies using magnesium chloride and sodium silicate

Magnesium oxide-silica gel mixtures have been suggested [3] as potentially 
suitable materials for creating impermeable barriers. In the study described, a 
mixture of magnesium chloride and sodium silicate was used to provide a barrier 
by in situ precipitation of magnesium silicate. These materials are abundantly 
available as by-products at the NFC site. Preliminary studies were carried out in 
standard soil columns in the laboratory and in 1 m auger holes in the field, and 
they showed encouraging results. The performance of the in situ barrier was 
assessed from the changes in the coefficient of permeability and the water flux 
(flow rate per unit area). The concentrations of dosing chemicals were optimized 
and the results of subsequent laboratory studies and field trials are presented 
below.

3. 3.2. Laboratory studies

Standard soil column studies were carried out using 5 g of representative 
soil sample per column. Percolation trials using magnesium chloride and sodium 
silicate were carried out under constant head conditions. The water flux was
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determined for two sequences of addition. The results are shown in Fig. 5. The 
flux was 0.635 cm/s with magnesium chloride (1.5%) solution alone, and was 
reduced to 0.005 cm/s after percolation of sodium silicate (2%) solution. This 
indicates a reduction in the flux by a factor of 127. The reverse sequence of 
addition showed a reduction in the flux by a factor of about 24 only, which 
indicates that the former sequence of addition is about five times more effective 
than the latter.
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3.3.3. Field trials

Field trials were carried out in one of the boreholes of 150 mm diameter 
and 10 m depth. The water level in the borehole was 8.5 m from the surface. 
Magnesium chloride (1.5%) solution was introduced into the well to give a 
hydraulic head of 6 m. A fall in level with time was recorded and the flux was 
calculated. After complete percolation of the magnesium chloride solution, 
sodium silicate (2%) solution was added to the same hydraulic head and the fall 
in level with time was again recorded.

The flux was found to be 7.5 X КГ4 cm/s with the magnesium chloride 
solution, decreasing to 1.0 X КГ4 cm/s after percolation of the sodium silicate 
solution. This indicates a reduction in flux by a factor of 7.5. It was observed 
in the field trials that this sequence of addition was 2.5 times better than the 
reverse sequence. The results are shown in Fig. 6. The higher values obtained in 
the laboratory studies could not be obtained in field conditions as the distribution 
of solution in the soil through the borehole varied with depth.

4. TREATMENT METHODOLOGY

Around ninety boreholes were drilled along the weathered zones with a 
2 m pitch. Magnesium chloride (1.5%) and sodium silicate (2%) solutions were 
injected in alternate boreholes. To ensure full utilization of the magnesium 
chloride, which migrates faster than sodium silicate, a second row of boreholes 
was drilled 2 m downstream with a 4 m pitch and sodium silicate was injected. 
This provided better conditioning and effective utilization of the dosing chemical 
solutions.

5. CONCLUSION

Since contamination of the biosphere can originate from nuclear waste 
disposal sites, it is imperative to look for the right site for disposal. The best 
location for disposal in a particular area could be found using the statistical 
technique described in Section 2. In some sites it would be of importance to 
incorporate suitable underground barriers to prevent the seepage of contaminants 
through groundwater movement. In situ precipitation of magnesium silicate 
appears to have an advantage, as shown in Section 3. It is believed that the 
techniques presented in this paper would be eminently suitable for site evaluation 
and for providing a reliable barrier to groundwater movement.



IAEA-SM-289/20 265

REFERENCES

AMALRAJ, R.V., SIRIAH, H.N., SASIDHAR, P., “Study on the movement of radio
nuclides in the ground using strontium-89 as tracer” , Proc. Symp. on Nuclear Chemistry 
and Radiochemistry, Varanasi, 1981, Bhabha Atomic Research Centre, Bombay (1982) 
419-429.
THOMAS, K.T., SUNDER RAJAN, N.S., BALU, K., RAMANI, M.P.S., “Underground 
disposal of radioactive wastes in India: Past experience and future planning”, 
Underground Disposal of Radioactive Wastes (Proc. Symp. Otaniemi, 1979), Vol. 1, 
IAEA, Vienna (1980) 49-64.
BIRD, G.W., Possible Buffer Materials for Use in a Nuclear Waste Vault, Technical Record 
TR-72, Atomic Energy of Canada Ltd (1979) (available from SDDO, AECL Research 
Co., Chalk River, Ontario KOJ 1 JO).





DISCUSSION

(Summary o f discussion held on the papers in Session II)

In response to a question on Paper IAEA-SM-289/11 concerning the state of 
the waste in transportation and emplacement, it was replied that the waste is 
solidified prior to transportation and emplacement.

In response to questions on Paper I AEA-SM-289/13, it was stated that the 
cost of a secondary lining for tunnels in clay in Canada is one-third of the total 
cost of the tunnel and the cost of a primary lining is included in the excavation 
cost. It was further explained that the total construction cost of the tunnel is a 
function of the diameter; for diameters larger than 3.0 m, the cost is around 
300 Canadian dollars (1984) per cubic metre of excavated space, excluding costs 
for shafts and other facilities. For smaller diameter tunnels the costs are higher 
per cubic metre excavated. In the calculation of groundwater flow velocity, the 
same value of 0.46 was used for the transport porosity and the total porosity of 
the clay, on the basis of laboratory tests performed on samples from the clay 
at the site.

In the discussion of Paper I AEA-SM-289/15 further details of the trench 
concept were given. The choice of material for the waterproof membrane is 
being investigated. The sorber materials used in the trench base and walls protect 
the membrane. Due regard is paid to the trench cap design to exclude water 
ingress from the top, i.e. (a) a low permeability concrete roof/intrusion slab,
(b) a puddled clay cap, (c) possibly a gravel drainage lens across the top of the 
trench zone draining to a monitored interceptor, and (d) a topsoil covering to 
protect the gravel and puddled clay. To support the diaphragm walls during 
construction it is intended to use two temporary struts spanning each wall. The 
final design may include support walls from the base slab to the full height of 
the walls. The vertical concrete pipes within the trench also provide lateral support.

In answer to a question on the cost of disposal of intermediate level waste, it 
was indicated that it would be £2000-2500 per cubic metre.

It was pointed out in the discussion of Paper IAEA-SM-289/16 that the 
submarine boreholes which penetrated the repository volume have been filled 
with cement above the caverns. At this level a 10-15 m long plug of compacted 
bentonite was first put into each hole. The rest of the borehole was then filled 
with cement. The major fracture zone which intersects the caverns in the SFR 
has a low hydraulic conductivity, and hence there is no need for sealing to ensure 
the long term safety of the repository. The zone has been partly injected with 
cement to minimize water inflow during construction and operation.

A watertight wall whose edge is 3 m above the normal sea-level has been 
built around the descent to the tunnel entrances to ensure that the facility cannot
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be flooded with sea water. The wall is designed and constructed in the same 
way as walls for water reservoirs at hydroelectric power stations.

It was explained that in Sweden shallow land burial will be used for some 
of the low level waste, such as that from the Oskarshamn nuclear power plant.
For intermediate level waste, disposal in rock cavities is being considered because 
Sweden has much experience in construction of various kinds of subsurface 
storage in crystalline rock, and because the costs are reasonable. Swedish geological 
conditions are such that it is easier to find a good site for rock cavities than for 
shallow land trenches. The main part (90-95%) of the rock mass is granitic, 
having ordinary characteristics for a ‘Swedish granite’. Techniques of construction 
are used that minimize the disturbed zone in the remaining rock around the 
tunnels and caverns; these entail special programmes for drilling as well as for the 
type and amount of explosives.

Further details were given on the SFR concept described in Paper IAEA- 
SM-289/16. It was mentioned that calculations were made for the corrosion of 
steel when the repository is saturated with water after closure and sealing. The 
metal drums do not have to withstand the corrosion, but the corrosion produces 
gases which have to be let out from the repository. Most of the corrosion occurs 
as anaerobic corrosion of the reinforcement bars in concrete cubes and the 
concrete silo. Since the intermediate level waste packages give dose rates between 
3 and 10 rem/h (0.03-0.10 Sv/h), they require remote handling, as shown by 
experience at the power stations. No other alternatives have therefore been 
considered. It is estimated that the average disposal cost per cubic metre of 
waste is 11 500 Swedish kronor (1985) (SEK), which includes costs for 
construction, operation and sealing of the repository. The costs for the various 
storage chambers differ, the most expensive being the silo repository, for which 
the corresponding disposal cost has been calculated to be SEK 14 500/m3.

In the discussion of Paper IAEA-SM-289/18, a question was asked on the 
rationale behind the decision to establish two rock cavity repositories in Finland 
and the programme to excavate rock cavities for the disposal of low and inter
mediate level wastes. It was explained that analysis was made for constructing 
only one repository at one of the power stations. However, since there will be 
only a minor economic advantage of using only one repository, and as the 
community in the region where the power plant units are located will accept the 
disposal of waste from their ‘own’ plants, it was considered preferable to have 
two repositories.

The hydraulic conductivity values for the intact rock have a median value 
of 10"9 m/s for granitic rock whereas most investigations yield К-values of less 
than 10-13 m/s for similar crystalline rock. It was stated that limitations in the 
equipment used may possibly be the reason why such a high median hydraulic 
conductivity value was obtained for the intact rock.

In response to another question, it was mentioned that rock stress measure
ments have been made in one borehole to a depth of 30 m. It is planned that
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stress, shear strength and other measurements will be done when the repositories 
are constructed.

It was pointed out in the discussion of Paper IAEA-SM-289/20 that weighting 
factors were given to each criterion used in choosing a site from the several 
potential sites. Different weighting factors are used and subsequently evaluated. 
The Kd values mentioned in the report are based on analyses done on samples 
in the laboratory.
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Abstract

THE CANADIAN APPROACH TO SITE CHARACTERIZATION FOR A NUCLEAR FUEL 
WASTE DISPOSAL VAULT.

The Canadian Nuclear Fuel Waste Management Program is assessing the concept of deep 
disposal of nuclear fuel waste in plutonic rock. One of the main objectives of the geoscience 
research programme is to develop and evaluate methods for characterizing potential disposal 
sites to assess their long term safety. Demonstrations of the successful use of site characteriza
tion methods and the successful application of predictive models to real situations are an 
important component of the programme. A comparison of structural interpretations, based on 
surface mapping and gravity modelling, with the results from cored boreholes in a gabbroic 
pluton showed that there was reasonable agreement and that inferences about gross characteristics 
were not changed substantially when detailed mapping followed reconnaissance mapping. A 
more complex comparison of groundwater response in the volume of rock surrounding the 
shaft of Canada’s Underground Research Laboratory, as simulated by a three-dimensional 
groundwater flow model, with measured responses at 171 measuring points during shaft cons
truction showed a generally good agreement. The rate of groundwater inflow to the shaft was 
overpredicted by a factor of three. 1

1. INTRODUCTION

Canadian research in nuclear fuel waste management has the objective of 
developing a safe methodology for the ultimate disposal of immobilized nuclear 
fuel waste within a deep subsurface disposal vault [1 ]. In the Canadian approach 
to disposal, the rock mass in which the vault is constructed is only one component 
of the nuclear waste disposal system. Assessing the safety of the overall system
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requires an understanding of how the engineered barriers of the waste form, con
tainer, buffer and backfill (collectively considered to be the vault) perform in 
conjunction with the natural barrier of the rock (called the geosphere) and the 
soil, water, air and food chain at the earth’s surface (called the biosphere) to 
isolate radionuclides from man. The rock mass surrounding the vault is expected 
to provide the principal barrier to the migration of radionuclides, should these be 
released from the emplaced wastes. Since transport in groundwater is the only 
significant potential mechanism by which radionuclides could be brought to the 
surface from a deep vault, knowledge and understanding of the potential ground- 
water flow paths through the rock, and of the mechanisms of radionuclide trans
port and retention along those potential flow paths, are required to assess the safety 
of any site for disposal. Site characterization is the process by which this hydro- 
geological knowledge and understanding are obtained.

2. SITE CHARACTERIZATION

The geoscientific aspects of site characterization can be grouped into two 
types: (a) reconnaissance investigations to establish the regional geological frame
work and place the site within that framework; (b) detailed investigations on and 
around the site, including subsurface investigations, to establish the site geology 
in sufficient detail to assess groundwater flow systems at the site.

Geotechnical factors to consider during the reconnaissance investigations 
include the seismic risk and mineral resource potential of the region, the amount 
of exposed rock available for visual inspection, the apparent uniformity of the 
rock properties that could affect radionuclide migration, the orientation and 
spacing of major features that may be structurally controlled, and the topography 
and hydrology of the region. In reconnaissance, traditional mineral exploration 
procedures are followed, but the target is a large, relatively uniform, non-mineralized 
rock mass, rather than an ore body. In addition, the exploration data are integrated 
and evaluated using a primarily hydrogeological perspective.

From the reconnaissance investigations, which do not include subsurface 
information from boreholes, it will be possible to identify three categories of site:

(a) Those that appear generally attractive as potential disposal sites
(b) Those that appear generally unattractive
(c) Those that cannot be categorized readily.

It is anticipated that there will be enough sites in the first category to allow 
considerable scope for using non-geotechnical criteria (social and economic) to 
recommend a group of sites for detailed evaluation.

Geotechnical factors that are important to consider while conducting the 
detailed site evaluation at the surface and in the subsurface include variation in the



IAE A-SM-289/33 275

lithology and physical properties of the rock, the nature and history of both physical 
and chemical alterations to the rock, the character of subsurface fluids, and the 
nature of the thermal stress and fluid pressure fields in the rock mass.

3. DEMONSTRATION OF METHODS

In assessing our ability to adequately characterize sites in order to evaluate 
them as potential disposal sites, it is not sufficient only to specify the procedures 
and methods that will be used. Appropriate demonstrations that the methods 
used can provide an adequate understanding will enhance confidence in the site 
selection process, not only among the international technical community, but 
also among regulatory agencies and the general public. One focus of the Canadian 
geoscience research programme has been the development of several such demons
trations. A few examples are used below to illustrate aspects of the approach to 
site characterization being followed in the Canadian Nuclear Fuel Waste Manage
ment Program.

4. THE CANADIAN REFERENCE DISPOSAL MEDIUM

When the Canadian radioactive waste management programme was initiated 
in 1973 under the direction of Atomic Energy of Canada Limited (AECL), the 
approach adopted was to identify the most attractive disposal concept for Canada 
and to concentrate available resources on assessing the acceptability of that 
concept, rather than diffusing the limited resources over studies of several geolo
gical media [2]. Participation in international exchange agreements was expected 
to keep the Canadian programme aware of developments made by other nations 
in assessing alternative disposal media. Energy, Mines and Resources Canada (EMR) 
was requested by AECL to examine the suitability of geological formations in 
Canada for disposal [3]. EMR recommended plutonic rock in the Precambrian 
Shield as the most suitable potential disposal medium for Canada to assess.

The choice of plutonic rock was strongly influenced by the fact that the 
Province of Ontario is the major region of Canada possessing a nuclear power 
programme. Ontario has an area of approximately 1.1 million km2, of which 
almost 75% is underlain by the Precambrian Shield. The southern boundary 
of the Shield coincides approximately with the northern limit of the most 
populous region of Ontario. Thus, the Shield in Ontario offered attractive 
possibilities for siting a disposal vault remote from major population centres.

Information on mineralization has been made available during extensive 
geological mapping and mineral exploration undertaken across the Canadian 
Shield over the past 140 years [4]. Most of the rocks of the Shield in Ontario 
have been assigned to the Superior structural province, which is characterized
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by easterly trending belts of Archaean supracrustal rocks of low metamorphic 
grade, separated by large areas of granitic rocks. For the most part, mineralization 
in the Superior province is in the form of polymetallic sulphides associated with 
volcanic rocks, banded iron formations common in volcanic-sedimentary belts, 
and nickeliferous mafic intrusions. There are also relatively uncommon local 
pegmatitic deposits containing molybdenum, lithium and beryllium [4]. Con
sequently, the plutonic rocks of the Superior province in Ontario are generally 
unattractive targets for mineral exploration. The lengthy period of geological 
mapping and mineral exploration has also resulted in an extensive body of geo
logical knowledge to.aid in identifying plutons of interest as potential sites for a 
disposal vault.

The ability to identify individual plutons by evaluation of existing information 
was demonstrated early in the research programme by the preparation of a map 
and inventory of 1365 plutons in Ontario [5]. Of the plutons in the inventory,
75% were granitic, 15% gabbroic, 8% alkaline and 2% anorthositic. This inventory 
was used successfully to select a few plutons for detailed, multidisciplinary field 
investigations.

5. REGIONAL INVESTIGATIONS IN SITE CHARACTERIZATION

The geotechnical methods used to establish the regional geological frame
work of a site are, to a large extent, the same as those that will be used to screen 
sites, that is, to identify a small number of sites forevaluation as potential disposal 
sites. The geological and geophysical methods used are basically a combination 
of the methods of traditional field geology and mineral exploration and what is 
now called terrain analysis. They were used successfully to select the East Bull 
Lake Research Area near Massey, Ontario, for interdisciplinary field studies in 
gabbroic rock in the Canadian programme [6].

Some of the geotechnical factors listed previously as important in reconnais
sance investigations can be examined with confidence with minimal subsequent 
attention during detailed site investigations. For example, a recent assessment of 
seismic ground motion in Canada [7] in terms of peak horizontal acceleration and 
peak horizontal velocity has placed most of the Precambrian Shield of Ontario 
in Zone 0. Zone 0 denotes areas with less than a 10% probability of exceeding a 
peak horizontal acceleration of 0.4g and a peak horizontal velocity of 0.4 m/s per 
50 years. Within Zone 0, the risk of earthquake activity causing instability in an 
underground structure, such as a disposal vault, is considered negligible.

Some of the other geotechnical factors are considered using conservative 
assumptions that can only be confirmed by detailed investigations, such as surface 
mapping and geophysical surveys, or subsurface investigations conducted in bore
holes. For example, major topographic lineaments are assumed to be structural 
discontinuities with hydrogeological and geomechanical properties different
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from those of the bulk of the rock. However, this assumption cannot be confirmed 
without detailed investigations on the surface or in boreholes.

Although hydrogeology is important in reconnaissance investigations, it is 
the most difficult factor to assess because most of the information required to 
understand the hydrology of a site can only be obtained from investigations 
conducted in boreholes.

6. DETAILED INVESTIGATIONS IN SITE CHARACTERIZATION

6.1. Introduction

There are two main objectives of site characterization for a potential nuclear 
fuel waste disposal vault site. One is to define the physical and chemical charac
teristics of the groundwater flow system in the vicinity of the site in sufficient 
detail that the flow system can be modelled to assess the potential for radionuclide 
migration from a vault location to the surface. The other is to obtain the data 
required to create confidence in the model and, if the site is technically acceptable, 
to prepare an environmental impact statement for a disposal vault site.

The difference between this characterization and that required to prepare 
environmental impact statements for other comparable industrial facilities is that 
the response of the groundwater flow system to the vault following closure needs 
to be assessed far into the future. This requirement places a much greater emphasis 
on devising means to give us confidence that the groundwater flow system is ade
quately represented by the models than is normally the case in hydrogeological 
studies.

The Canadian geoscience programme has responded to this need for validation 
of methods and models by finding situations where inferences based on data from 
one method can be compared with results from another method, or where a defini
tive answer can be obtained for comparison. The following case studies illustrate 
examples of this approach in the Canadian programme.

6.2. East Bull Lake Research Area

The East Bull Lake pluton near Massey, Ontario, is a small (23 km2 ), layered, 
gabbroic intrusion. A nine-day reconnaissance inspection of the pluton by heli
copter and ground traverse was conducted in 1980, when the pluton was being 
considered as a potential research area. Ground traverse data on fracturing, 
petrology and structural relationships were interpreted to outline the general 
deformational history [8]. Cross-sections were prepared that showed a basin 
shaped body with a maximum depth of about 900 m. Because of the inferred 
shape and the density contrast between the gabbro (2.93 g/cm3) and the surrounding 
granitic rocks (2.65 g/cm3 ), this pluton seemed well suited for gravity modelling
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of its shape. Both two- and three-dimensional gravity models were made, using 
data from two gravity surveys conducted in 1982 and 1983 [9]. In both cases the 
models showed a body of roughly the same shape as that inferred from the 
mapping, but the maximum thickness of the body was only about 400 m. Four 
deep, cored boreholes were drilled in the pluton during 1983, and the one located 
near the centre of the body penetrated the bottom at about 770 m. Cross-sections 
prepared from the detailed surface maps and the borehole data [10] are remarkably 
similar to the sections produced with the reconnaissance survey data.

The reconnaissance mapping provided information on the gross structural 
characteristics of the pluton that was not substantially changed by the more 
detailed mapping and the borehole information. The geophysical survey method 
that was expected on theoretical grounds to be suitable for application in this 
situation gave results that agreed reasonably well. In fact, the agreement between 
the methods is closer than would generally be expected at the reconnaissance stage.

6.3. Underground Research Laboratory

The siting and construction of the Underground Research Laboratory (URL) 
have provided the most extensive series of methodology and modelling validations 
in the Canadian geoscience programme. Although the URL lease area is smaller 
than would be a site for a disposal vault, virtually all the aspects of site characteri
zation have been applied to the URL lease area.

A regional reconnaissance was begun in 1978 to identify a suitable site for an 
underground research facility on the Lac du Bonnet batholith, a large (1500 km2 ) 
granitic pluton. A small set of screening criteria was established for selecting the 
site; these criteria were that the site should be:

— Larger than 1 km2
— Predominantly outcrop
— Undisturbed by previous excavations
— Near AECL’s Whiteshell site
— Accessible and near to a power source
— Within, but not close to, well defined hydrological boundaries
— Available for lease.

Eight potential sites were identified on the pluton, from which the URL site was 
chosen as best meeting the criteria [11].

Detailed characterization of the URL lease area was carried out in stages.
The first stage, in 1980, included only surface geological mapping; airborne and 
ground geophysical surveys; and the installation of shallow overburden piezo
meters, surface water instrumentation and meteorological instrumentation. 
Evaluation of the data suggested that two lithological phases of the granite were 
present, a pink, porphyritic phase and a more uniform, grey phase. These have 
been regarded as rim and core zones, respectively, of the batholith [12]. The



IAEA-SM-289/33 279

pink granite contained numerous fractures, most of which were subvertical. The 
grey granite was uniform and virtually free of fractures. Because the pink 
phase seemed to overlie the grey and the contact appeared to dip into the subsur
face, it was thought that a region could be found in the subsurface with both 
fractured and unfractured rock available for experiments between 200 and 400 m.

The second stage of characterization included drilling five deep, cored boreholes 
to check the inferences drawn from the surface data. The borehole data suggested 
that two types of pink granite were present. Some of the colour was due to altera
tion associated with fracturing. The pink granite was primarily in the upper 100 m 
and the fracture density was highest between 50 and 100 m. Below the pink 
zone, the fractures, occurring in discrete zones, were altered to clay and contained 
groundwater with relatively high salinity. There no longer appeared to be a 
region where both fractured and unfractured rock would be available for 
experiments at the same level, so a two-level facility was designed. The location 
of a shaft pilot hole was selected to traverse a region of relatively fractured rock 
at a depth of about 150 m, unfractured rock between 150 and 260 m, and an 
intensely fractured zone at about 270 m.

The third stage of characterization included drilling two additional cored 
boreholes and over thirty air percussion drill holes to establish a hydrogeological 
monitoring system in the rock surrounding the shaft location. The additional 
borehole control allowed the extent and nature of the major fracture zones to 
be mapped over a large portion of the lease area. As a result, it was found that 
portions of the fracture zone at 270 m at the shaft location were shallower in the 
proposed experimental region, so the tunnel layout had to be adjusted to avoid 
intersecting the zone. Extensive hydrogeological testing was done in the bore
holes and hydrological responses in packer isolated intervals in existing boreholes 
were monitored as new holes were drilled. This hydrogeological information 
was used in conjunction with geological and geophysical borehole logs to develop 
a conceptual model of the hydrogeological conditions of the lease area. Three 
extensive, shallow dipping fracture zones were identified that control, to a large 
degree, the groundwater flow in the lease area [12]. There also appeared to be 
hydrological interconnections along the trend of some topographic lineaments 
that were inferred to be permeable, subvertical fracture zones.

After the site was characterized, a major validation experiment was initiated. 
The objective was to see if the responses of the groundwater flow system in the 
rock mass around the shaft could be successfully predicted by a three-dimensional, 
finite element model, based on the conceptual model of the hydrogeology of the 
site and calibrated against the hydrological data obtained from tests and measure
ments made within the monitoring system before shaft construction began. The 
finite element code used was considered to be theoretically appropriate because, 
although it treats most of the rock mass as a porous medium of low permeability 
and porosity, it treated the permeable fracture zones as discrete features repre
sented by planar elements superposed on the mesh representing the rock mass [13].
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The conceptual model and all existing hydrogeological borehole information 
(hydraulic conductivity values, hydraulic heads and hydraulic responses to pumping 
tests) were used to develop a mathematical model to simulate groundwater 
response to the excavation of the URL shaft [14]. A regional model was calibrated 
first by adjusting infiltration rates until surface hydraulic heads corresponded to 
the topography. Then, this model was used to establish boundary conditions for 
a local model for the vicinity of the lease area. Within the local model, each 
fracture zone was calibrated by adjusting parameters within the zone until there 
was good agreement between calculated drawdowns and field measurements from 
pumping tests. Following calibration, the model was used to predict the piezo
metric response due to shaft excavation at 171 locations in the rock mass around 
the shaft, corresponding to the locations of packer isolated intervals in the 
monitoring network over the lease area. A period of ten years was simulated 
and the rate of water inflow to the shaft was also predicted.

The monitoring network has been operating since shaft sinking began in 
May 1984. Generally, the model has overestimated rates of inflow to the shaft 
by a factor of three but has agreed well with the trend of flow rate with time. 
Drawdowns within the rock mass and fracture zone were also predicted well [15]. 
This validation exercise is an ongoing experiment; however, the results so far 
are very encouraging.
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Abstract-Resumcn

INVESTIGATIONS FOR PRESELECTION OF A RADIOACTIVE WASTE REPOSITORY 
IN ARGENTINA.

The Sierra del Medio, in the Province of Chubut, was initially studied by vertical aerial 
photography on the scale of 1:40 000, together with field support and sampling. By this 
method a central sector was chosen whose structural and petrographic characteristics exhibited 
adequate homogeneity and conditions appropriate to geological barriers. Petrographic, 
structural, hydrological, geomorphological, geophysical and geochemical studies were then 
carried out, with good topographic and cartographic support. The paper describes some of 
these studies, among which particular importance is attached to those on neotectonics in 
the region surrounding the Sierra, the investigations on the hydrological behaviour of the 
rocky central massif, and the geomechanical characteristics of the central sector. Details 
are also given of the geostatistical processing applied to the discontinuities of the migmatic 
massif, and its preparation for future three-dimensional tectonic modelling as the principal 
foundation for a general hydraulic model of the Sierra.

INVESTIGACIONES EN LA PRESELECCION DE UN CEMENTERIO DE DESECHOS 
RADIACTIVOS EN ARGENTINA.

La Sierra del Medio, en la provincia del Chubut, fue estudiada inicialmente mediante 
fotografías aéreas verticales a escala 1:40 000, con apoyo y muéstreos de campo. Con este 
método, se seleccionó un sector central cuyas características estructurales y petrográficas 
evidenciaban una adecuada homogeneidad y condiciones apropiadas para constituir barreras 
geológicas. En consecuencia, se realizaron estudios petrográficos, estructurales, hidrológicos, 
geomorfológicos, geofísicos y geoquímicos, con un buen apoyo topo y cartográfico. Este 
trabajo presenta algunos de estos temas, entre los cuales destacan los estudios sobre neotectónica 
en la región circunvecina a la Sierra, las investigaciones sobre comportamiento hidrológico del 
macizo central rocoso y las características geomecánicas de ese mismo sector principal. También 
se detalla el procesamiento geoestadístico aplicado a las discontinuidades del macizo migmatítico 
y su preparación para una próxima modelación tectónico tridimensional como base principal 
del futuro modelo hidráulico general de la Sierra.
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ASPECTOS GEOLOGICOS

Para la realización del relevamiento geológico, cartografía y perfiles se 
siguieron las etapas habituales en este tipo de trabajo, comenzando por la inter
pretación de fotogramas aéreos a escala 1:40 000 con apoyo de campo, muestreo 
de las unidades detectadas, restitución planimétrica de toda la región, investigaciones 
microscópicas de las facies petrográficas, análisis químicos y físico-químicos 
(modales).

En la Fig. 1 aparece una síntesis de las características geológicas de la Sierra 
del Medio. Las rocas más antiguas corresponden a esquistos biotíticos con 
sillimanita y esquistos anfibólicos producidos por un metamorfismo regional. Su 
edad es posiblemente precámbrica a paleozoica inferior. De estas rocas solamente 
quedan relictos muy reducidos en la Sierra del Medio, ya que un intenso proceso 
de migmatización las transformó, casi totalmente, en migmatitas tonalitoides.
La edad de este proceso es desconocida, pero prodría ubicarse en el Precámbrico 
o Paleozoico Inferior.

La relación entre paleosoma y neosoma da origen a un ordenamiento que 
constituye la estructura de la roca. Estas estructuras han sido descriptas de 
acuerdo a la nomenclatura de Mehnert (1969).

Estas migmatitas tonalitoides fueron parcialmente granitizadas y profusamente 
intruídas por aplitas-pegmatitas, produciendo migmatitas granodioritoides y 
granitos migmáticos. La edad de este proceso fue considerada precámbrica a

FIG. 1. Esquema muy simplificado de los principales rasgos geológicos de la Sierra del 
Medio (Chubut, Argentina).
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paleozoica inferior. Todas las migmatitas y granitos migmáticos han estado 
sometidos a cataclasis. Con posterioridad, se intruyeron diques de dacitas no 
afectados por cataclasis cuya edad es paleozoica superior a triásica inferior 
(datación K/Ar).

Después de la intrusión de los diques de dacita mencionados, se originaron 
fallas de desplazamiento en el rumbo izquierdo, con rumbo NW-SE, las que 
produjeron una cupla que dió origen en su interior a un sistema de fracturas de 
extensión de rumbo predominante NE-SW, parcialmente rellenadas por diques 
básicos probablemente triásicos.

Durante un tiempo prolongado, la Sierra del Medio estuvo sometida a fuerte 
erosión, originándose su configuración actual en los procesos fracturantes del 
Terciario Superior, que la elevan a manera de “hörst” en medio de la gran fosa 
o graben de Gastre.

ESTRUCTURAS REGIONALES

Se realizaron estudios estructurales regionales mediante el análisis de 
alineamientos obtenidos a partir de imágenes Landsat, para definir los esfuerzos 
actuantes en la región, sus efectos tectónicos y sus edades relativas. La inter
pretación visual de las imágenes Landsat estuvo apoyada por relevamientos y 
estudios geomorfológicos de toda el área de influencia vecina a la Sierra del Medio.

Se elaboró una carta regional de alineamientos, en el área entre los paralelos 
37°30' S y 44°30' S y los meridianos 62°00' W y 74°00' W, abarcando sectores 
argentinos entre los ríos Colorado y Senguerr, más parte chilena entre el río Bío 
Bío y Pto. Aysen y alcanzando desde el Atlántico hasta el Pacífico.

Estructuralmente, constituye ésta una amplia región de comportamiento 
heterogéneo con fenómenos tectónicos de variada magnitud y jerarquía geológica.
Las edades de los distintos terrenos aflorantes van desde el Precámbrico hasta 
el actual.

La interpretación visual de las imágenes satelitarias se basó en criterios 
geológicos y geomorfológicos, y la información fue procesada estadísticamente.
El trabajo se inició con un relevamiento detallado de las fallas, fracturas y 
fotoalineamientos detectados en las imágenes Landsat. Especial atención 
merecieron las formaciones terciarias y cuartanas, buscando evidencias que pudieran 
asignarse a la exteriorización de fenómenos de neotectónica.

El esquema estructural en la región vecina a la Sierra del Medio puede resumirse, 
en términos generales, a una “tectónica de basamento” (formaciones precámbricas 
hasta paleozoica superior) con materiales rigidificados, y a una “tectónica de 
cobertera” (formaciones mesozoicas y cenozoicas) asociada a materiales sedimen
tarios y de comportamiento plástico. A la primera la caracteriza una tectónica 
fracturante posterior y a la segunda una tectónica plegante, sobrevenida como 
consecuencia de los movimientos orogénicos del Post-Paleozoico. (Fig. 2.)
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FIG. 2. Características estructurales y  megatrazas de la región norpatagónica, según el análisis 
del mosaico de imágenes de la serie Landsat 1-2-3. Se detallan los esfuerzos regionales y locales, 
asi como la relación con la placa del Océano Pacífico.

Sobre el área ocupada por el graben de Gastre y sus macizos montañosos 
circundantes se pone en evidencia un sistema de fallas antiguas, asociadas a fases 
del Ciclo Orogénico Hercínico (fallas recurrentes, con rumbo dominante NW-SE, 
más fallas de alivio de rumbo NE-SW) y un sistema de fallas más modernas, con 
rumbo N-S y E-W, vinculadas a distintas fases del Ciclo Orogénico Andino.
(Fig. 3.)

Tanto la Sierra del Medio como el área del macizo paleozoico rigidificado y 
toda la cuenca sedimentaria jurásico-cretácica muestran claras evidencias geo- 
morfológicas de movimientos ascensionales de tipo epirogénico. Estas improntas, 
detectadas sobre todas las áreas montañosas, están asociadas a etapas de equilibrio 
y desequilibrio de la corteza y se manifiestan en la región como procesos 
recurrentes de planización y de incisión. Dichos movimientos epirogénicos 
están íntimamente vinculados a ciclos ocurridos durante el Terciario y el 
Cuaternario inclusive.
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Con relación a las edades de las formas del relieve esculpidas sobre rocas de 
distinta litología y edad, se señala la presencia de “formas pre-cuaternarias” 
(penillanuras, monadnocks) y “formas del Cuaternario” (conos, terrazas).

Las formas del Pre-Cuaternario corresponden a aquellas elaboradas durante 
el Mesozoico y Cenozoico Inferior, mientras que las formas del Cuaternario se 
refieren a las elaboradas durante el Pleistoceno (pedimentos, glacis, abanicos, 
conos aluviales, terrazas) y al Holoceno (salinas, barreales, terrazas, conos y 
coladas basálticas).

Con referencia a la presencia de fallas dentro de las unidades estratigráficas 
y geomorfológicas del Cuaternario, en la región del graben de Gastre no se han 
encontrado evidencias de su existencia. Aparecen sí en el área varios aparatos 
volcánicos asociados a efusiones de basalto, que estarían demonstrando la 
presencia de esfuerzos de tracción en la región de la fosa. En la actualidad se 
están desarrollando investigaciones tendientes a datar tales coladas y también 
a definir su paleomagnetismo.

Interesa destacar, por último, que en la Sierra del Medio no existen condiciones 
favorables para que se produzcan fenómenos de remoción en masa. Las pendientes 
existentes y el escurrimiento asociado de las aguas pluviales y nivales excluyen 
este tipo de fenómeno. También se ha determinado la cota 1000 como nivel de 
equilibrio para la erosión en las condiciones orogénicas actuales.
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FIG. 3. Diagrama de las cuatro regiones o provincias estructurales de la región norpatagónica 
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Landsat.
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SISMOLOGIA

Los estudios regionales sobre estructuras y tectonismo sirvieron de apoyo al 
análisis sismológico de la Sierra del Medio y sus vecindades. Se analizaron los 
distintos antecedentes relativos a la acción sísmica, evaluándose los probables 
terremotos que afectarán al sitio del repositorio nuclear, definiéndose la 
acción sísmica por medio de espectros de proyecto y por acelerogramas 
representativos del movimiento sísmico. (Fig. 4.)

La estimación de los niveles de intensidad sísmica que pueden afectar a un 
sitio, con riesgo de ocurrencia de 10"3 a 10“4 anuales, requiere la evaluación de 
la actividad sísmica desarrollada en los alrededores del emplazamiento en un 
intervalo no menor de 10 000 años y preferiblemente aún mayor.

Esta evaluación se basa en informaciones:

a) que suministran los instrumentos de estaciones sismológicas;
b) provenientes de relatos históricos de las poblaciones vecinas;
c) resultantes de estudios geológicos y tectónicos regionales.

FIG. 4. Curvas de tiempos medios de ocurrencia de intensidades sísmicas en la zona de Gastre 
(Chubut, Argentina) y  su comparación con las curvas correspondientes a otras localidades.
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La zona estudiada en nuestro caso se distingue por lo inhóspita, de modo 
que para el análisis sismológico solamente se obtuvieron datos del tipo c).

PERFORACIONES A DIAMANTINA

El conocimiento directo del interior del macizo migmatítico so logró 
mediante la realización de perforaciones con corona sacatestigos, agrupadas en 
dos series según sus objetivos y longitud.

Un primer grupo fue denominado “Perforaciones Intermedias” . Estas 
estuvieron destinadas a definir las características estructurales y petrográficas de 
todo el macizo rocoso, investigándose los juegos de fracturas principales y sus 
posibles fajas de alteración, milonitización o brechamiento, propiedades físicas 
de las rocas, composición química, facies petrográficas y mineralogía. Se ubicaron 
estos pozos según las conclusiones iniciales de los estudios geológicos de superficie, 
de la fotointerpretación estructural y de los perfiles geofísicos (sísmica de 
refracción y resistividad), tomándose en cuenta:

a) los sitios donde las características superficiales mostraron anomalías 
significativas;

b) los lugares donde existen fenómenos tectónicos o petrográficos con aflora
mientos de calidad muy mala;

c) los lugares donde la roca mostró en superficie calidad excelente.

Las perforaciones intermedias fueron nueve en total, integrando 2002 m 
verticales y una recuperación media del 90%.

El segundo grupo fue llamado “Perforaciones Profundas” . Se ejecutaron 
cuatro perforaciones en un sector preseleccionado de la Sierra, las que aportaron 
datos básicos para el Anteproyecto de Ingeniería. Para el emplazamiento de 
cada perforación se tuvieron en cuenta criterios geológicos sumados a los resultados 
del cálculo geoestadístico que definieron el sector de menor fracturación 
bidimensional.

De estas investigaciones surgió la existencia de un sitio de 24 km2 donde 
las características estructurales y petrográficas aparecen en principio como las 
mejores de toda la Sierra. Se perforaron aquí 2272 m lineales en total, en tres 
pozos verticales y uno inclinado.

GEOESTADISTICA ESTRUCTURAL DEL SITIO

El estudio del volumen rocoso menos fracturado para emplazamiento del 
repositorio, en el sector central preseleccionado de la Sierra del Medio, se 
realizó usando los métodos que brinda la geología tradicional, apoyados en el 
procesamiento geoestadístico de los datos. La geoestadística aplicada al
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FIG. 5. Semi-variografía obtenida en forma experimental para el sector preseleccionado de 
la Sierra del Medio. Es remarcable la influencia ejercida sobre la distribución por las principales 
familias de rumbos de diaclasas y  fracturas en general.

estudio tectónico permitió estimar en forma óptima las características de 
variabilidad de la densidad de fracturación, como así también el error cometido 
en las estimaciones.

Se analizaron varios parámetros representativos de las propiedades de 
fracturación, utilizándose como variable regionalizada la “densidad de 
diaclasamiento” (N/L), que es la más sensible al comportamiento de las discon
tinuidades. En la primera etapa del trabajo se modelizó el comportamiento del 
parámetro (NL) en superficie, a partir de la densidad de fracturación medida 
sobre una grilla de estaciones de muestreo de 500 X 175 m. Con el fin de 
obtener el modelo de fracturación en superficie se asignó, aplicando krigeage 
ordinario, el valor medio de la densidad de fracturación a áreas unitarias de 
150 X 50 m.

Debido a que se observaron manifestaciones de deriva de la variable 
regionalizada, según ciertas direcciones de su campo de definición, también se 
aplicó una metodología geoestadística que permite la inclusión de una covarianza 
generalizada para distintos valores de K.

El patrón de distribución al que se pudo ajustar el muestro de la densidad de 
fracturación resultó ser de tipo lognormal, utilizándose esta información en la 
selección de la semivariografía empleada en las estimaciones del operador de krigeage.

El esquema de transición o modelo de variabilidad, para obtener la representa
ción geoestadística de la variable analizada N/L, se ajustó a partir de la 
correspondiente semivariografía experimental. Para el estudio de las figuras de
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anisotropía, se consideraron las direcciones que resultaron de dividir el plano 
en 32 ángulos iguales. Se adoptó este criterio para lograr figuras detalladas que 
permitieran detectar eventuales influencias de las familias principales de rumbos. 
La Fig. 5 muestra la semivariografía obtenida; cabe destacar la influencia de 
las principales familias de rumbos.

La aplicación de krigeage universal con el modelo de covarianza general 
seleccionado permitió obtener los valores medios de N/L y sus correspondientes 
desviaciones típicas de krigeage. En la Fig. 6 aparecen las curvas de isovalores 
de 4 y 5 diaclasas por metro, calculadas con un error máximo del 30%. Se llega 
así a una buena correspondencia entre el modelo de N/L calculado y la geología 
de detalle obtenida sobre el terreno.

Empleando el modelo de semivariografía de superficie se obtuvieron tres 
configuraciones, de las cuales resultó asociada a la menor desviación típica de 
krigeage la elongada según dirección E-W, con una relación de lados 5/3.

Modelo tridimensional de fracturación

Para el modelo tridimensional se calcularon los valores medios de N/L, 
correspondientes a los soportes que resultan de la intersección de los pozos

N

FIG. 6. Diseño trazado por las curvas isovalores de 4 y  5 diaclasas por metro (N/L), calculadas 
con un error máximo del 30% de acuerdo con la cantidad de datos disponible. Dentro de 
estas curvas queda encerrado el sitio de minima fracturación del sector.
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mencionados con el modelo de bancos horizontales generado a partir de la cota 
máxima de la Sierra.

La metodología que condujo a la selección del sitio de menor fracturación 
utilizó espesores de 25 m como soporte de los valorés medios de N/L hallados en 
las perforaciones. Esta altura permitió que se exluyeran del cálculo de las 
estimaciones de krigeage los parámetros de los esquemas de transición corres
pondientes a los semivariogramas experimentales, que resultaron de la fracturación 
de los testigos de las perforaciones.
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Geológicamente se consideró la hipótesis de que el modelo de fracturación 
en superficie pudiese ser transladado en profundidad (a la tercera dimensión). De 
esta manera, si una zona está poco fracturada en superficie, una perforación 
vertical en ese lugar mostraría, en sus valores medios, el mismo grado de fractura
ción, sin considerar los eventuales segmentos de la perforación que intersecten 
fallas, diques, etc.

Finalmente, de la complementación de los resultados geoestadísticos con los 
estudios geológicos surgió el modelo tridimensional semejante al que aparece en 
la Fig. 7.

Fueron planificados para etapas futuras estudios de permeabilidad en los 
pozos perforados verticales, y con los datos que se logren se confeccionará un 
modelo de permeabilidad geoestadístico. Este nuevo modelo, junto con el de 
fracturación ya discutido, constituirá los datos básicos para la investigación 
del flujo hidráulico, que se llevará a cabo empleando un modelo tridimensional 
en base a elementos finitos.

HIDROLOGIA

Se realizaron investigaciones hidrológicas regionales y locales en la Sierra 
propiamente dicha. En el ámbito regional se verificó que la cuenca hidrográfica 
y la de agua subterránea pertenecen a un sistema cerrado, debido a que tanto el 
escurrimiento superficial como el flujo subterráneo están regidos por un sistema 
centrípeto dirigido hacia un grupo de depresiones o salinas. En ellas se evapora 
el agua superficial y evapotranspiraría el agua subterránea, incorporándose así a 
la atmósfera.

Dentro de la cuenca cuaternaria cumplen un papel muy importante en el 
ciclo hidrológico sedimentos sueltos y otros más antiguos y compactos, cuyos 
espesores no superan los 180 m. Estas unidades participan de las áreas de 
recarga y acumulación del agua subterránea en toda la cuenca investigada.

La descarga de las capas subterráneas se produce en las salinas citadas, 
agregándose otras expresiones del paisaje conocidas como “mallines” , que son 
pastizales muy compactos de pastos duros, de un tipo similar a las turberas.

Las rocas pre-cuaternarias que, como la Sierra del Medio, poseen perme
abilidad secundaria, alojarían dos sistemas de flujo principales: uno subsuperficial 
y otro profundo. Este segundo sistema es el de mayor interés para investigar.

Se realizaron mediciones piezométricas en las perforaciones ejecutadas en la 
Sierra del Medio, dos veces al año durante tres años consecutivos. Por el 
momento, la conclusión es que sus niveles dependen directamente de las 
precipitaciones pluvio-nivales y estarían además indicando un sistema de drenaje 
subterráneo morfológicamente similar a la topografía de la Sierra.

La presencia de agua a gran presión en una de las perforaciones, a unos 
600 m de profundidad, con datación del orden de los 10 000 años, aparece por
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el momento como un fenómeno que sugiere una acumulación de agua fósil, sin 
conexión demostrada, por ahora, con los restantes perforaciones del macizo.

Los numerosos manantiales que añoran con caudales muy pequeños en 
diversos sitios de la Sierra serían solamente la expresión del agua circulante en 
los niveles superiores o subsuperficiales, dentro del espesor meteorizado de la 
roca, cuyas profundidades no superan en general los 25 a 40 m.

Se efectuaron cálculos que indican una precipitación media anual de 
150 mm, oscilando entre 80 mm para años muy secos hasta 290 mm en años muy 
húmedos. De la información analizada estadísticamente se infiere que en un 
período de 100 años ocurrirán aproximadamente 30 años secos, 20 años 
húmedos y otros 50 años con pluviometría intermedia.

De acuerdo a lo expresado, para el total de la cuenca hidrográfica de 
8870 km2, los volúmenes medios precipitados serían de 1300 hm3. En base a 
consideraciones hidrogeológicas se estima que los volúmenes medios escurridos 
hacia la cuenca sedimentaria cuaternaria son de aproximadamente 50 hm3. La 
variación de almacenamiento en la cuenca subterránea sería muy pequeña frente 
a los volúmenes precipitados y evapotranspirados, estimándoselo en 5 hm3 para 
el período febrero-octubre de 1982.

Los estudios de permeabilidad en la zona central del macizo rocoso de la 
Sierra del Medio han sido programados para el período 1987—89.
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Abstract-Résumé

BASIC GEOLOGICAL STUDIES FOR THE CHOICE OF STORAGE ENVIRONMENTS.
Examples of the main geological environments selected by nuclear authorities for the 

storage of radioactive waste are to be found in the French subsoil. The CEA is carrying out 
basic geological studies with the dual purpose of making a detailed description of the present 
characteristics of the environment and predicting the evolution of these characteristics and their 
consequences for the quality of radioactive waste confinement. The primary safety factor for 
characterizing the existing environment is its impermeability, which depends on the time 
taken for radionuclides in the rock environment to move from the storage structure to the 
biosphere. We are seeking to devise measurement methods and to carry out in situ experiments 
which will be representative of the migration phenomena around a deep geological repository. 
Here, only the studies which are being carried out are presented. The acoustic diagraphic 
studies are continuing in order to determine fracture permeability in boreholes. Prediction of 
trends in the geological environment, so-called geoprospecting, has been the object of extensive 
investigation. Appropriate geological studies enable past events and current changes to be 
identified. Then an extrapolation is made to predict future geological conditions. A study is 
being conducted on slight mechanical deformations in the geological strata. The results will be 
applied to the determination of more stable sites. Until 1984, activities focused mainly on 
crystalline environments (granite). In 1985, the Institute for Protection and Nuclear Safety 
(IPSN) started work on clay and saline soils.

ETUDES GEOLOGIQUES FONDAMENTALES POUR LE CHOIX DES MILIEUX DE 
STOCKAGE.

Les principaux milieux géologiques retenus par l’ensemble des puissances nucléaires pour 
le stockage des déchets radioactifs sont représentés dans le sous-sol français. Le CEA effectue 
des études géologiques de base dont le double objectif est la caractérisation poussée de l’état 
actuel du milieu et l’évolution de ces caractéristiques et leurs conséquences sur la qualité de 
confinement des déchets radioactifs. Le facteur essentiel de sûreté pour caractériser le milieu 
actuel est l’imperméabilité du milieu dont dépend le temps de transfert des radionucléides dans 
le milieu rocheux, entre le stockage et la biosphère. Nous cherchons à élaborer des méthodes 
de mesure et à réaliser des expériences in situ représentatives des phénomènes de migration 
autour d’un dépôt géologique profond. On ne présente ici que des études en cours de réalisation. 
Les études de diagraphies acoustiques se poursuivent en vue de déterminer la perméabilité de 
fracture dans des forages. La prévision de l’évolution du milieu géologique, dite géoprospective, 
a également fait l’objet de nombreuses études. Des études géologiques appropriées permettent 
la détermination des événements passés et des transformations actuelles. On fait ensuite une 
extrapolation pour prévoir les conditions géologiques futures. L’étude des faibles déformations
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mécaniques des couches géologiques est en cours. Les résultats seront appliqués à la détermi
nation des sites les plus stables. Jusqu’en 1984, les études concernaient essentiellement les 
milieux cristallins (granite). En 1985, l’Institut de protection et de sûreté nucléaire (IPSN) a 
entamé des activités sur les milieux argileux et salins.

INTRODUCTION

L’objet de ce mémoire est l’examen des caractéristiques des milieux à prendre 
en compte dans l’évaluation de la sûreté d’un stockage de déchets. La première 
partie, cependant, ne traite pas de tous les éléments à considérer pour étudier la 
réalisation d’un dépôt souterrain et, en particulier, des aspects économiques, socio- 
logiques et géotechniques.

En deuxième partie, on présente les progrès réalisés dans la mise au point et 
l’utilisation de méthodes de détermination des diverses caractéristiques du milieu 
nécessaires au fonctionnement de modèles numériques d’évaluation de la sûreté.

1. CARACTERISTIQUES DES DIFFERENTS MILIEUX

La démonstration de la sûreté d’un stockage comprend l’évaluation des 
conséquences radiologiques à long terme due à l’arrivée des radionucléides dans la 
biosphère. Cette arrivée est caractérisée par une probabilité d’apparition et une 
évolution des débits au cours du temps. Ce transfert des radionucléides est assuré 
par les eaux souterraines après lixiviation des déchets. Il faut donc connaître, 
d’une part, la circulation de l’eau, et d’autre part, les interactions mutuelles entre 
l’eau, les produits lixiviés et le milieu géologique. Ceci nécessite la détermination 
des caractéristiques actuelles du milieu et de leur variation au cours du temps.

Les variations sont dues, dans un premier temps, à l’ouverture de l’exploita
tion, puis à la fermeture du stockage, période pendant laquelle s’ajoute le phé
nomène thermique. La durée en sera de quelques dizaines d’années (et quelques 
centaines pour l’effet thermique).

Dans un deuxième temps, intervient l’évolution propre du milieu géologique 
que l’on essaie de prévoir pendant des durées de l’ordre de plusieurs millions 
d’années.

Les principaux milieux géologiques considérés en Europe sont: l’ensemble des 
roches cristallines (granite et gneiss), le sel, soit en dômes, soit en couches, et 
l’argile qui compte souvent un faible pourcentage de carbonates (marnes) et de grès.

Un inventaire des pays de la CEE datant de 1979 a été fait [ 1 ]. Pour la 
France, la répartition des formations considérées comme propices à accueillir un 
stockage en milieu géologique profond est présentée sur la carte de la figure 1.
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Nature des formations
2. Roches argileuses

3. Alternance roches argileuses — roches salines

4. Roches salines

5. Roches cristallines

F I G .  1 . R é p a r t i t i o n  e n  F r a n c e  d e s  d i f f é r e n t s  m i l i e u x  g é o l o g i q u e s  p o u v a n t  f a i r e  l ’o b j e t  d e  

r e c h e r c h e s  p r é l i m i n a i r e s .
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1.1. Granites

Les granites sont des roches à matrice imperméable d’origine éruptive. En ce 
qui concerne la composition chimique et minéralogique, il faut noter que l’altéra
bilité des feldspaths peut être importante. Pour ce qui est des écoulements, les 
voies empruntées par les eaux souterraines sont, d’une part, dans la zone profonde, 
les fractures engendrées par les contraintes dues aux mouvements de la croûte 
continentale, et, d’autre part, la zone superficielle (quelques mètres à quelques 
dizaines de mètres) formée de granite arénisé, c’est-à-dire transformé en sable 
grossier.

Le paramètre utilisé dans les calculs d’écoulement est la perméabilité qui 
doit être déduite des caractéristiques des fractures: densité, remplissage, volume 
de vide, etc.

Les données hydrodynamiques telles que le gradient hydraulique et la disper
sion sont également nécessaires aux calculs d’écoulements. On peut également 
caractériser les écoulements par la recherche des exutoires et par l’estimation du 
temps de transfert de l’eau en profondeur.

Enfin, les massifs granitiques sont des aquifères de faible importance. Bien 
que les circulations d’eau dans la zone superficielle ne soient pas négligeables, les 
écoulements profonds ont de très faibles débits.

Le granite, par sa grande dureté, résiste particulièrement bien à l’érosion au 
cours des temps géologiques. Il est en particulier très peu sensible (par rapport à 
d’autres roches) à la mise en solution de ses éléments dans les eaux souterraines.

Les zones granitiques sélectionnées lors de la recherche des sites favorables 
devront être situées dans des régions stables, c’est-à-dire n’ayant pas subi au cours 
des temps géologiques (plusieurs millions d’années) des mouvements verticaux 
d’amplitude pluri-kilométrique.

1.2. Sel

Le sel est une roche sédimentaire formée par l’évaporation intense de la mer 
à certaines époques. Dans la nature, on la trouve sous deux formes essentielles 
de dépôt : soit en couches horizontales disposées de façon régulière, soit en dômes 
qui sont des extrusions de couches horizontales qui percent les couches sus- 
jacentes parfois sur plusieurs kilomètres de hauteur et prennent la forme de 
cylindres de plusieurs kilomètres de diamètre. Le sel est alors fortement plissé.

Les caractéristiques du sel sont:
— une grande imperméabilité due à une structure cristalline massive presque 

parfaite des différents sels rencontrés, surtout des chlorures de sodium, potassium 
ou magnésium;

— une absence d’eau liée à la structure cristalline (à l’exception de quelques 
libelles contenant de la saumure ou des fluides divers);
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-  l’existence de couches non déformées qui se sont déposées depuis plusieurs 
millions d’années (de quelques milliers à plusieurs centaines de millions);

-  un comportement plastique sous contraintes mécaniques (mouvements 
tectoniques), c’est-à-dire que le sel peut se plisser intensément sans se fracturer; 
il a aussi la faculté de s’accumuler en dômes et de se déplacer.

Dans les gisements géologiques, il faut considérer l’épaisseur des couches, 
leur homogénéité (alternances ou mélange avec des argiles, des calcaires et des 
grès) et leur continuité latérale. La faible dureté du sel et sa solubilité en font, 
enfin, une roche très sensible à l’érosion.

1.3. Argiles

Les argiles ont également une origine sédimentaire. Le terme argile a 
deux sens.

D’un point de vue minéralogique, ce sont des silicates qui ont une structure 
particulière formée de plusieurs feuillets à caractéristiques chimiques bien déter
minées. La nature, le nombre et l’ordre d’empilement des feuillets conduisent à 
former plusieurs minéraux présentant des propriétés très différentes tant du point 
de vue du comportement vis-à-vis de l’eau que de la facilité avec laquelle se pro
duisent certains échanges ioniques ou même piégeages dans les lacunes des 
structures moléculaires.

Le deuxième sens est pétrographique. L’argile est alors une roche formée de 
minéraux argileux en proportion notable. On y rencontre également des 
carbonates et d’autres minéraux tels que quartz, feldspaths, sels, produits orga
niques, etc. La composition des argiles sera donc un élément essentiel de choix 
du milieu d’accueil.

Etroitement lié à la composition pétrographique et minéralogique, le com
portement mécanique aura une influence sur l’étanchéité d’un stockage placé 
dans ce milieu. L’argile a tendance à absorber de grandes quantités d’eau ce qui 
conduit à des porosités très importantes pouvant varier de 10 à 40%.

Cependant, de par les propriétés électrochimiques des argiles, cette eau est 
liée à la structure silicatée et se trouve immobilisée, rendant la roche argileuse 

pratiquement imperméable.
En fonction de cette teneur en eau, l’argile a un comportement plastique et 

se déforme généralement sans fracturation.
En présence d’eau en excès, l’argile gonfle et la pression de gonflement peut 

provoquer l’intrusion dans des vides du milieu (colmatage de fractures par 
exemple). On observe toutefois dans la nature de nombreuses surfaces de 
glissement ou de rupture créant une discontinuité dans la structure minéralogique 
du matériau.

Enfin les argiles sont des formations tendres qui s’érodent très facilement.
En résumé, l’examen montre des caractéristiques différentes d’un 

milieu à l’autre. Certaines sont favorables, d’autres défavorables. Les caractères
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naturels de tel ou tel site placé dans tel ou tel milieu ne sont pas comparables 
quantitativement et ne permettent donc pas un classement rigoureux.

2. ETUDES REALISEES

Les études des phénomènes contribuant à la détermination de la sûreté et 
par conséquent au choix des stockages ont été en France particulièrement 
développés pour les milieux granitiques.

Elles portent sur l’amélioration des connaissances du milieu, surtout en ce 
qui concerne les caractéristiques des écoulements. Plusieurs études en cours ou en 
voie d’achèvement ont fait l’objet de nombreuses communications dans les 
réunions internationales [2]:

— l’étude de l’effet d’échelle de la fracturation sur les écoulements, effectuée 
dans une mine à 170 m de profondeur;

— l’étude géologique par forage jusqu’à 1000 m sous la surface, dans le massif 
d’Auriat.

Elles ne seront pas présentées ici. Cependant, des progrès restent à faire tant 
dans le domaine de la connaissance des phénomènes naturels que dans celui de 
l’amélioration des moyens de mesure.

Dans le massif d’Auriat, on poursuit les études des écoulements en vue de 
déterminer les exutoires des zones profondes recoupées par le forage de 1000 m.

Dans le cadre de recherches sur l’évolution du milieu à l’échelle géologique, 
une étude de géoprospective est *6X1 cours.

Dans le domaine de la néotectonique, une expérience sur la mesure des faibles 
mouvements actuels est réalisée dans une mine à proximité de Fanay.

Enfin, des études géophysiques sur les diagraphies acoustiques ont pour 
objet la détermination des perméabilités dans les forages sans passer par des 
mesures hydrogéologiques systématiques, méthode lourde et coûteuse.

2.1. Recherche des exutoires

Cette étude, qui est effectuée avec la participation financière des Commu
nautés européennes, est une recherche des exutoires sur le massif lui-même par 
analyse des eaux de surface prélevées à la suite d’une étude combinée du réseau 
hydrographique et du relevé de la fracturation précédemment effectué [3, 4].

Les eaux qui ont longtemps circulé en profondeur présentent un facies 
chimique particulier. Le transit dans l’encaissant à température élevée (tempé
rature à 1000 m sous la surface à Auriat) favorise, à l’issue d’une circulation de 
longue durée, l’acquisition d’une minéralisation élevée. La température est 
également un bon indice bien que sa valeur soit assez délicate à interpréter compte 
tenu des variations de température de l’air ambiant.
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F I G .  2 .  O r i g in e  d e s  d i f f é r e n t s  é l é m e n t s  e n  s o l u t i o n .

L’hydrolyse des minéraux alumino-silicatés du granite entraîne une variation 
de la valeur du pH par consommation d’ions H+. L’augmentation du pH des eaux 
de surface est donc un indicateur des venues d’eaux profondes.

Cette élévation du pH va provoquer également une augmentation de la 
teneur en carbone total inorganique dissous. Le titre alcalimétrique verra donc 
sa valeur croître.

On a mesuré sur le terrain la conductivité électrique, la température, le pH 
et le titre alcalimétrique total (TAC). Après sélection d’un certain nombre 
d’échantillons caractéristiques et représentatifs des différentes familles d’eaux 
mises en évidence, des études chimiques plus approfondies ont été effectuées. Les 
caractéristiques chimiques ont fait l’objet de plusieurs études:
-  éléments majeurs en cations et anions;
-  rapports caractéristiques Mg2+/Ca2+ et K+/Na+;
-  distribution des espèces calco-carboniques en solution;
-  indices de saturation.
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TABLEAU I. DISTRIBUTION QUANTITATIVE DES ELEMENTS EN 
FONCTION DE LEURS ORIGINES3

№  échantillon %
Pôle précipitations

%
Pôle pollution

%
Pôle hydrolyse

AUR 1 23 32 45
AUR 6 24 19 57
AUR 7 43 17 50
AUR 26 31 16 53
AUR 44 34 20 46
AUR 50 32 14 54
AUR 58 41 19 40
AUR 62 29 26 45
AUR 63 15 53 32
AUR 71 8 67 25
AUR 74 14 39 47

AUR 76 7 62 31
AUR 77 4 53 43
AUR 78 17 47 36

AUR 88 31 17 52

AUR 99 40 21 39

AUR 102 24 15 61

AUR 109 22 32 46

AUR 110 21 62 17

AUR 118 28 31 51

Moyenne sur 15 29 25 48

Moyenne sur 20 24 33 44

Apports des trois pôles exprimés en pourcentage de la somme des anions.

On a également pris en compte les autres causes possibles d’enrichissement 
des eaux prélevées en surface. Ce sont les précipitations et l’évapotranspiration 
qui augmentent la teneur des eaux de pluie, ainsi que les cycles biologiques 
naturels du sol auxquels s’ajoutent les apports anthropiques domestiques, 
agricoles ou industriels (engrais, rejets, etc.).

On peut ainsi déterminer l’origine possible des différents éléments en solu
tion (fig. 2). La quantification des anions pôle par pôle permet de faire la 
répartition des anions dans les différents échantillons analysés (tableaux I et II).
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TABLEAU II. DISTRIBUTION QUANTITATIVE DES ELEMENTS EN 
FONCTION DE LEURS ORIGINES3

Pôle Pôle Pôle 2  anions 
(mg - L“1)

№  échantillon précipitations
(mg-L-1)

pollution
(mg-L"1)

hydrolyse
(mg-L-1)

AUR 1 6,8 9,5 13,4 29,8

AUR 6 6,8 5,2 15,8 27,9

AUR 7 6,8 1,0 7,9 15,7

AUR 26 6,8 3,6 11,5 22,0
AUR 44 6,8 3,9 9,1 19,9

AUR 50 6,8 3,1 11,5 21,5

AUR 58 6,8 3,3 6,7 16,8

AUR 62 6,8 5,9 10,3 23,1
AUR 63 6,8 24,1 14,6 45,6

AUR 71 6,8 58,1 21,3 86,3

AUR 74 6,8 18,2 21,9 47,0

AUR 76 6,8 59,9 30,5 97,2

AUR 77 6,8 85,5 68,3 160,7

AUR 78 6,8 19,5 14,6 41,0

AUR 88 6,8 3,8 11,5 22,2

AUR 99 6,8 3,5 6,7 17,1

AUR 102 6,8 4,1 17,0 28,0

AUR 109 6,8 9,7 14,0 30,6

AUR 110 6,8 19,8 5,4 32,1

AUR 118 6,8 5,0 12,2 24,0

Moyenne 17,3 16,2

Ecart-type 22,7 13,2

a Distribution effectuée sur la somme des anions.

Après avoir mis en évidence les teneurs en anions dues au pôle hydrolyse, 
il faut rechercher quelle est la possibilité d’avoir affaire à des eaux d’origine 
profonde.

Le tracé des diagrammes de stabilité des silicates montre un fort groupement 
dans le domaine de la kaolinite (fig. 3) et un point dans celui de la montmoril- 
lonite.

Les kaolinites sont formées dans les arènes près de la surface et les mont- 
morillonites en profondeur.
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Log K+/H + Log Ca2+/(H +)2

F I G .  3 . D o m a i n e s  d e  s t a b i l i t é  d e s  s i l i c a t e s .

Les analyses isotopiques ont porté sur le dosage du 13C, de 180  et de 3H.
Elles ne sont pas concluantes mais les résultats concernant l’échantillon, déjà mis 
en évidence par les analyses chimiques, indiquent la présence possible d’eaux 
antérieures à la période nucléaire.

La conclusion définitive est que les eaux de surface se caractérisent par leur 
faible minéralisation, reflet d’un temps de séjour court dansTaquifère superficiel 
de la formation granitique arénisée.

Un point de prélèvement semble donner une eau à caractère profond mais les 
eaux profondes n’ont pas encore été analysées et il faudra attendre ces résultats 
pour pouvoir conclure définitivement.
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2.2. Etude géoprospective

Le fait que le milieu géologique dans lequel se fera le stockage de déchets 
de haute activité et de longue durée doive être choisi, non seulement en fonction 
de ses propriétés immédiates, mais aussi en fonction de son évolution future, a 
conduit à définir un nouveau champ de recherche appliquée, celui de la géo
prospective.

Les phénomènes que la géoprospective doit prendre en compte dépendent 
soit de la géodynamique interne, c’est-à-dire de l’évolution intrinsèque de la 
planète, soit de la géodynamique externe, c’est-à-dire surtout de la quantité de 
rayonnement solaire reçue par la terre.

L’exercice de géoprospective actuellement en cours à l’Institut de protection 
et de sûreté nucléaire (IPSN) porte sur l’évolution d’un site fic tif dans les monts 
d’Auriat, en Limousin, ou l’IPSN détient depuis 1980 un site d’investigations 
géologiques.

Les phénomènes d’origine externe que nous étudions sont l’évolution du 
climat, l’évolution des niveaux marins, l’altération et l’érosion en régime d’alter
nance de climats périglaciaires et tempérés.

Les données climatiques anciennes sont recherchées par méthodes palyno- 
logiques, le pollen produit chaque année en grande abondance étant représentatif 
de la végétation, elle-même sous la dépendance étroite du climat. Il se conserve 
facilement en milieu anoxique, dans des tourbières ou fonds de lacs. Les données 
palynologiques sont ensuites converties en données physiques (température d’été 
et d’hiver, précipitations, saisonnalité) par l’application de fonctions de transfert 
préalablement définies d’après les spectres polliniques actuels. La modélisation 
des climats passés, puis l’extrapolation aux climats futurs, se fera selon la théorie 
de Milankovitch, qui relie le climat de la terre aux variations périodiques de 
l’orbite terrestre.

L’évolution du niveau des mers sera également modélisée en conformité avec 
la théorie de Milankovitch. Les données seront obtenues en reliant le volume des 
glaces continentales à la composition isotopique des coquilles de foraminifères 
en milieu marin: les glaces continentales sont très appauvries en isotope lourd 
de l’oxygène ( 180) par les phénomènes d’évaporation et de transport. Lors d’une 
phase glaciaire, ces glaces sont stockées en grosses quantités sur les continents, à 
un point tel que l’eau des océans est enrichie en 180. Les foraminifères, 
organismes marins dont la coquille est fossilisée dans les sédiments, enregistrent 
ces variations.

L’altération et l’érosion présentent de fortes différences en fonction des 
caractéristiques des roches qu’elles affectent, mais aussi en fonction de l’altitude 
et du climat. Or les variations des niveaux marins affectent le niveau de base 
des cours d’eau, et les variations climatiques affectent les processus même d’alté
ration et d’érosion (gélifraction, alternance saturation-dessication, etc.). S’il ne 
faut pas s’attendre à pouvoir appliquer directement à l’érosion un modèle
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sophistiqué de type climatique, on peut cependant espérer pouvoir utiliser une loi 
d’extrapolation simple sur les vitesses d’érosion, peut être même modulée en 
fonction de l’état du climat étudié (de type climat humide-érosion rapide, climat 
sec-érosion lente) ainsi que de la possibilité de tirer au sort des événements 
particuliers.

L’approche des phénomènes d’origine interne est plus difficile, dans la 
mesure où il n’existe pas en tectonique de modèle prédictif, particulièrement au 
niveau régional.

Les études portent sur:
— la sismicité (historique et instrumentale) qui doit permettre de repérer des 

accidents susceptibles de rejet, et d’affecter une fréquence et une probabilité en 
fonction de l’intensité, aux événements de type sismique;

— la comparaison des nivellements, qui devrait permettre de mettre en évidence 
tout mouvement vertical récent ou en cours, même asismique;

— les études morpho-structurales, qui désignent l’ensemble des procédés per
mettant d’acquérir une vision de l’évolution de la région, à partir de documents 
cartographiques et photographiques. Nous espérons, en mettant l’accent sur
la recherche de morphologies héritées de stades antérieurs de l’évolution topo
graphique, arriver à mettre en évidence des décalages entre différents secteurs.
Il va de soi que ces observations seront suivies de contrôles sur le terrain à partir 
de ces données, la modélisation néotectonique se fera sur la base d’une extra
polation simple, assortie du tirage au sort d’événements particuliers.

Il est à remarquer que fondamentalement ces procédés de l’analyse géo
prospective ne dépendent que très peu du type de milieu géologique retenu pour 
un stockage: ce n’est qu’au niveau des conséquences que des différences se 
feront sentir.

2.3. Mesure des faibles mouvements

Les études de la sismicité régionale au moyen de stations sismométriques 
permettent de déterminer les manifestations brutales de la tectonique actuelle 
qui fait partie de la néotectonique. La succession des microséismes arrive à pro
voquer des déplacements relatifs avec d’éventuels basculements des masses rocheuses. 
Il peut aussi exister des déformations continues non décelées par les sismomètres.

L’ensemble de ces déformations peut être enregistré par des inclinomètres 
de grande sensibilité groupés par trois pour déterminer le tenseur de déplacement. 
Cette méthode permet d’acquérir des données expérimentales en implantant des 
stations dans des zones favorables à la construction de dépôts souterrains. Les 
résultats peuvent être utilisés pour l’évaluation du risque sismique et pour s’en 
prémunir par la conception de dispositifs de stockage à l’épreuve des effets 
tectoniques.

Une station expérimentale a été installée dans un environnement minier pour 
vérifier si les appareils de mesure restaient fiables malgré les perturbations d’un
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F I G .  4 .  G a l e r i e  d e  m i n e  e t  i m p l a n t a t i o n  d e  c a p te u r s .

environnement industriel et des conditions d’implantation des capteurs qui ne 
sont pas celles d’un laboratoire de physique du globe ou d’une station de 
contrôle de barrage.

Elle est située dans une galerie de mine désaffectée à proximité de secteurs 
en cours d’exploitation pour l’uranium (fig. 4).

A ce stade de la qualification, deux inclinomètres ont été placés sur une 
paroi verticale et deux extensomètres de bases respectives 3,92 m et 4,45 m ont
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F I G .  5 .  R é s u l t a t s  d e s  m e s u r e s  i n c l i n o m é t r i q u e s .

été placés suivant deux diamètres de la galerie. Ils mesurent les déformations de la 
galerie sous l’effet de la variation des contraintes qui s’exercent dans la roche.

L’alimentation électrique et l’enregistrement des données permettent un 
fonctionnement de plusieurs semaines sans intervention humaine. Les résultats 
bruts obtenus sur une période de 15 jours sont donnés dans la figure 5.

Ils enregistrent des phénomènes périodiques. L’analyse spectrale des évé
nements met en évidence trois phénomènes: une dérive continue due aux 
instruments, deux phénomènes périodiques l’un de période diurne et l’autre 
semi-diurne.

L’enregistrement diurne est à rattacher aux marées terrestres et le phénomène 
semi-diurne, nettement orienté par rapport au nord, pourrait être un effet de
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déformation de la croûte continentale sous l’effet des marées océaniques de la 
côte atlantique.

Dans le cadre de l’étude néotectonique d’un site, ces résultats seront exploités 
avec les données des nivellements.

2.4. Diagraphies acoustiques

Les diagraphies acoustiques dans les forages donnent le temps d’arrivée de 
l’onde (donc la vitesse de propagation dans le milieu) et la forme du train 
d’onde complet qui est riche en informations sur la fracturation, la nature du 
milieu et l’amortissement dû à la présence de fluides. Cependant, l’examen des 
enregistrements est resté longtemps qualitatif malgré les efforts de quelques 
chercheurs qui reliaient l’amortissement des premières ondes à la mobilité du 
fluide, c’est-à-dire à la perméabilité. Depuis quelques années, des programmes 
importants ont pour objectif la détermination automatique des caractéristiques 
élastiques des milieux à partir des temps d’arrivée des ondes de compression et de 
cisaillement et, dans une deuxième étape, l’analyse quantitative des amortis
sements et renforcements pour accéder à la connaissance de la fracturation et à 
sa caractérisation hydraulique (mesure de la perméabilité).

Dans le cadre de la reconnaissance des massifs granitiques, nous avons 
effectué de nombreuses diagraphies et, dès 1980, nous mesurions les paramètres 
élastiques et des essais d’enregistrements de l’onde complète étaient réalisés.

L’an dernier, une étude d’analyse des signaux acoustiques a été engagée [5]. 
Elle a pour objet l’évaluation des procédés de calcul à mettre au point pour 
exploiter les données expérimentales que l’on peut recueillir par les diagraphies 
acoustiques.

On cherche suivant des méthodes mathématiques connues à représenter 
l’onde élastique qui se propage le long d’un forage, dans le milieu excité par une 
onde acoustique.

En un premier temps, on considère le milieu élastique sans atténuation, ce 
qui permet d’étudier l’influence des phénomènes géologiques sur le signal reçu: 
nature des différents milieux et présence de fractures faisant obstacle à la propa
gation. Ensuite, on introduit des coefficients d’atténuation dépendant de la 
fréquence de l’onde acoustique émise dans le milieu et des paramètres des 
fractures: épaisseur et remplissage. Ces coefficients permettent de quantifier 
la perte d’énergie entre l’onde émise et l’onde transmise au milieu.

Les données théoriques recueillies doivent être comparées aux enregistrements 
effectués in situ et aux résultats de mesure des perméabilités. L’objectif à 
atteindre est la mise au point de modèles permettant de retrouver les résultats 
expérimentaux.

Ensuite, possédant les résultats acoustiques expérimentaux dans un forage 
n’ayant pas fait l’objet de mesures de perméabilité, il faudra chercher par 
tâtonnements des paramètres qui introduits dans les modèles numériques,



310 DERLICH

donneront des courbes semblables aux ondes enregistrées par diagraphies. Ces 
paramètres permettront alors de déterminer la perméabilité du milieu.

CONCLUSION

De 1980 à 1985, les études entreprises à l’IPSN par les unités responsables 
du stockage en milieu géologique profond ont porté essentiellement sur les milieux 
cristallins et, surtout, sur les granites.

Le CEA est maintenant engagé dans la recherche de sites en milieu géo
logique profond. Plusieurs types de milieux sont envisagés. L’IPSN élargit 
le cadre de ses recherches au sel et à l’argile tout en poursuivant ses études sur 
le granite et sa fracturation.
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Abstract

GEOLOGICAL ENVIRONMENTS FOR DEEP DISPOSAL OF INTERMEDIATE LEVEL 
WASTES IN THE UNITED KINGDOM.

By 2000 the United Kingdom will have produced about 40 000 m3 of intermediate level 
wastes which, because of their content of long lived radionuclides, will be assigned to a deep 
geological disposal repository, be it on land or offshore. In the paper the authors develop a 
novel concept of hydrogeological environments for deep disposal which departs from earlier 
guidelines for high level waste repository site selection by placing increased emphasis on the 
regional groundwater regime in the vicinity of the potential host formation, rather than simply 
considering the properties of the host rock itself. This concept has led to the definition of five 
types of deep environment thought to be most suitable for disposal, and which are considered 
to be applicable to geological conditions throughout most of northern and central Europe.
The authors develop the rationale for the choice of these environments and define those areas 
of the United Kingdom where they occur. These areas will be assessed in more detail, with 
a view to producing a short list of sites for thorough investigation and intercomparison as 
potential repositories. 1

1. INTRODUCTION

By the end of the century the United Kingdom will have produced about 
40 000 m3 of conditioned intermediate level wastes, containing sufficient quantities 
of long lived radionuclides to destine them for deep, rather than near surface, 
disposal [ 1 ]. One of the principal options being considered for their disposal is 
burial in a deep repository on land, or beneath the sea, making use of tunnel 
access from the land. The main alternative is deep burial beneath the sea-bed 
using an offshore access point such as a platform structure. The wastes comprise 
fuel cladding materials, sludges, resins and concentrates, structural materials 
and plutonium contaminated materials [2]. The conditioning envisaged for the
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majority of these wastes will involve incorporation into a cement or cement- 
pulverized fuel ash matrix, and containment in either a steel or concrete package. 
Any repository design is likely to use large volumes of cementitious material as 
backfill or structural components. This has the advantage of providing near field 
conditions which, over very long periods, will minimize both corrosion of the waste 
packages and concentrations of radionuclides eventually entering solution in 
pore waters or groundwaters. Calculated near field release concentrations are 
so low that for the majority of radionuclides the near and far fields can be assumed 
to act as independent barriers to release [3]. This indicates that waste package 
design and the performance of the host environment can to all intents be decoupled, 
although the selection of a host formation with adequate hydrogeological properties 
nonetheless remains an essential requirement of this concept.

A deep geological repository for such wastes would be a simple mined facility, 
probably designed to allow waste emplacement in excavated tunnels or rooms, 
rather than in boreholes as frequently envisaged in high level waste disposal 
concepts. The depth of the facility is likely to be about 200-1000 m, depending 
very much on regional geology.

This paper discusses the choice of suitable geological environments for such 
a repository, and defines those regions of the United Kingdom where these 
environments are found, and consequently where interest is currently focused.

2. DEFINITION OF SUITABLE ENVIRONMENTS

Although the wastes concerned essentially do not emit heat, their radio
nuclide inventories indicate that in all other respects their geological containment 
requirements are similar to those for high level wastes (HLW). Over the last 
8-10 years the United Kingdom, in common with many other countries, has gone 
through the exercise of defining suitable host rocks for HLW disposal, using 
well established and well advertised guidelines which incorporate such factors as:

— Thermal stability of the host rock
— Low permeability of the host rock
— Avoidance of areas of high seismo-tectonic activity, susceptibility to 

erosion, etc.
— Minimum depths of burial, particularly in relation to glacial effects.

Application of these factors tended to put great emphasis on the properties 
of the host rock itself, and very little emphasis on the regional groundwater flow 
regime in which it lay. In other words, near field physical properties had assumed 
too great a significance in comparison with a knowledge of long distance transport 
pathways, which might often be in entirely different rock formations to the host. 
However, as a result of our increased understanding of low flux regimes, and greater 
confidence in modelling them in both fractured and non-fractured rocks, it has
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become apparent that the ‘site selection’ exercise needs to be primarily based on 
defining what are considered to be suitable large scale hydrogeological environments. 
In some senses this reduces the emphasis on the host rock itself, and places it 
much more on the larger scale geological environment.

Thus, while the old approach to HLW disposal resulted in the definition of 
the now widely known and accepted group of host rocks (salt, crystalline rocks 
and clays), largely on the basis of their low permeability and their thermal 
stability, the approach we advocate here could well lead to selection of other 
host rocks whose containment properties are based on the overall nature of the 
environment in which they are found, rather than any intrinsic property they 
possess in isolation.

At the outset, however, the approach we discuss is firmly based on well 
understood guidelines, some of which were mentioned earlier. Since these guidelines 
have been described many times, and in most cases are largely a matter of 
geological common sense, we shall not discuss them further in this paper. The 
approach we adopt here differs from earlier exercises, however, in that it is the 
requisite features of the geological environment (rather than simply the host rock 
alone) which are considered. In the simplest terms these features will be 
characterized by:

— Predictable groundwater flow paths, preferably long and resulting in 
progressive mixing with older, deeper waters or leading to discharge at sea;

— Very slow local and regional groundwater movements in an area with low 
regional hydraulic gradients;

— Ease of construction to allow for economic repository design;
— Conformity with the many accepted restrictions regarding seismicity, 

depth, etc.

While this approach inevitably finds us looking again at clays and salts, it 
considerably restricts what might be considered suitable crystalline rock terrains, 
and introduces new possibilities where the host rock type may be subordinate to 
the flow regime (e.g. small island environments, discussed below).

By drawing upon experience gained in various field investigation programmes 
and desk hydrogeological reconnaissance surveys carried out in the United Kingdom, 
it has been possible to use the growing body of knowledge on the deep geology 
to define environments which might fulfil these requirements, and then to map 
their occurrence. The environments now considered most suitable for disposal 
of long lived wastes in the United Kingdom are listed below, together with the
rationale behind their choice:

(
(a) Inland basinal environments: Deep sedimentary basins containing mixed

sediments with a high proportion of low permeability formations (mudstones, 
evaporites, volcanics, etc.). Regional groundwater movement would be 
mainly confined to any aquifer (or high permeability) units and would tend
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to be downwards, following the dip. Vertical fluxes would occur across the 
low permeability units, connecting the aquifers, at very low advection rates, 
or where there is little or no advection, at rates dominated by diffusion. 
Further down-dip into the basin, fluxes would become progressively less, and 
near stagnant conditions would be expected to develop, with varying degrees 
of mixing of waters from one formation to another, either by diffusion, or 
by very slow vertical advection in response either to pressure variations 
between formations or to thermal buoyancy of groundwaters, depending on 
regional heat flows. The most appropriate location for a repository would be 
on the limb of the basin, in one of the low permeability units, where ground- 
water fluxes in adjacent high permeability units would be expected to 
continue down-dip, thus increasing the path length and any consequent 
migration times. This concept is shown in Fig. 1(a), together with Fig. l(a'), 
a very similar situation, common in the United Kingdom, where local 
structure and topography may emphasize one limb of a basin, or cause 
somewhat modified flow.

(b) Seaward dipping and offshore sediments: Similar in concept to (a), with 
groundwater movements expected to be very slow towards and under the 
coast (Fig. 1(b)). Very slow groundwater fluxes are expected to prevail at 
depth, and in the offshore environment the only potentials for movement 
will be through very slow upward advection caused by: (i) any remnant 
heads present, although these, resulting as they do from onshore topographic 
effects, will decay markedly with distance from the coast; or (ii) any 
thermal buoyancy, which will be dependent on regional geothermal patterns. 
Otherwise the lack of head variations in sub-sea-bed formations will result
in almost zero flow.

(c) Low permeability basement under sedimentary cover: Basement rocks of 
low intrinsic permeability (principally hard shales, mudstones, slates, 
quartzites or volcaniclastics, with some hard crystalline rocks) occurring 
under more recent sedimentary cover (Fig. 1(c)). Groundwater movement 
will dominantly occur in the cover, with little anticipated connection to the 
basement rocks. These hard basement rocks also have the advantage of making 
construction relatively easy. In the United Kingdom the most suitable 
basement rocks may be the shales, mudstones, slates, quartzites and 
volcaniclastics.

(d) Hard rocks in low relief terrain: Hard rocks have the advantage of making 
the construction of underground facilities easier. Low relief environments 
(Fig. 1(d)), such as those being developed for waste disposal and storage 
facilities in Sweden, have little driving potential for groundwater movement, 
although the scale of groundwater flow systems is small compared with that 
of the environments described previously, owing to control by frequent 
major fracture zones. As with case (b), a coastal location would be preferable, 
to give access to an offshore repository, and higher coastal relief could be



tolerated in this case, since any transmitted heads would decay rapidly 
offshore owing to the barrier effect of major fractures.
Small islands are worth investigating, almost regardless of rock type, since 
a deep repository could be sited below the sea water-fresh water interface, 
where groundwater conditions are thought to be essentially stagnant. The 
simple concept portrayed in Fig. 1 (e) would of course be considerably 
modified by local structure (e.g. faults), and by proximity to shore and any 
consequent hydraulic connection with permeable formations on the mainland, 
but in principle this category is attractive if the availability of ultra-low flow 
conditions combined with the massive dilution potential of the sea can 
be assumed.

CHAPMAN et al.

LOCATION OF SUITABLE ENVIRONMENTS IN THE UNITED KINGDOM

Types (a) and (b): Inland basinal environments and seaward dipping and 
offshore sediments

Five stratigraphic intervals have been considered: the Permian throughout 
its complete sequence, including the basal clastic sediments, the Mercia Mudstone 
Group (including the Penarth Group), Lias, Oxford Clay and Kimmeridge Clay 
(including the upper Corallian and Ampthill Clays). These formations were 
selected as their lithologies are mainly argillaceous or evaporitic. Areas of interest 
which may prove potentially suitable have been defined for each interval using 
boundaries which are the vertical projections to the surface of the following 
structural contours:

(i) Where any part of the formation is more than 200 m below the surface
(ii) Where the base of the formation is 1000 m below the surface
(iii) Where the formation thins to less than 50 or 100 m thick, depending on the 

formation.

These factors are clearly convenient rationalizations of somewhat arbitrary 
depth and thickness guidelines, which in the event would be very site specific, 
but are nevertheless a useful and conservative means of narrowing down the areas 
of interest. The boundaries derived produce areas which are intentionally rather 
larger than those which would eventually be chosen for more detailed study.
This is a result of the geometrical difficulty of combining depth, dip and thickness 
data in formations which frequently have non-uniform geometries. Other cut-offs 
are defined by tectonic boundaries, such as major fault zones, and also zones of 
structural complexity. A further, but much less significant, cut-off is the uncon
formity reflecting the level of the pre-Cimmerian erosion, although this only 
affects the Oxford and Kimmeridge Clays to a limited extent, and the boundary is 
not differentiated on the relevant figures.

(e)
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■ -  Tectonic boundary {major fault zone) ------ Limit of bate of formation at
------ Formation at depth >200 m |------1 1000 m below <>round su,,ace

below ground surface Potentially suitable formations at depth

FIG. 2. Type (a) and (b) sedimentary environments: areas containing potentially suitable
Permian rocks.
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' Tectonic boundary (major fault zone) 
-tOO- Formation thickness cut-off (m)
-------Formation at depth >200 m

below ground surface
□

Limit of base of formation at 
1000 m below ground surface 
Potentially suitable formations at depth

FIG. 3. Type (a) and (b) sedimentary environments: areas containing potentially suitable
Mercia Mudstone Group rocks.
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" Tectonic boundary (major fault zone) 
“ БО— Formation thickness cut-oif (m)
-------Formation at depth >200 m

below ground surface

—.....  Limit of base of formation at
____  1000 m below ground surface
I I Potentially suitable formations at depth

FIG. 4. Type (a) and (b) sedimentary environments: areas containing potentially suitable
Lias rocks.
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——  Tectonic boundary (major fault гопе} 
—SO- Formation thickness cut-off (m)
-------Formation at depth >200 m

below ground surface

. . .—  Limit of base of formation at
____ 1000 m below ground surface
I I Potentially suitable formations at depth

FJG. 5. Type (a) and (b) sedimentary environments: areas containing potentially suitable
Oxford Clay and associated rocks.
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------- Tectonic boundary (major fault zone)
—50- Formation thickness cut-off (m)
-------Formation at depth >200 m

below ground surface

------- Limit of base of formation at
1000 m below ground surface 

|:fl& [ Potentially suitable formations at depth

FIG. 6. Type (a) and (b) sedimentary environments: areas containing potentially suitable
Kimmeridge Clay and associated rocks.
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FIG. 7. Major relevant structural features o f England and Wales.
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The resultant areas of each formation which meet these depth and thickness 
criteria are shown in Figs 2-6, and Fig. 7 shows the disposition of the major 
Permian and Mesozoic basins of England and Wales. It can be seen that much of 
the southern and eastern portions of England contain potentially suitable disposal 
environments. Of particular interest is the area known as the Eastern England 
Shelf, where all the stratigraphic intervals considered are represented, and where 
the geological complexity is minimized by the absence of significant folding and 
faulting. Other potentially interesting areas are the Wessex Basin (comprising all 
structures between the Crediton Trough and the Dover Strait Seismic Zone) and 
the Worcester Basin.

The Wessex Basin is a complex of elongate sub-basins and structural highs, 
bounded by major normal growth faults, and overlies a Variscide basement cut by 
major east-west Palaeozoic thrusts. The result is a considerably more complex 
disposition of the Mesozoic sediments of interest than in eastern England.
Similarly, the Worcester Basin is bounded by large north-south growth faults, 
and has numerous cross-faults, adding to its structural complexity.

Three other major sedimentary basins were considered: the Cheshire, West 
Lancashire and Cleveland Basins. The first two contain thick sequences of 
Permian strata, and thick Mercia Mudstone Group sediments are particularly well 
developed in the Cheshire Basin. The latter is complicated by numerous large 
north-south to south-west-north-east trending normal faults, and much of the 
Permian thickens rapidly offshore from Lancashire and the Lake District into the 
Irish Sea Basin. Owing to its sedimentation history the Cleveland Basin contains 
large areas of Permian, Mercia Mudstone Group and Lias, although there are no 
suitable areas of Oxford or Kimmeridge Clays.

All five of the stratigraphic intervals of interest are present in seaward 
dipping or offshore environments along the whole coastal section of the Eastern 
England Shelf and the Cleveland Basin, and into the Southern North Sea Basin.
The Weald Basin also extends offshore under the English Channel, and the 
Mesozoic sediments of the Dorset Basin extend offshore into the Central Channel 
Basin. On the west coast the West Lancashire and Solway Basins extend offshore 
into the Irish Sea Basin.

Most of the areas of interest of types (a) and (b) are also licensed for oil 
and gas exploration and production, and the Eastern England Shelf, the Cleveland 
Basin, their extension into the Southern North Sea Basin, the Worcester and 
Cheshire Basins, and parts of the Wessex Basin (in particular the Dorset Basin) are 
considered to be potential geothermal fields. The implications of these resources 
are considered in the conclusions.

3.2. Type (c): Low permeability basement with Mesozoic sedimentary cover

Figure 8 shows a large area of Precambrian and Palaeozoic basement which 
is present at relatively shallow depth as part of the London Platform. Its boundaries
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FIG. 8. Area o f potentially suitable buried basement rocks.
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FIG. 9. Compilation o f areas containing all the geological environments considered suitable 
for deep disposal o f long lived intermediate level wastes.
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are defined by the -800 m contour on the pre-Permian basement [4], and the 
presence of Coal Measures (Westphalian A, В and C) has been used as a cut-off or 
exclusion factor. Consideration of the properties of the overlying Mesozoic 
sediments then resulted in a further reduction of areas thought suitable. The 
eastern boundary is thus defined by the first presence of overlying Lower Greensand 
or Chalk, and the western boundary by the presence of the overlying Sherwood 
Sandstone Group. These are three of the major aquifers in the region. In addition, 
the discovery of gas, thought to derive from the nearby Coal Measures Basin, in 
the Tremadoc of northern Buckinghamshire and Oxfordshire, led us to include 
a further, rather arbitrary cut-off boundary, 15 km east of the eastern edge of 
the source basin. The gas deposits are not commercially viable.

Figure 8 also shows the general geology of the basement within the area of 
interest now defined [5]. Within this area, thick Dinantian limestones and 
Devonian elastics are to be avoided. Extensive alteration of the rather poorly 
understood igneous intrusions (during the Caledonian orogeny) may make these 
unsuitable as well. The remaining potentially suitable formations, which are 
present over large areas, include Tremadoc shales, siltstones and sandstones, 
Cambrian and Precambrian volcaniclastics, and undifferentiated Cambrian and 
Precambrian, mainly phyllitic tuffs and quartzites.

3.3. Type (d): Hard rocks in low relief areas

Crystalline, igneous and metamorphic rocks, well indurated argillaceous 
rocks and some clastic sediments are to be found mainly in the north and west 
of the United Kingdom (Fig. 9). Hard rocks in low relief areas are not found 
in England, and in Wales are only found in Anglesey and the Lleyn Peninsula.
In Scotland such areas are mainly restricted to the north-east and parts of the 
Outer Hebrides, where they can be quite extensive (up to several tens of kilo
metres inland, such areas normally being coastal).

The geology of these areas varies considerably, from peneplained Lewisian 
gneiss in Northern Lewis to Caithness Flags in the area around the Dornoch Firth 
and in Caithness, and granites intruded into Moine metasediments in Caithness 
and Sutherland. Smaller subareas of interest need to be defined using similar 
techniques to those employed in Sweden by the Swedish Nuclear Fuel and Waste 
Management Company [6], which use major faults and discontinuities as boundaries.

3.4. Type (e): Small islands

Figure 9 shows offshore areas of the United Kingdom containing small 
islands of potential interest. Eighty-seven islands have been identified. Excluded 
from this group were islands of less than about 0.5 km2, those with extreme 
topography, and those not sufficiently far from the mainland to necessarily have 
independent hydrogeological regimes. Above a certain areal size or level of
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geological complexity, or within a certain proximity to the coast, the simple 
principles of Fig. 1(e) may not apply. However, parts of a larger island may have 
suitable hydrogeological characteristics in that they are essentially coastal regimes 
similar to type (b) or (d), and some have been included in the ‘small island’ category 

The majority of the islands lie off the west coast of Scotland, or in the 
Orkneys and Shetlands, although a few are to be found around the coasts of 
England and Wales’.

4. CONCLUSIONS

The application of fundamental hydrogeological concepts has enabled us to 
define what may be the most generically suitable geological environments for 
deep disposal of long lived radwastes in typical northern and central European 
areas. Applying these concepts to the United Kingdom, we have been able to define 
the areas of occurrence of these environments quite precisely. It is interesting to 
note the difference between the areas consequently defined (Fig. 9) and those 
selected in 1979 as potentially suitable for disposal of heat emitting wastes [7].
The approach advocated here includes more (and more diverse) sedimentary 
environments and fewer areas of crystalline rock. There is a greater weighting 
towards southern and central England, rather than northern England and Scotland.

The next step must be a more detailed desk appraisal of specific zones 
within these areas, to define subareas with greater potential. In many areas an 
essential first step in this process would be the acquisition or reanalysis of detailed 
seismic and deep borehole data. In other, simpler areas it is feasible to begin 
assessing specific subareas, or even specific sites, which have been nominated on 
non-geological grounds, such as availability of land, construction feasibility, and 
transport or non-nuclear environmental factors. In this respect the east coastal 
and contiguous inland area of England defined by the Eastern England Shelf to 
the Cleveland Basin appears to be one of the least complex, most predictable 
regions in which to focus the initial search for specific sites for more detailed 
assessment.

Such assessments in these sedimentary areas must take account of the regional 
geothermal potential, although at this level of analysis it seems unlikely that 
either the regional heat flows or any future exploitation of warm aquifer ground- 
waters would adversely affect a deep repository sited in intervening low permeability 
formations. In addition, the factor common to almost all thick sedimentary 
sequences, that of the possible patchy occurrence of hydrocarbons, must be 
borne in mind.

In conclusion, we are now in a position to take advantage of the wide variety 
of suitable geological environments present in the United Kingdom to mount a 
comprehensive programme of selection of different types of site for more detailed 
study and comparison.
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Abstract

SITE INVESTIGATIONS FOR FINAL DISPOSAL OF SPENT NUCLEAR FUEL IN 
FINLAND.

The Industrial Power Company Limited is studying the final disposal of spent nuclear 
fuel in the Finnish crystalline bedrock. According to the Government’s decision in principle 
made in 1983, a repository site shall be selected by the end of 2000. The first stage of the 
long term site characterization programme was completed in 1985. Hundreds of regional bed
rock blocks were evaluated on the basis of available geological information and documents on 
different environmental factors. Potential investigation areas inside the blocks were identified 
according to geological factors, especially fracture zones, and were also classified on the basis 
of the environmental factors. About a hundred potential areas for field investigations were 
found. Most of these are areas of granitic rock. Equipment for future field investigations was 
developed by means of measurements in a 1000 m deep test hole. During 1986-1992 field 
investigations will be carried out on five to ten areas. On the basis of the results, two or three 
areas will be chosen for detailed studies during 1993-2000, leading to final selection of a 
repository site. When the field programme begins, attention will be paid not only to the 
technical programme but also to information activities in the municipalities of the investigation 
areas. 1

1. INTRODUCTION

In Finland there are four nuclear power plant units in operation: two 
710 MW(e) BWR units at Olkiluoto, owned by the Industrial Power Company 
Limited (TVO) and two 445 MW(e) PWR units in Loviisa, owned by the Imatra 
Power Company Limited. In recent years, the share of electric energy produced 
by the nuclear power plants has been 35-40% of the total electricity consumption.
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1980 1990 2000

SELE C T IO N  O F  PO TENTIAL A R E A S  
FO R  F IELD  INVEST IG ATIO NS

PREL IM IN A R Y  F IELD  INVEST IGATIONS 
O N  5 -10  A R E A S

DETAILED  FIELD  INVEST IG ATIO NS 
O N  2 -3  A R E A S

S ITE  SELEC T IO N

FIG. 1. Schedule for selection o f final repository site for spent nuclear fuel in Finland.

The objectives and time schedule for the management of radioactive wastes 
produced by nuclear power plants were presented in the decision in principle 
made by the Government in 1983 [ 1 ]. The TVO is constructing an interim 
storage facility for spent fuel on the Olkiluoto power plant site. The facility will 
be commissioned in 1987. It is based on water pool techniques and the capacity 
of the first phase will be about 1000 t U. The TVO is also carrying out studies 
on the final disposal of Olkiluoto spent fuel. The schedule for final disposal 
studies includes commissioning of the final repository in 2020 [2].

Site characterization studies form a significant part of the research work 
needed for final disposal of spent fuel. Finland is located on the Precambrian 
Baltic Shield. Thus, plans are being made for the final disposal of spent nuclear 
fuel in the Finnish crystalline bedrock.

In the years 1983-1985 the Geological Survey of Finland evaluated the 
suitability of numerous bedrock areas for field investigations. In addition, these 
areas were classified on the basis of different environmental factors. These 
studies formed the first phase of the long term site characterization programme 
and yielded about a hundred potential field investigation areas. The technical 
plans and safety analyses concerning final disposal are discussed in another paper 
at this Symposium [3].

2. SCHEDULE OF SITE SELECTION PROGRAMME

The stages of the site selection programme are shown in Fig. 1. In the first 
stage ( 1983-1985) potential areas for field investigations were selected. The 
second stage comprises preliminary field investigations on five to ten areas during 
1986-1992. The field programme includes surface and borehole measurements. 
In the third stage covering 1993-2000 more deep and shallow boreholes will be 
drilled at the two or three most suitable areas and detailed field studies carried
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out on each area. One of these areas has to be selected for repository siting by 
the end of 2000 [1]. After selection of the repository site, there will be ten years 
(2001-2010) for supplementary investigations on the selected site. Construction 
of the repository is planned to start in 2010.

3. STUDIES FOR SELECTION OF FIELD INVESTIGATION AREAS

3.1. Studies during 1983-1985

General geological investigations of the Finnish bedrock were carried out in 
the early 1980s [4, 5]. Studies of a number of geological and geophysical maps as 
well as satellite photographs showed that the geological conditions make feasible 
the final disposal of spent nuclear fuel in the bedrock, although additional 
investigations over a long period are needed.

The aim of the studies during 1983-1985 was the selection of potential 
field investigation areas. The various stages of the studies are shown in Fig. 2.
The geological studies have advanced from generic studies to regional investigations, 
and covered the whole of Finland and all rock types [6]. In addition, environ
mental factors were taken into consideration which would have an effect on the 
practical implementation of final disposal and field investigations [7].

The maps and documents used in the selection of the investigation areas are 
listed below:

Geological studies

— Satellite photograph mosaics (1:1 000 000-1:400 000)
— Maps of bedrock and soil deposits (1:1 000 000-1:100 000)
— Aero magnetic maps (1:1 000 000-1: 100 000)
— Gravimetric maps (1:1 000 000-1:400 000)
— Topographic maps (1:50 000-1:20 000)
— Road maps ( 1: 200 000)
— Maps of natural resources and ore data register
— Aerial stereo photographs (1:60 000)
— Results of field checking.

Studies o f environmental factors

— Road maps ( 1:200 000)
— Regional plans
— Study of groundwater basins
— Topographic maps (1:50 000-1:20 000)
— Land register maps (1:10 000) and registers of land ownership.



332 RYHANEN et al.

B E D R O C K  O F  F IN LA N D

REGIONAL STUDY
•  SA T ELL IT E  P H O T O  INTERPRETATION

•  G E O L O G IC A L  A N D  G E O P H Y S IC A L  M A P S

•  IDENTIF ICAT IO N  O F  B E D R O C K  B L O C K S

О 3 2 7  R E G IO N A L  B L O C K S  (1 0 0 -2 0 0  km*)

EVALUATION OF ENVIRONMENTAL FACTORS
•  PO PU LAT IO N  D E N S IT Y  A N D  T R A N S P O R T  C O N N E C T IO N S

•  P R E SE R V A T IO N  A R E A S  A N D  G R O U N D W A T E R  B A S IN S

•  L A N D  U S E  P L A N S

<Z> 162 R E G IO N A L  B L O C K S

GEOLOGICAL STUDIES OF REGIONAL BLOCKS
•  SA T ELL IT E  P H O T O  INTERPRETATION

•  F IE LD  C H E C K IN G

61 R E G IO N A L  B L O C K S

IDENTIFICATION OF INVESTIGATION AREAS
•  S T E R E O  IN TERPRETATIO N  O F  A E R IA L  P H O T O S

•  IN TERPRETAT IO N  O F  T O P O G R A P H IC  M A P S

•  C L A S S IF IC A T IO N  O F  F R A C T U R E  Z O N E S

О 134 IN V EST IG A T IO N  A R E A S  (5 -1 0  km*)

GEOLOGICAL CLASSIFICATION
•  H E L D  C H E C K IN G

•  C O M P IL A T IO N  A N D  

EVALUAT IO N  O F  DATA

STUDIES OF ENVIRONMENTAL 
FACTORS
•  PO PU LAT IO N  D E N S IT Y

•  L A N D  O W N E R S H IP

•  T R A N S P O R T

О  о
101 PO T EN T IA L  IN V EST IG A T IO N  A R E A S

F I G .  2 . S t a g e s  in  s e l e c t i o n  o f  i n v e s t i g a t i o n  a r e a s  in  1 9 8 3 - 1 9 8 5 .

As a result of the studies 101 potential areas were found for field investigations. 
Their locations are shown in Fig. 3. A separate geological study was made of the 
Olkiluoto area, where two nuclear power plant units are situated. The Olkiluoto 
area is considered as a possible field investigation area because of the very short 
transport distance from the power plants.

3.2. Geological investigations

Fennoscandia is on part of a stable Precambrian shield located outside the 
tectonically active zones in the earth’s crust, such as plate margins, ocean ridges
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F I G .  3 . L o c a t i o n s  o f  p o t e n t i a l  i n v e s t i g a t i o n  a r e a s  in  t h e  P r e c a m b r i a n  b e d r o c k  a r e a  o f  F in la n d .

and zones of high volcanic and seismic activity. The only present bedrock 
movement in Finland is glacio-isostatic uplift, which is probably affected also by 
the horizontal stress induced by ocean floor spreading in the Mid-Atlantic ridge.

International geological recommendations formed the starting point in the 
selection of areas for field investigations. For example, the list of geological 
recommendations published by the Nuclear Energy Agency of the OECD [8] 
contains general criteria which can be used internationally. However, several of 
the geological factors presented in the recommendations are not significant in 
the Finnish bedrock. For example, the topography is gently sloping, seismic 
activity is very low and volcanic activity ceased hundreds of millions of years 
ago. The bedrock is stable even in normal underground workings. The effect of 
erosion is minor. Abrasion by glaciation has been estimated to be less than 10 m. 
Consequently, international recommendations had to be applied to the prevailing 
geological conditions.

The most important geological factor in the Finnish bedrock is fracturing, 
which has an effect on the recharge and flow of groundwater. It is also related 
to long term stability and movements of the structural units. Location of
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R E G IO N A L  B L O C K  

IN V EST IG A T IO N  A R E A

F R A C T U R E  Z O N E . 

M A G N IT U D E  I 

F R A C T U R E  Z O N E . 

M A G N IT U D E  I I  

F R A C T U R E  Z O N E . 

M A G N IT U D E  I I I  

F R A C T U R E  Z O N E . 

M A G N IT U D E  I V

5  km

F I G .  4 . A n  e x a m p l e  o f  t h e  i d e n t i f i c a t i o n  o f  p o t e n t i a l  i n v e s t i g a t i o n  a r e a s  in  a  r e g i o n a l  b l o c k .

fracture zones was essential in the identification of large bedrock blocks and 
smaller investigation areas. Large bedrock blocks were bordered by extended and 
wide fracture zones. Investigation areas inside the blocks were bordered by 
fracture zones of smaller magnitude. Only a certain amount of fracturing was 
allowed to exist inside each investigation area. An example of the identification 
of investigation areas is presented in Fig. 4.

The classification of the potential investigation areas was based on area size, 
topography, the existence of fracture zones, the general fracturing of rocks and 
the degree of outcropping. The emphasis laid on different factors varied in the 
final classification. For instance, fracturing was more significant than the number 
of outcrops. The topographic features were mostly used to indicate fracture 
zones in bedrock in soil covered areas. However, special attention was paid to 
the results of field checks and evaluations by field geologists.

The study of small scale satellite photographs, the Landsat-1 winter and 
summer mosaics, formed the initial basis for regional investigations of the 
structure of the Finnish bedrock. These photographs made the interpretation of 
the mosaic-like block structure of the bedrock possible. The fracture zones 
surrounding the blocks represent possible fault lines related to the movements of 
the bedrock during geological history.

At the first stage 327 regional bedrock blocks were selected for further 
studies, mainly on the basis of preliminary satellite photograph interpretation 
(Fig. 2). After the evaluation of environmental factors 162 bedrock blocks were 
selected for more detailed geological studies. After the more detailed interpre
tation of the satellite photographs and studies of geological and geophysical maps 
the 162 blocks were classified into five categories. According to the classification 
61 blocks were accepted for further studies.
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The investigations then advanced to large scale studies. The aim was to find 
smaller investigation areas inside the large bedrock blocks with the aid of more 
detailed maps, stereo air photographs and, finally, field checks. As an acceptable 
investigation area a size of 5 km2 was chosen as a minimum. In the 61 bedrock 
blocks 134 investigation areas were identified. After field checks and interpre
tation of the field data all the results were evaluated. The investigation areas 
were classified into four categories according to their geological suitability for 
field investigations. The priority classes 1-3, 101 areas in all, were considered, 
with respect to their geology, to be potential field investigation areas; the fourth 
class was not recommended because these areas had too many unfavourable 
features.

3.3. Environmental factors

The environmental studies started with the characterization of the environ
mental factors which could have an influence on the implementation of final 
disposal. Each step in the implementation of final disposal was analysed 
separately. The most significant environmental factors were found to be popu
lation density, transport connections, land use plans, preservation areas and 
groundwater basins for water supply.

The 3 27 regional blocks were plotted on road maps in order to study the 
related population density and transport connections. Any predicted alterations 
in population density or in the traffic network were not considered. Information 
on restrictions due to land use plans, preservation areas and the vicinity of 
significant groundwater basins was also noted at this stage. As stated in Section 3.2, 
the blocks were then classified according to the environmental factors and 162 
were chosen for further investigation. In the classification emphasis was laid on 
population density and transport connections. Other factors carried weight if 
their areal extents were significant.

When 134 investigation areas had been selected, on the basis of the geological 
studies, from within the blocks, they were classified separately according to 
population density, transport connections and land ownership. Large scale maps 
were used for the classification of population density. Sparse population was 
considered advantageous for the practical aspects of final disposal and field 
studies. For transport classification possible transport routes from Olkiluoto and 
the distance from the nearest railroad were studied. Owing to the significant 
weight of the transport flasks, railroad was found to be the most preferable 
transportation mode, especially for long distances. Since the consent of the 
landowner is needed for the execution of field investigations, lists of landowners 
were prepared from public registers.

The number of potential investigation areas was not reduced on the basis of 
the classification in the last stage. This classification will be useful when selecting 
areas for field studies.
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STAGE 1

• G EN ERAL  STUDY AND  PRELIM INARY 
SU RFACE  INVESTIGATIONS

STAGE 2

• DRILLING O F A  D EEP  B O REH O LE  AND 
PRELIM INARY B O R EH O LE  INVESTIGATIONS

STAGE 3

• CONSTRUCT ION  AND  U S E  O F A 
NETW ORK FO R  GROUNDWATER MONITORING

• SURFACE A N D  B O R EH O LE  INVESTIGATIONS

• ADDITIONAL DRILLING AND  
BO R EH O LE  INVESTIGATIONS

STAGE 4

• C OM PLEMENTARY HYDROGEOLO G ICAL 
INVESTIGATIONS

• REPORTING

F I G .  5 . M a in  s t a g e s  o f  f i e l d  s t u d i e s  in  e a c h  i n v e s t i g a t i o n  a r e a  in  1 9 8 6 - 1 9 9 2 .

4. FIELD INVESTIGATIONS

In December 1985 the Ministry of Trade and Industry gave directions on how 
to start and proceed with preliminary field investigations. The five to ten areas to 
be investigated have to be selected one at a time from the 101 potential investi
gation areas. It was planned that the first area be selected and field studies be 
started in early 1986. The authorities will review the research material obtained 
in 1983-1985 and will follow closely the progress and results of the field studies.

The only absolute prerequisite for starting field investigations in an area is 
the landowner’s consent. The approval of the municipality is needed before the 
construction of a repository can be started. However, the investigations have 
already aroused interest in several municipalities where the potential investigation 
areas are situated. A few municipalities have made decisions concerning their 
attitudes towards investigations or construction of a repository in their area. 
Attitudes have mostly been neutral or positive. Economic considerations arising 
from the construction and operation of the repository constituted an essential 
question from the point of view of the municipalities.

During 1986-1992 the preliminary field investigations of each of the five to 
ten areas will take 2-2.5 years. The frame of the field programme will be the 
same for each area, and is shown in Fig. 5 [9]. Only minor changes will be needed 
to suit local conditions. On the basis of the results of the preliminary investi
gations such areas should be excluded where bedrock conditions are not concor
dant with the site selection criteria and could jeopardize the safety of final
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disposal. In practice this would mean large subhorizontal fracture zones or rock 
types other than expected.

Field investigations begin with surface geophysical measurements and geo
logical mapping. Data from low altitude aerogeophysical measurements will also 
be examined. The purpose of this approach is to determine an intact block within 
the investigation area. This block should be studied as a possible repository site.

Bedrock conditions at depth will then be investigated using a core drilled 
borehole of 500-1000 m depth. Geophysical measurements, hydraulic tests and 
groundwater sampling will be carried out when the drilling is completed. After 
the deep borehole studies the programme will proceed with complementary 
surface measurements, additional drilling (three to six shallow boreholes) and 
construction of a groundwater monitoring network. The purpose is to collect 
sufficient data for hydrogeological modelling. Hydrogeochemical conditions will 
also be investigated.

In the last stage of the field investigations emphasis will be placed on hydro- 
geological studies, the aim of which is to check the results obtained with numerical 
models. The studies comprise test pumping as well as measurements of hydraulic 
head and volumetric flow.

The site for final disposal will be selected on the basis of the detailed investi
gations to be carried out during 1993-2000 on two or three areas. The aim of 
these investigations is to produce data for safety analyses. For this purpose 
supplementary deep and shallow boreholes will be drilled for single- and cross-hole 
investigations. The field investigations of each area are planned to take three 
years. In addition, long term groundwater level monitoring will be continued 
throughout the whole investigation stage. Rock mechanical properties will be 
determined at the predicted repository site. In this area hydrogeochemical 
properties will be measured accurately using sampling and in situ chemical probes.

5. SITE INVESTIGATION METHODS

The methods to be used in the preliminary field investigations were tested 
during 1984-1985 [10]. For the tests a 1000 m deep borehole was drilled at 
Lavia in western Finland in 1984. The core drilled borehole, with a diameter of 
56 mm, is situated in the north-eastern border of a regional granite block. The 
test programme was based on earlier studies of the available methods. Emphasis 
was laid on hydraulic tests and groundwater sampling as experience was most 
lacking in these methods.

Groundwater samples were taken from five different levels. The flushing 
water used in drilling and the downward flow in the open borehole due to the 
head difference caused inaccuracy in the results. However, the groundwater was 
found to be fresh and its composition reflects the granitic environment.
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F I G .  6 . E q u i p m e n t  f o r  h y d r a u l i c  t e s t s  in  b o r e h o l e s .

The hydraulic conductivity is very low, usually less than 1 X 1СГ10 m/s. The 
highest values were found in the top part of the borehole (0-200 m) and below 
950 m. The measurements were made using straddle packer equipment and a 
constant head injection-recovery test [11]. The tube waves measured in the 
borehole coincide well with the hydraulic conductivity and, together with the core 
samples, indicate that the greatest values of hydraulic conductivity are related to 
distinct clusters of fractures.

Other geophysical methods (electric, radiometric and seismo-acoustic) were 
tested in the borehole [12-14]. Promising results were obtained from a vertical 
seismic profiling test. The development of this method for application to a 
crystalline environment is in progress. Rock stress measurement was carried out 
using the method of hydraulic fracturing.

Equipment was developed in connection with the test programme. A device 
for groundwater sampling was built and was used in several phases. The device is 
operated by microcomputer and is able to pump water from the test section for 
several days without operation by personnel. The device is equipped with electro
chemical electrodes in a flow-through cell on the surface, and thus the sampling 
procedure can be controlled continuously.

An apparatus for hydraulic tests (Fig. 6) was also built. It is equipped with 
a probe for carrying out constant head injection-recovery tests. Tests are operated 
by a microcomputer, which can be used simultaneously for collection of data and 
for interpretation of the previous tests. The hydraulic conduits and electric wires 
are enclosed in a 28 mm diameter cable supported by Kevlar.



IAEA-SM-289/39 339

6. CONCLUSIONS

The whole of Finland was studied in order to identify appropriate areas for 
investigation with respect to their suitability as sites for a spent nuclear fuel 
repository. Numerous areas were found whose geological conditions were evaluated 
as suitable for further studies. The procedure and criteria used in the selection of 
investigation areas resulted in the identification of a great number of granitic 
inland areas. Only a minority of the areas are migmatites, schists or gneisses. On 
the other hand, if separate detailed studies were made, they could produce more 
investigation areas, for example in coastal areas and in areas of non-granitic rock 
types.

Before the start of the field investigation programme, one deep test hole was 
drilled. For two years a variety of the most important methods needed in site 
characterization were tested in the borehole. Knowledge of the investigation 
methods and data interpretation as well as of practical organization of field studies 
was thereby advanced significantly.

Experience obtained in connection with the test hole project and publication 
of the potential investigation areas show that information activities play an 
important role in site selection. At the start of field investigations, a lot of 
information is needed at the local level about technical and safety as well as 
about economic issues.
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Abstract

MUST THE PRESENCE OF FAULTS AND FRACTURES ABSOLUTELY EXCLUDE A 
CLAY FORMATION FROM CONSIDERATION AS A POTENTIAL RADIOACTIVE 
WASTE DISPOSAL SITE?

Permeability is a major problem with regard to the isolation capacity of clay deposits. 
Faults and fractures are usually considered as potential pathways for migration of radionuclides 
from deep deposits towards the biosphere. Several investigations have been conducted in 
Italy to examine the induced permeability of clay caused by tectonic events. Research has 
been conducted on: civilian tunnels crossing deep clay formations in all parts of Italy; 
hydrothermal and geothermal belts of central Italy directly or indirectly connected with clay 
basins; faults and fractures, affecting clay deposits, that are observable in field investigations; 
and the relation between surface manifestations of tracers of very deep origin, such as helium, 
and the geometry of the clay deposits. All the research indicates that clay behaves as an almost 
completely impermeable mass. Penetration of water occurs in particular situations, such as 
in marginal parts of the series where clay deposits grow thinner and where tectonic disturbances 
are frequently more important. Permeability caused by the opening of latent fractures in 
surficial conditions has proved to extend only to a depth of the order of 10 m. 1

1. INTRODUCTION

In risk analysis the migration of water along fault and fracture planes is 
assumed to be one of the most important ways for radionuclides to be transferred 
from waste deposits to the biosphere. Direct observations of permeability due to 
fracturing and faulting in clay are possible in Italy both at the surface, where severe 
erosion spectacularly affects clay deposits, and underground in tunnels constructed 
for many civil engineering purposes.

Moreover, hydrothermal waters and fluids from geothermal fields, rising 
from great depths along fault planes, as well as other natural tracers, such as
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mercury, may be considered as useful indirect indicators of the mass impermea
bility of argillaceous series. This is well evidenced in central-western Italy, where 
hydrothermal activity, geothermal fields and mercury occurrences are frequently 
contained in the basements of clay deposits.

The present paper illustrates some cases which can be considered representative 
with regard to the problem of clay permeability. It appears that the response to 
fracturing and the induced permeability of clay masses vary widely, owing to the 
many factors at play.

2. OBSERVATIONS OF HYDROLOGICAL EFFECTS OF FAULTS AND
FRACTURES IN DEEP GALLERIES

Systematic gathering of information on faults and fractures encountered 
in tunnelling work in Italy has led to the results reported here [ 1 ].

Practically all Italian argillaceous formations, regardless of age, are over
consolidated; only very recent Quaternary clays are normally consolidated.
Except for the sediments accumulated during Plio-Pleistocene times in internal 
basins, which are often lacustrine, most clays of this age are marine and their 
characteristics vary with their depositional environment.

Fault planes are not easily observable in clay in natural conditions, although 
some cases have been noted in quarry walls in the Tiber valley, near Orte and 
Narni. Fractures, evidenced by oxidation bands, are, on the contrary, very frequently 
observable. Fracturing is a common feature of all Italian argillaceous formations.
It ranges from the chaotic fragmentation of argille scagliose (scaly clay) to the 
Assuring of Calabrian blue clays, which are divided in regular blocks. Until now 
there has been no certain evidence of intact clayey materials.

The Laga formation is a Miocene flysch formation cropping out in eastern 
Marche and Abruzzo; it is formed by large amounts of clayey-silty sediments 
interbedded with sandy layers of variable thickness.

This formation was encountered during excavation of the tunnels of the 
Rome-L’Aquila and Rome-Pescara motorways more than ten years ago. In the 
Avezzano-Pescara stretch a tunnel was excavated near the small town of Cocullo.
This tunnel, named Carrito, connects the Fucino plain with the Sulmona valley 
and crosses westwards the Laga formation in its more argillaceous facies.

In this area the flysch is overthrusted by a Palaeogenic, water bearing, marly 
limestone which induced in the Laga formation intense tectonic changes, shown by 
the scaly texture of the material (Fig. 1). The whole area is affected by tectonic 
dislocations (fractures and faults) which were recognized as structural discontinuities 
only during excavation. In fact, the dislocations did not cause any recognizable 
change either in geotechnical behaviour or in water percolation.

The Carrito tunnel as far as the clay-limestone contact, where the over
burden is approximately 300 m thick, has been recorded as a completely dry 
excavation.
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FIG. 2. Northern stretch o f  Gran Sasso tunnel.

Another very instructive tunnel is that crossing the Gran Sasso massif [2]. 
Over 10 km long, the double tunnel crosses the Laga formation in a north-easterly 
direction for more than 3 km (Fig. 2). Here the flysch, overlying a limestone 
of Tortonian age (upper Miocene), is overthrusted by Mesozoic limestones. Marly 
blue clays in layers between a few decimetres and 1-2 m thick prevail, though 
sometimes they are silty or sandy. The marly clays are well consolidated and 
irregularly fractured; many episodes of recrystallization of calcite in the fractures 
have been observed. The content of calcium carbonate is variable, but always high.
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The intensity of fracturing depends on the tectonic history at any particular 
location. In the areas corresponding to the major tectonic stress (Mulattieri fault, 
axis of syncline, and overthrust contact with the Tortonian limestone) the for
mation appears extremely fractured and divided into shiny scales, with the layering 
no longer recognizable.

In the zones underlying the maximum overburden (1000 m, mainly lime
stone) the overlying water column is more than 600 m high with a hydrostatic pressure 
in excess of 6 MPa. However, tunnelling proceeded without difficulties and water 
inflow was limited to localized seepages.

Other information has been obtained from studying the Numidian flysch, 
which consists of alternating pelites and arenites, with a maximum thickness of 
about 2000 m. The major outcrops are found in northern Sicily. The formation was 
accumulated by turbidity flows in the Imerese basin from the Oligocène to the 
lower Miocene.

The Numidian flysch is very heterogeneous, especially in carbonate content.
The upper part of the formation is often chaotic, which is interpreted as an 
indication of the partially allochthonous origin of these materials. The Numidian 
flysch, during its history, has been exposed to many tectonic events, depending 
mainly on the tectogenesis of the Apennine-Maghrebid system.

Several interesting studies were carried out before the construction of large 
engineering works in the flysch. Notable among them are the reconnaissance of 
soil characteristics and in situ tests preliminary to the construction of an earth 
dam [3]. This investigation included excavation of a 40 m long, narrow tunnel in 
the flysch. Three zones were recognized; near the surface weathering became 
markedly more visible; the colour was dark grey in the intact zone (up to 10 m 
from the surface), and greyish-yellow and yellowish-grey near the ground surface. 
Fissuring at depth was widespread, limiting blocks to some cubic decimetres in 
volume; nearer the surface it became more and more pronounced (scales of 1 cm).

Discontinuities in argillaceous formations are often difficult to detect ( except 
for large faults and overthrusts) because in natural conditions they become evident 
only after stress release induced by excavation has caused them to relax. Micro
fissures below the overburden are expected to remain tightly closed and not to 
affect the permeability of the formation, which should remain extremely low.
For example, during 14 years of measurements the Scanzano and Rossella dams 
(Palermo) did not show any loss of water due to underground flow. In addition, 
during the excavation of the Bifarera-Scanzano tunnel no water percolation was 
observed, except for seepage limited to a sand layer.

Another example of this kind of investigation of impermeability is provided 
by a tunnel in a Miocene argillaceous formation in Sicily. This is the outflow 
tunnel of the lake of Disueri near Gela (Caltanissetta), which was excavated mainly 
in a Tortonian argillaceous sediment which seems to be autochthonous and 
relatively free of tectonic disturbances (Fig. 3).
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The gallery is about 400 m long and the maximum overburden thickness 
is about 60 m. It was excavated when the lake was filled with water (maximum 
head between 10 and 15 m). As the excavation approached the lake the sediments 
became progressively more marly, finally becoming a diatomitic marl, which was 
overlain by the limestones forming the bottom of the lake.

The excavation was completely dry until the limestone was entered. This 
case is interesting for several reasons. It was observed that the argillaceous formation 
is overconsolidated, bedded, fissured and under a relatively limited lithostatic load. 
The clays are also directly connected, through the permeable limestone, to the lake. 
From a geotechnical viewpoint the formation was particularly stable: in fact, the 
excavation never showed convergence phenomena and the lining was emplaced 
many months after tunnelling had been completed.

The hydraulic situation of the Disueri tunnel can be considered very unfavour
able, and flooding was feared. However, no seepage was observed either immediately 
after excavation or during the time preceding lining emplacement. It is impossible 
to know how much the observed watertightness is due to the low hydraulic head at 
the top of the clay formation.

On the other hand, examples of water percolation in clays are not difficult 
to find. At Risalaimi, near Palermo, a landslide occurred in the Numidian flysch. 
Pumping tests showed that there was a slow percolation at the contact between 
intact and weathered (shallow) clays, and this phenomenon extended through 
the fissures and was measurable in the argillaceous materials not involved in 
the slide.

Other information has been obtained from the excavation of a hydraulic 
gallery in the Numidian flysch near the Crisa river (Enna, Sicily). There, the 
formation is argillaceous and scaly, with some thin intercalations of sands. In this
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area quartz-arenitic olistoliths are present, the maximum thickness being a few 
tens of metres. The whole area shows signs of intense tectonic activity in the form 
of folds, faults and fractures, which were encountered during excavation.

During tunnelling there were some occurrences of instability due to swelling 
along discontinuities made evident by the stress release caused by the excavation.
In this case water and methane entered the tunnel especially in the vicinity of the 
arenitic levels. In most cases water inflow was not immediate, but seepage through 
the shotcrete could be observed some days later. This retardation can be inter
preted as a relaxation over time of the dislocation planes. It is considered that 
water could be supplied from little reservoirs constituted by the arenitic lenses 
which are intersected by the relaxed fissures. This interpretation of the phenomenon 
should be verified by means of long term observations; unfortunately, up to now 
scientific research and engineering work have not been able to harmonize their 
aims and schedules.

Allochthonous argillaceous formations are widespread in southern Italy and 
in Sicily. They are named in various ways (argille scagliose, argille varicolori or 
variegate, argille brecciate, etc.) but in this paper they are all referred to by the 
generic name of argille scagliose.

The age of deposition of these sediments ranges from Cretaceous to Oligocène, 
but they were moved from their place of origin by tectonic processes much later. 
After the uplift of the Apennine mountain chain, large amounts of mainly argil
laceous deposits reached unstable conditions, sliding from their uplifted sedimen
tation basin (assumed to lie somewhere in the Tyrrhenian Sea) mainly eastwards 
and southwards.

Outcrops of argille scagliose are usually characterized by marked slope 
instability and widespread gravitational sliding. In addition to these small scale, 
shallow movements, large, chaotic complexes can be affected by deep seated, long 
term movements. For example, displacements of large masses (many cubic kilo
metres) of these formations have been recognized and recently measured in 
Campania and Lucania [4].

Despite its scaly structure unweathered argille scagliose is practically imper
meable. At Trigno (Molise) the permeability coefficient, measured in situ with 
Casagrande piezometers, is less than 10-11 m/s; this value agrees with the results 
of laboratory tests [5].

Data concerning water circulation in argille scagliose have been collected from 
interviews with people experienced in tunnelling in this kind of material. The 
case of the San Donato gallery is reported here as an example.

A tunnel of the Rome-Florence railway crosses the San Donato hill, not far 
from Florence [6]. The tunnel, which is about 10 km long, was excavated 
for more than 4 km in the argille scagliose formation under a maximum over
burden of about 300 m [7, 8]. During the excavation many faults were recognized 
in the argillaceous formation, in the Macigno sandstone and in the Alberese marly 
limestone.
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In part of the excavation the argille scagliose showed very pronounced 
swelling, but this was due to water drained towards the clay by the tunnel itself.
In fact, swelling occurred only where the slope of the tunnel carried water from 
the Alberese formation into the clays. In contrast, close to the Macigno, which 
is an aquifer, no swelling of the argille scagliose was observed, since the slope of 
this section of the tunnel drained the water away from the clays. It is concluded 
that in the San Donato area the argille scagliose formation is quite impermeable, 
even though it is intersected by many faults.

The Plio-Pleistocene Italian blue clays are characterized by: (a) widespread 
occurrence in Italy, (b) a wide spectrum of mineralogical compositions, depending 
on the depositional environment, and (c) a very variable grain size distribution.

Some of the Italian Pliocene argillaceous sediments are parautochthonous, 
that is, they were deposited on a moving allochthonous unit [8]. It is conceiv
able then that, during transport, the sediments may have been exposed to signifi
cant stresses and intensely fractured.

Most Italian blue clays of Plio-Pleistocene age are fissured for tectonic 
reasons and their block jointing is a general feature, not only a surface phenomenon. 
In fact, this characteristic can be observed at depth during tunnelling; the only 
difference, with respect to near surface strata, is the absence of oxidizing bands 
surrounding the fissures.

During construction of the new Rome-Florence railway a number of tunnels 
were excavated in blue clays, overlain by water bearing tuffs, adjacent to the Tiber 
valley in northern Latium and southern Umbria. One of them is the Castiglione 
in Teverina tunnel, which is 7.5 km long and was almost entirely excavated in 
argillaceous sediments, under a maximum overburden thickness of 160 m. In this 
tunnel two different behaviours of the rock were observed. At times the rock 
looked like a marl, with small scale conchoidal fracturing; elsewhere the clay 
behaved in a more plastic way and broke in regular blocks. Since the two materials 
have no evident differences in composition, it is supposed that their behaviours 
are due to different water contents. The tunnel encountered major discontinuities 
every 30-50 m, and sometimes partial collapses occurred. After some collapses 
the rock showed extremely smooth and shiny surfaces, indicating that the dis
continuities were real faults. However, no water percolation from the upper 
aquifer was observed, either in the intact rock or along the faults.

3. MASS IMPERMEABILITY OF CLAY DEPOSITS AS REVEALED BY
NATURAL TRACERS

Demonstration of the mass impermeability of clay by means of the locali
zation of traces of hydrothermal and geothermal fluid transit in a clay basin has been 
obtained in southern Tuscany and northern Latium, where the present Orcia and 
Paglia valleys exactly correspond to a deep trench basin of Pliocene age of the 
horst-graben type (Figs 4-6).
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FIG. 4. Monte Amiato zone. Sections 1-3 are shown in Fig. 5.
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Fault plains intersect the basement, which is made up of mixed chaotic clay 
and marl emerging in the hörst pillars [9]. In the eastern pillar there is an 
important outcrop of a Mesozoic calcareous series. In the western pillar the 
Monte Amiata Quaternary volcano crosses and spreads over the basement rocks.
The floor of the basin is situated at a depth of more than 1000 m in the graben.
The basin is filled by a prevalently clayey series. An important geothermal field 
underlies the basin, especially the western part (Fig. 6). Important thermal 
activity affects all the considered zone. The Radicofani neck, corresponding to the 
axis of the graben, testifies to the occurrence of important fractures affecting 
the basin floor.

Hydrothermal fluids may be connected to two separate sources: very deep 
regional fault systems and the geothermal field. The first source is mainly 
responsible for important emissionsof hot water (20-52°C), which may accumulate 
very great deposits of carbonatic rocks (travertine), and of carbon dioxide. The 
geothermal field causes the uprising of very hot, high pressure fluids (150-250°C, 
4-6 MPa abs) and the thermal mobilization of the mercury geochemically contained 
in the deep substratum. Mercury is precipitated in the form of cinnabar (mercury 
sulphide) in the surrounding less hot rocks or directly at the surface.

Data have been collected on the positions occupied in the basin by both hydro- 
thermal and geothermal products. Research has been conducted on the distribution
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of minor cinnabar concentrations by means of alluvial prospecting (Fig. 7). The 
main results are as follows:

(a) The locations of gas and water emissions correspond to the boundary between 
clay deposits and the hörst outcrops bordering the basin.

(b) Important travertine deposits accumulate in the same locations with respect 
to the basin geometry.
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(c) The vapours of geothermal fluids are all confined within the chaotic clay-marl 
complex of the western hörst pillar without affecting the Pliocene clay series.

(d) Important cinnabar concentrations and other rare minerals occur in the 
western hörst pillar. Minor cinnabar concentrations occur in the eastern pillar.

(e) Numerous small and diffuse cinnabar occurrences not previously known 
have been recognized as corresponding to the same marginal position in the 
basin.

(f) None of the above mentioned endogenous manifestations, apart from minor 
ones, occurs in the central, axial part of the basin.

The data provide strong evidence for the almost complete mass impermea
bility displayed by clay deposits, which prevent very energetic endogenous fluids 
from rising to the surface from depth. These fluids may reach the surface only 
where there are deep fault planes bordering the basin, where clay tends to grow 
thinner and marginal interbedded sandy layers affect the homogeneity of the 
clay deposit and dominate it.

A powerful means of indicating permeable underground structures is the 
detection of helium in soil. Helium originates in the mantle and tends to rise to 
the surface by migrating along discontinuities such as important fault planes. 
Impermeable bodies may hinder, limit or divert helium fluxes from depth. Where 
deep fault planes intersect the ground surface, the helium content of the soil gases is
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normally higher than that of the atmosphere. Many studies in Italy have demons
trated that the highest helium concentrations are mostly located on the slopes of 
valleys, frequently corresponding to uplifted zones [10, 11]. The accumulated 
sedimentary, often clayey, series in the depressions may represent, because of low 
or practically no permeability, an obstacle to the escape of helium. The zero or 
small helium concentration in the soil may therefore be due to the substantial 
impermeability of the underlying clay deposit. Figure 8 gives an example of 
differential helium concentration in soil in the Agri valley in southern Italy. The 
smallest concentrations correspond to the valley axis, where a Recent sedimentary 
series is accumulated.

4. HYDROLOGICAL CHARACTERISTICS OF CLAY AS REVEALED BY
PENETRATION OF SURFICIAL WATER

Indications of induced permeability of clay may be directly obtained from 
field observations of the distribution and penetration of yellowish-ochreous bands 
intersecting the grey clay bodies at the ground surface. As explained below, faults 
and fractures behave differently with regard to the penetration of surficial oxy
genated water.

The Orte series has normal faults running through it (Fig. 9). The total 
absence of traces of oxidation at the sides of the fault planes in the cases observed 
to date is evidence of its impermeability to water and therefore of its capacity for 
self-sealing.

In contrast, the many simple fractures in the main clay mass have oxidized 
edges 1 cm thick. This phenomenon is very commonly found in clays which are 
exposed to erosion, as is well illustrated in Fig. 10. Asa rule these fractures 
involve no displacement; they merely run downwards for tens of metres before 
coming to an end (Fig. 11). Networks of fractures, always recognizable by the 
presence of oxidized edges, intersect the vertical fractures at right angles.

The most likely explanation of the genesis of these fractures is that the clay 
mass increased in volume as a result of decompression, brought about by the 
disappearance, through erosion, of the superimposed and lateral masses. The 
fractures then opened, causing induced permeability and permitting the penetration 
of the clay mass by surface water. However, the discontinuity corresponding to the 
fault plane does not appear to be affected by oxidation. This means that the 
oxygenated water is not allowed to penetrate the clay in this case.

Orogenic uplifting and the consequent erosion processes have resulted in the 
clay deposits in Italy being broken up. The examples described show that the 
penetration of the clay system by oxygenated water is controlled by these factors. 
Striking examples of disturbance and erosion provide evidence of the speed of 
erosion processes in Italian basins.
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5. CONCLUSIONS

The results of many observations of clay in natural conditions have been 
reported here and testify to the substantial impermeability of clay deposits under 
tectonic stress.

The occurrence and penetration of water noted at various levels in clay 
deposits during the observations may normally be attributed to easily recognizable 
causes, such as proximity to water bodies, connate water and surficial alteration 
of clay homogeneity.

The results suggest that the assumption that a clay formation is permeable 
if it contains faults and fractures should be employed more carefully when 
assessing the suitability of clay formations for disposal uses.
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Abstract

STATUS OF INVESTIGATIONS FOR CHARACTERIZATION AND EVALUATION OF 
GEOLOGICAL FORMATIONS TO LOCATE A HIGH LEVEL RADIOACTIVE WASTE 
REPOSITORY.

Disposal of solidified high level radioactive waste in deep plutonic rocks is an option 
under investigation in India. Detailed geological and geophysical investigations are necessary 
to assess the geotechnical and hydrological characteristics of the potential repository site.
The investigation techniques comprise detailed geological mapping followed by delineation of 
boundaries of igneous rocks. The surface data are further supported by subsurface geological 
data, obtained by examination of drill cores and geophysical logging of boreholes drilled in the 
area, for studying fracture patterns, the presence of fracture minerals and indications of 
groundwater flow. The rocks under investigation are igneous and metamorphic: granite, 
granitic gneiss1 and amphibolite, as well as a massive basalt flow. Detailed geological mapping 
and geophysical surveying of an area of about 32 kmJ on a hard granite formation and 
drilling of boreholes up to 750 m deep are in progress. Geochemical studies, including 
examination of the interaction of radionuclides of interest with the granite samples collected 
from the site, have been carried out. A nearby massive amphibolite formation is being studied 
in situ as well as in laboratory work to evaluate near field effects of emplacement of high 
level waste. An experimental research station in an existing mine in the amphibolite formation 
has been commissioned. The thermomechanical properties of the rock are being studied by 
using electric heaters. The studies are expected to contribute valuable information to the 
development of a facility in the adjoining granitic area.

1. INTRODUCTION

High level radioactive waste generated from reprocessing plants continues to 
present potential hazards for long periods in spite of solidification and surveillance 
for several years. The deep geological environment of certain rock formations 
which are massive, extensive, homogeneous and impermeable with good thermal,

355



356 GODSE et al.

mechanical and sorption characteristics is a suitable medium for extended contain
ment and isolation of this waste. Many countries have undertaken studies to 
evaluate the suitability of various rock types, i.e. granites, gneisses, basalts, salt 
and clays, as locations for waste repositories, and extensive investigations are 
in progress.

In India, preliminary screening of the main geological formations has been 
completed and a few tentative sites have been selected for intensive investigations. 
The formations under study are plutonic granite, granitic gneiss, basalt and 
amphibolite. One readily available underground chamber in a massive amphibolite 
formation is being used for in situ simulated thermomechanical experiments to 
generate a database and to standardize measurement techniques. A plutonic 
granite massif adjoining this formation is under geological and geophysical 
investigation. Selection of a site for an extended storage facility in the Trombay 
basalt is also under way [ 1 ].

2. REGIONAL GEOLOGY AND HYDROLOGY OF SITES

Various areas of the Indian subcontinent were examined in order to select 
potential repository sites. Some of the basic criteria for preliminary selection 
were tectonic and seismic conditions, geological and rock characteristics, surface 
and subsurface hydrology, the presence of potential economic mineral resources 
and demography. The southern peninsular granitic shield and central Bundelkhand 
granites belong to the Archaean system while the vast basaltic mass of central 
and western India belongs to the Tertiary period. Amphibolite formations in 
the peninsula belong to champion gneisses of the Archaean system [2].

The granite and gneiss in the shield are compact, massive, extensive and 
homogeneous. They are weathered as huge, rounded blocks on the surface.
Typical weathering of the granite is due to three joint patterns, the first low 
dipping, the second and third more or less vertical.

Below a depth of 100 m the joint-fracture permeability is generally 
insignificant. This has been confirmed by the absence of groundwater below 
this depth. The groundwater in the granites and gneissic rocks is generally of the 
calcium bicarbonate-sodium chloride type. As the mineral composition is 
more or less the same in the homogeneous mass, the main chemical aspects of 
groundwater show only limited variation.

Since the water is slightly alkaline at depth, actinides in high level waste are 
likely to be immobilized by precipitation and very small amounts may dissolve 
in the groundwater. Other radionuclides would react with the host rock by 
ion exchange and adsorption, leading to retardation of the nuclides relative to the 
flow of groundwater. A granite pluton around the village of Patna in the district 
of Kolar, Karnataka, at the contact of the Kolar greenstone belt and the 
peninsular gneisses has been selected for detailed characterization.
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2.1. Site 1 : Patna granite

The granite pluton, about 70 km east of Bangalore, is oval in shape 
(8 km X 4 km) and has perched on the greenstone belt in the tail, which was 
sheared by a fault in the north. The granite has truncated the fabrics of the 
volcanics together with pegmatite and is therefore a late pluton (Fig. 1).

The granite is potassic and has rafted off metabasalts and the ironstone- 
graphite schist. Characteristically, this coarse granite is pink to grey, homogeneous 
and locally porphyritic, containing microcline, orthoclase, sodic plagioclase, 
quartz, biotite, sphene and ore minerals. The granite contains veins of apatite, 
quartz monzonite and potassic pegmatites. Later basic dykes also transected 
this body. Groundwater exists in the depressions within the outcrops of the 
Patna pluton, and a number of open wells are available for local irrigation. 
Groundwater samples from shallower depths have shown a pH of 7.5-8.

2.2. Site 2: Trombay basalt

The Trombay hill area is the thickest part of the Deccan basalt flows within 
the Trombay islands. The hill runs north-south and has a dip from horizontal 
to 6-1°. As well as the main basalt flows there are variations such as granophyre, 
tuff, oceanite, ankaramite-olivine basalt and dolerites. The flow thicknesses 
vary from a few centimetres to 70 m. At the surface, columnar jointing and 
spheroidal weathering are common. Zeolite, quartz and calcite inclusions are 
predominant in places.

Groundwater occurs in weathered and fractured zones, but in high hill areas 
and individual massive flows no groundwater has been encountered because of the 
very low porosity and permeability.

2.3. Site 3: Thermomechanical experimental site

The site for in situ thermomechanical experiments lies in the Kolar amphibolite 
belt in the middle of the peninsular shield of India, surrounded by peninsular 
and granitic gneisses. The trend is north-south and a dip of 45° towards the 
west becomes nearly vertical at depth. The rock at the site is massive and devoid 
of groundwater, with few joints and with quartz veins.

3. SITE INVESTIGATIONS

3.1. Granite pluton

Field investigations to characterize the granite pluton and assess its suitability 
as the site for a pilot repository are in progress [3]. The order of investigations 
is as follows.
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(a) A study of aerial photographs of the area has been undertaken; areas have 
been identified for geological and geophysical surveys. Information on 
water bodies, populated areas and major faults has been transferred to a 
topographic sheet.

(b) Topographic contouring at contour intervals of 1 m has been completed.
(c) Outcrops have been plotted and mapped on topographic sheets; geological 

maps showing variations in weathering, mineral composition, fracture and 
joint patterns, homogeneity, etc., have been completed.

(d) Geophysical surveys at intervals of 100-200 m are in progress. The aims of 
the surveys are as follows:
— Magnetometer measurements to demarcate the granite boundary,
— Seismic survey and magnetic method to locate dykes, etc.,
— Seismic and electromagnetic measurements to determine the major joint 

and fault pattern system,
— Resistivity survey to study groundwater and subsurface geology,
— Cross-hole technique to find the extent of fracture zones in order to 

locate boreholes of 200 and 750 m depth.
(e) Hydrological investigations of groundwater quality, movement, drawdown, 

etc., are in progress along with other investigations.

Activities planned for the immediate future are as follows. On the basis of 
geological mapping and geophysical surveying, favourable blocks of about one 
square kilometre will be selected and four 200 m boreholes will be drilled in the 
first phase. Interpretation of subsurface data from these boreholes will help 
in the decision to extend two boreholes to 750 m depth. The sinking of shafts for 
a pilot repository would be finalized only after ascertaining the suitability of 
the horizon at depth. A conceptual preliminary design of the repository is 
presented in Fig. 2.

Physico-chemical studies with regard to the physical characteristics and 
chemical composition of the granite, the quality of the groundwater at shallower 
depths, and the interactions of radionuclides of interest, e.g. Sr2+ and Cs+, with 
the groundwater and host rock are in progress. The results of these studies are 
shown in Table I.

The studies show that the Patna granite is a hard and massive rock with 
virtually no porosity or permeability. The uptake of radionuclides is relatively 
poor but the groundwater chemistry will retard their migration. The secondary 
minerals developed in fractures and joints would also help in sorption of the 
migrating nuclides.

3.2. Basalts

The Deccan basalts, covering an area of 500 000 km2 in central and western 
India, are hard and compact with joints, depositional planes, ash beds, etc. [4].
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F I G .  2 . C o n c e p t u a l  l a y o u t  o f  p i l o t  r e p o s i t o r y  in  g r a n i t e .

TABLE I. PHYSICO-CHEMICAL PROPERTIES OF PATNA GRANITE AND 
TROMBAY BASALT (ZEOLITIC)

Property Granite Basalt

True density (g/cm3) 2.80 2.66

Bulk density (g/cm3) 2.78 2.56

Porosity (%) 0.54 3.75

Void ratio 4.2 X 10 '3 3.9 X lO '2

CaC03 content (%) 0 0

Total soluble salts 0.07% 80 ppm

Kd (mL/g): Cs+ 1.36 40-50

Sr2+ 1.16 -
Uptake (meq/ 100 g) : Cs+ 0.11 13.02

Sr2+ 0.02 -
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The basalt flows at Trombay have been examined for their suitability for interim 
storage of intermediate level waste. Geological and borehole investigations have 
revealed that there are many thick flows up to a maximum thickness of 70 m 
with quite a good lateral extent. Physico-chemical, thermal, mechanical and 
radionuclide-rock interaction studies of basalt samples are in progress. Some of 
the results of basalt characterization are shown in Table I. A single layer of basalt 
is hard, massive, homogeneous and impervious, and has a better radionuclide 
uptake owing to the presence of zeolites and other minerals. It has been proposed 
that an experimental extended storage facility be constructed in one of these 
basalt flows.

3.3. Theoretical and in situ thermomechanical study

The heat generated by the decay of radionuclides in high level waste has a 
significant effect on the immediately surrounding area. The nuclide content in 
the solidified waste and the thermomechanical characteristics of the host rock 
should be such that the heat load is easily conducted to the far field without 
disturbing the integrity of the disposal site. To evaluate such a balancing 
equation, it is necessary to prepare a thermal and a thermomechanical model 
based on known thermomechanical characteristics of rocks. A thermal model 
has already been developed for prediction of solid thermal profiles. A stress- 
temperature-distance model has also been developed.

To validate these models, in situ experiments are in progress at a depth of 
1000 m in an abandoned section of a mine in amphibolite rocks. The formation 
is compact, has few joints and is devoid of groundwater. Electric heaters 
encased in canisters of appropriate geometry have been used to simulate an 
immobilized high level waste canister. The heat load is varied and temperature 
gradients and stresses are monitored using thermocouples, stress meters and 
extensometers. A central heater with surrounding auxiliary heaters, and heaters 
arranged in triangular and rectangular patterns are being used [5-7]. The initial 
array consists of nine heaters in a circle and a central heater (main heater).
The central heater has a peak power output of 4 kW and the peripheral heaters 
(auxiliary heaters) each have a peak power output of 2 kW.

It has been found from the thermomechanical model that the main and 
peripheral heaters should be maintained at 2.5 and 0.5 kW, respectively, to raise 
the temperature of the rock mass within the ring of peripheral heaters to 
200-460°C. The quasi-steady state is expected to be reached in two years [8].

The systems have been tested and heating and cooling cycles are to commence 
shortly. Amphibolite is being used as the medium for thermomechanical studies 
only and for standardization of measurement techniques. Since it is not expected 
that this rock will be used as a host rock, geochemical work has not been under
taken in spite of its better geochemical suitability.
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4. SUMMARY

Three potential rock formations, namely granite, basalt and amphibolite, 
are being investigated for the siting of a deep repository. Regional geological 
and geophysical studies have been made to demarcate an area for intensive 
investigation by drilling boreholes to a depth of 750 m. Surface mapping is already 
completed. The geochemical aspects of the study indicate the typical compositions 
of various rock types and their interactions with nuclides of interest.

An in situ heater experiment in amphibolite rock is being carried out to 
generate a database for validation of the mathematical models developed for 
prediction of thermal profiles and induced stresses in the rocks.
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Abstract

PROGRAMME FOR INVESTIGATING THE SUITABILITY OF THE GORLEBEN SALT 
DOME AS A REPOSITORY FOR RADIOACTIVE WASTE.

In the Federal Republic of Germany the Gorleben salt dome is under investigation for its 
suitability as a site for the final disposal of all categories of radioactive waste. The objective 
is the detailed exploration of the geological and hydrogeological conditions prevailing in and 
around the Gorleben salt dome. The paper outlines the geological, hydrogeological and geo
mechanical investigations performed during the surface exploration (Phase 1 of the investigations). 
The preparatory steps of the underground programme (Phase 2), in particular the deep-freeze 
technique for shaft sinking, are summarized. The underground exploration will cover an area 
10 km X 1 km in the central part of the salt dome at 840 m depth, and will require 25 km of 
drifting and 120 km of core drilling. The status of the project is described as well as the time 
schedule leading to a final suitability declaration within a public licensing procedure. The 
earliest expected date for the repository to become operational is the year 2000. 1

1. INTRODUCTION

Under provisions of its Atomic Energy Act (Atomgesetz) the Government of 
the Federal Republic of Germany is responsible for the disposal of nuclear waste. 
The Physikalisch-Technische Bundesanstalt (PTB) has been allotted the task of 
managing the disposal on behalf of the Government. The PTB has involved as a 
third party the Deutsche Gesellschaft zum Bau und Betrieb von Endlagern für 
Abfallstoffe mbH (DBE) under an operating agreement to execute the planning 
and all investigations required for the waste disposal project in the Gorleben 
salt dome.

The Federal Government decided that underground disposal in deep 
geological formations, and in particular in salt formations, constitutes the safest 
method for disposal of all categories of nuclear waste. Besides disposal in salt 
formations other concepts are under investigation.

363
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2. SITE SPECIFIC INVESTIGATIONS

As mentioned above, rock salt formations are being considered for the 
construction of a repository in the Federal Republic of Germany. The determina
tion of site suitability requires exploratory investigations in two phases:

— Phase 1 : from the surface
— Phase 2: from underground.

On account of a decision of the Federal State of Lower Saxony in 
February 1977, the Gorleben salt dome is presently under investigation for its 
suitability as a site for disposing of all categories of radioactive waste. The objective 
of the site specific investigation is the detailed exploration of the geological and 
hydrogeological conditions. The aims of the exploratory work are:

— To enable the PTB to demonstrate the suitability of the Gorleben site and 
its salt dome for a repository,

— To provide all data required for site specific planning and construction,
— To permit the demonstration of safe operation of the repository.

3. PHASE 1 : SURFACE EXPLORATION

In April 1979 the exploratory programme for the Gorleben salt dome 
commenced with the implementation of the surface exploration programme. 
Investigations covered the salt dome and a surrounding area of 300 km3 (Fig. 1). 
The exploratory programme was successfully terminated by the end of 1983.
In total it entailed the following work.

3.1. Geological aspects (Fig. 2)

Four deep holes were drilled to explore salt formations and overlying rocks 
to a depth in excess of 2000 m. Forty-four were drilled into the top of the salt 
dome to explore the stratigraphy and composition of the uppermost salt rock 
formations, the cap rock and overlying rocks. Two holes were drilled to explore 
optimum sites for shaft locations. The holes were so successfully located that 
they could be utilized as shaft pilot holes. Seismic profiling over a total length of 
156 km was performed to acquire data on salt dome geometry, e.g. the positions 
of the flanks, the depth of the base and the top of the salt stock, and the depths 
of geological marker horizons above and in areas surrounding the salt dome. One 
stratigraphic hole wás drilled to explore Tertiary formations away from the salt 
dome and its salt dynamics.
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drin hole drill hole
(to  salt table) (to salt table)

F I G .  2 .  S u r f a c e  i n v e s t i g a t i o n s :  d r i l l i n g  ( m o d i f i c a t i o n  o f  g e o l o g i c a l  p l a n  o f  O .  B o r n e m a n n ,  

B u n d e s a n s t a l t  f ü r  G e o w i s s e n s c h a f t e n  u n d  R o h s t o f f e ) .
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3.2. Hydrogeological aspects

Monitoring of the surface water regime was performed at 18 stations. A 
total of 321 groundwater test wells were sunk to determine the extent and 
geometry of aquifers. Long and short term pump tests were carried out to assist 
in the modelling of water flow and to analyse water composition. A total of 
540 geoelectric measurements were made to research the composition of overburden 
and the groundwater distribution and composition.

3.3. Geotechnical aspects

Miscellaneous tests were made to determine the stability of the rock 
formations, the creep characteristics of the salt, the heat flow in the salt, etc.

The results of the investigations described above are covered in a number 
of contributions by the Bundesanstalt für Geowissenschaften und Rohstoffe (BGR) 
(Federal German Geological Survey) at this Symposium.

4. PHASE 2: UNDERGROUND EXPLORATION

4.1. Preparatory stage

In June 1983 the Federal Government decided to enter the second phase of 
the investigation programme, namely the underground investigation, and the DBE 
started work on the site in November 1983. According to the plans this involved 
construction of surface facilities for the project, Exploratory Mine for the 
Evaluation of the Gorleben Salt Dome (Fig. 3).

All surface facilities to support an underground mining operation had to be 
erected. Besides the securing of the mining facilities with a protective wall and 
two entrance buildings, a power supply and distribution network, a water supply, 
a sewage disposal system and a network of roads had to be constructed. A 
general supply depot and an explosives storage building are parts of the operating 
facilities, as well as an office combined with a changehouse, workshops and mine 
ventilation facilities. For fire fighting and general sprinkling requirements outside 
the protective wall, a pond and pressure plant were installed.

As shown in Fig. 2, the strata covering the salt dome consist of Pleistocene 
and Tertiary sediments. This means for the process of shaft sinking that the miner 
is dealing with incompetent groundwater bearing rocks. Furthermore, the top 
part of the salt is covered by a cap rock derived from the dissolution of salt which 
can contain saturated brines. Because of the nature of these overlying strata, 
application of the freezing process for shaft sinking is required.
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Shaft 1
Shaft 2

By means of this well proven technique, which is about a hundred years old, 
the section of loose or semiconsolidated sediments extending from the surface 
down to the rock salt is frozen. The freezing process results in stable and 
competent rocks through which the shaft can be safely sunk. To achieve freezing 
at Gorleben, directionally controlled holes were drilled at intervals of 1.3 m in a 
circle with a diameter of 18 m to a depth of 260 m. These holes were secured by 
steel casing and lined with freeze pipes through which a coolant at -40°C is 
continuously circulated. This process extracts heat from the rocks and a frozen 
body is formed under the protection of which the shaft can be sunk.

The walls of the excavated shaft are secured by a preliminary lining. After 
the shaft reaches the salt a final, watertight lining is installed (Fig. 4). Only after 
the main shaft lining has been put in place is the freezing plant switched off. Shaft 
sinking continues through the salt. The diameter of both Gorleben shafts will be 
7.5 m. After the final depths of 840 and 960 m have been reached, the underground 
exploration programme will begin.

4.2. Underground exploration programme

In preparation for the underground investigations, underground infrastructure 
facilities, e.g. workshops, garages, a warehouse, a salt bunker and dumping stations, 
will be put in place at the 840 m level. The investigations entail exploration of an
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area 10 km by 1 km along the central zone of the salt dome at a depth of 840 m. 
A plan is presented in Fig. 5.

The investigations will require testing of the ground by fan drilling prior to 
the driving of all main and cross-drifts. Drifting will amount to 25 km; drifts will 
have a cross-sectional area of 18 m2 (6 m X 3 m). All drifting will be done with 
cutting mining machines; muck will be removed by dumper cars with 25-30 t 
loading capacity.

Extensive exploratory drilling to evaluate the overall internal structure of the 
salt dome and, in particular, of the disposal fields will entail some 120 km of core 
drilling. Drilling will occur towards the flanks of the dome, into the interior and 
also to depth, as indicated in Fig. 5.

5. STATUS

The surface exploratory investigations were completed in 1983 and the 
underground exploratory phase commenced in July 1983. A shaft sinking contract 
was signed with a joint venture consisting of Deilmann-Haniel GmbH and Thyssen- 
Schachtbau GmbH in October 1983.

Infrastructural surface facilities for shaft sinking and drill holes to implement 
the deep-freeze technique for shaft sinking were emplaced in May 1984. Freezing 
operations have been in progress at shaft 1 since October 1985. Subzero 
temperatures were achieved in January 1986 over the interval 120-200 m 
(reference monitor located at a distance of 1 m from the freeze hole). Excavation 
of the preliminary shaft commenced in mid-March 1986.

Freezing operations for shaft 2 were expected to start in March 1986. Shaft 
sinking, including installation of the final shaft lining, will be terminated by 
1989 for shaft 1 and 1990 for shaft 2. The underground investigations, as 
outlined, will proceed from the end of 1989 to the end of 1992.

In the event of a positive result from the suitability investigations, the 
PTB will implement the licensing application and other regulatory requirements, 
which are expected to take from 1993 to 1996.

Construction of surface facilities, preparation of access and preparation for 
ventilation and excavation of disposal galleries are scheduled for 1997-2000.
At the earliest the Gorleben repository will be in the position to accept nuclear 
waste by 2000.
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Abstract

GEOSCIENTIFIC INVESTIGATION OF THE GORLEBEN SITE.
Four test boreholes down to depths of about 2000 m, two boreholes down to 1000 m 

preparatory to the construction of shafts, and 156 km of reflection seismic measurements were 
made as part of the investigation of the Gorleben salt dome. The two preliminary boreholes 
for the shafts penetrated the expected Zechstein 3 rock salt, proving the suitability of both 
locations for shafts. Forty-four boreholes were drilled into the top of the salt dome to 
explore the composition and structure of the cap rock and to compile a geological map of the 
top of the dome. In the area of a subglacial channel and its surroundings the cap rock was 
partly brecciated. This produced a time marker for calculation of the rate of post-Elsterian 
subrosion of the salt dome: about 0.04 mm/a on average. Hydrogeological investigations were 
carried out in an area of about 300 km! above and around the salt dome. To study the 
aquifer system in the overburden (about 300 m thick) about 150 observation boreholes were 
drilled and logged, and an extensive surface geoelectric survey was made. A computer model 
for fresh water was used to calculate groundwater movement in the study area. Groundwater 
flow paths were calculated with the model, starting from points above the salt dome and 
ending in the discharge areas; travel times of about 1000 years were obtained. 1

1. STUDY OF SALT DOME

Geological studies of the Gorleben salt dome have been in progress since 
1980. Four boreholes, each about 2000 m deep, were drilled in 1980-1981 [1]. 
In 1982, on the basis of the results from studies of these boreholes and of 
31 boreholes drilled to the top of the salt dome, two preliminary boreholes were 
drilled for shafts [2]. By the end of 1985, a further 13 boreholes had been 
drilled to the top of the salt dome to better define the limits of the dome and 
the cap rock. In 1984, a total of 156 km of reflection seismic profile in the area 
of the salt dome had been measured. The studies made from the surface are 
nearly complete. Preparations for excavating two shafts were begun in May 1984.

The results of the studies are summarized below.
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FIG. 2. Cross-sectidn o f Gorleben salt dome, q: Quaternary; t: Tertiary; kro: Upper 
Cretaceous; kru: Lower Cretaceous; jo-Wd: Upper Jurassic-Wealden; so-m: Upper 
Bunter-Muschelkalk; su-sm: Lower-Middle Bunter; z: Zechstein; ro: Rotliegende.

1.1. Extent

The salt dome is about 14 km across (Fig. 1). Its base is 3100-3300 m 
below mean sea-level. On the south-east side it has a large ‘overhang’ and on the 
north-west side a negligible one (Fig. 2). Its width decreases with depth; at 
the depth of the planned final repository (800-1300 m) it is about 3 km wide.

1.2. Structural history

Signs of the genesis of a salt pillow appear in the layers of the Upper Bunter 
to the Muschelkalk. During the Keuper, Lias and Dogger there was a large salt 
pillow. The salt dome developed during the period of the Malm to the Early 
Cretaceous, continuing to develop in the Late Cretaceous and Tertiary [3].
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TABLE I. STRATIGRAPHY OF GORLEBEN SALT DOME

Layer Old
symbol

New
symbol

Aller sequence (24) 
с. 60 m

15 m Tonbrockensalz Na4 5 z4TS

10 m Oberes Tonbrockensalz z4TS 0

5 m Unteres Tonbrockensalz z4TS U

8 m
Rosensalz Na4 7 z4RS

Schneesalz Na4 ß z4SS

25 m Basissalz Na4 a z4BS

1.7 m Pegmatitanhydrit A4 z4PA

10 m Roter Salzton T4 z4RT

Leine sequence (23) 
с. 320 m

34 ш Tonmittelsalz Na3 tm z3TM

10 m Kaliflöz Riedel КЗ Ri z3RI

12 m Schwadensalz Na3 0 z3SS

60 m Anhydritmittelsalz Na3 am z3AM

12 m Buntes Salz Na3 f z3BT

14 ш Bank-, Bändersalz Na3 8/e Z3BK/BD

15 m Kaliflöz Ronnenberg КЗ Ro z3RO

50 m Orangesalz Na3 7 z30S

30 m Oberes Orangesalz z30S 0

<1 m Gorleben-Bank z30S M

20 m Unteres Orangesalz z30S U

31 m Liniensalz Na3 ß z3LS

14 m Oberes Liniensalz z3LS О

10 m Mittleres Liniensalz z3LS M

7 m Unteres Liniensalz z3LS U

16 m Basissalz Na3 а z3BS

68 m Hauptanhydrit A3 z3HA

1.5 m Leine-Karbonat z3LK
2.5 m Grauer Salzton T3 z3GT
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TABLE I (cont.)

Layer Old
symbol

New
symbol

Stassfurt sequence (22)
c. 800 m

1 m Gebänd. Deckanhydrit A2 r z2DA

0.5 m Decksteinsalz Na2 r z2DS

17 m Kaliflöz Stassfurt K2 z2SF

2.5 m Kieseritische Übergangsschichten Na2 (k) z2UE
10 m Hangendsalz Na2 y z2HG
c. 700-800 m Hauptsalz Na2 ß z2HS

Kristallbrockensalz z2HS 3
Streifensalz z2HS 2
Knäuelsalz z2HS 1

1.3. Stratigraphy

All of the beds in the salt dome, from Zechstein 2 to Zechstein 4, were 
penetrated. The sequence is highly folded and thus the same layers were drilled 
through several times, making comparison possible. An overview is given in Table I. 
There is little difference between these beds and the Zechstein strata in the 
Hannover potash mining district. The original thickness of the Stassfurt sequence 
can only be estimated, owing to the intense folding and lack of marker horizons.
A maximum of 800 m is estimated. The Leine sequence is a maximum of 
320 m thick and the Aller sequence about 60 m. The thickness of the Zechstein 
sequence therefore totals about 1100 m.

1.4. Composition

The proportion of rock salt beds in the sequence is estimated to be 85-88%; 
the remainder is claystone, anhydrite and camallite. More than 500 chemical 
analyses have been carried out on the rock salt, showing that it is about 96% 
halite. The remaining 4% consists of anhydrite, together with small amounts 
of polyhalite, kieserite, clay minerals and several other salt minerals [4].
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1.5. Structure

The structure of the salt dome is shown in the geological map of the top of 
the dome (Fig. 1) and the cross-section through the dome (Fig. 2). Study of the 
drill cores shows that in all cases known so far the fold axes have a gentle plunge 
parallel to the longer axis of the salt dome. Thus, there is no evidence in the 
study area for steeply plunging, curtain folds.

Two structural elements that extend over a large area can be observed in 
the map and cross-section. The first is the Stassfurt rock salt complex of the 
main anticline of the salt dome. It is bounded on the north-west by the younger 
beds of z3 to z4. The second structural element is the inverted syncline of 
z3 and z4 beds south-east of the core zone. The south-east part of the syncline 
is bounded by the plunging fold of Stassfurt rock salt from the core zone. The 
width of the inverted syncline varies with the depth of its axis: the deeper the 
axis the narrower the structure.

1.6. Brines

Brine was found in the four deep boreholes mainly in the Hauptanhydrit 
(z3HA). The main component was MgCl2. The brines are considered to be 
released during metamorphic processes in the salt. The results of the chemical 
analyses and the pressure measurements indicate that there are no paths between 
the brine reservoirs and the country rock of the salt dome.

1.7. Gases

Gas and condensate seeped from the Orangesalz (z30S) into the preliminary 
boreholes for the shafts. Samples of rock salt from other horizons in the other 
boreholes also contained gas (hydrocarbons in each case). Chemical, isotopic and 
fluorescence analyses of the gases from the rock salt point to the basal Zechstein 
as the source rock. The origin of the gases in the Stassfurt seam (z2SF) could 
not be identified.

1.8. Cap rock

Forty-four boreholes were drilled into the top of the salt dome to explore 
the composition and structure of the cap rock and to compile a geological map 
of the top of the dome. In the area of a subglacial channel and its surroundings, 
the cap rock was partly brecciated. This produced a time marker for calculation 
of the rate of post-Elsterian subrosion of the salt dome: about 0.04 mm/a on 
average during the last 300 000 years.
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1.9. Shaft sites

It is better if the shafts are constructed entirely within the rock salt. Clay- 
stone, anhydrite and potassium salt should be avoided. The Stassfurt rock salt 
and the lower part of the Leine rock salt provide promising sites for the shafts. 
Owing to its somewhat better mechanical properties, the Leine rock salt was given 
preference. The two preliminary boreholes for the shafts penetrated only rock 
salt that is suitable for the construction of the shafts [2].

2. HYDROGEOLOGY OF OVERBURDEN AND GROUNDWATER
MOVEMENT

2.1. Field-work

Hydrogeological investigations have been carried out in the area of the 
Gorleben salt dome to assess the movement of groundwater in the sediments 
covering the dome [5]. The investigation programme mainly involved exploratory 
drilling (more than 150 boreholes), the sinking of observation wells, geophysical 
well logging and geoelectric surveys, petrological and palaeontological identifica
tion of drilling samples, and the execution of four extensive pumping tests.

More than 300 piezometers have been installed in the area at various 
depths, depending on the local aquifer system [6]. The piezometric head of 
groundwater is monitored at different depths; water samples have been taken 
for chemical and isotope analysis, and various measurements have been made to 
determine the pressure distribution in the aquifer system and the velocity and 
direction of the groundwater flow. From the pumping tests, three of which 
were undertaken in aquifers filled with saline water, the permeabilities of the 
aquifers and their lateral boundaries were determined.

2.2. Groundwater system

The majority of sedimentary rocks covering the dome are of Tertiary to 
Quaternary age. Above and in the immediate vicinity of the dome, the base of 
the Tertiary is situated generally between 200 and 250 m below sea-level. On 
the flanks of the dome, the base of the Tertiary descends to more than 500 m.

The sequence of Tertiary deposits comprises the following units:

-  Predominantly clayey and silty sediments of Palaeocene to Oligocène age,
-  Medium to fine grained sands of the Miocene.

The Quaternary deposits overlie the Tertiary rock and rest on a strongly 
undulating surface with a maximum depth of 320 m below sea-level (Fig. 3).
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FIG. 6. Groundwater model pattern with discharge areas (dashed line: boundary o f  salt 
dome at 300 m level).

The sequence of Pleistocene deposits comprises gravels, sands, clays and tills of 
various glacial and interglacial epochs. During the first glacial period in the 
north of the country, a system of branching erosional channels developed. One 
such channel crosses the area of the salt dome, and erosion along this channel 
reached the cap rock or the salt in some places (Fig. 4). Within the erosional 
channels, a fairly thick sequence of coarse to medium grained fluvio-glacial sands 
was deposited with intercalations of till. The sequence is overlain by a complex 
of silts and clays up to 110 m in thickness.

The base of the groundwater system is formed by Tertiary clays and silts at 
general depths of 150-250 m, and rises to between 100 m and a few metres 
below the surface above the dome and its flanks. Over the salt dome the thickness 
of the impermeable base of the aquifer is reduced and locally it is absent.
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FIG. 7. Horizontal components o f calculated groundwater flow in a plane 170 m below 
mean sea-level.

Throughout the study area the freshwater body is underlain by rather saline 
groundwater. The salt content usually increases with depth and reaches saturation 
at depths greater than 220 m below mean sea-level. In some parts of the area, a 
comparatively high salinity is also observed near the surface. A water-level 
contour map has been constructed from measurements made in the shallow 
aquifer (Fig. 5).

The regional groundwater flow is predominantly from the south-east towards 
the north-west, and a local recharge mound of about 3 m height exists south of 
the dome. This piezometric head distribution causes the groundwater to flow 
through the various aquifers over the salt dome.
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2.3. Model calculations

With the help of model calculations, the following problems had to be treated

-  How fast and in which direction does the groundwater move?
— Does the saline water, especially in the subglacial channel, move or is it

nearly stagnant?

A three-dimensional mathematical model was used to determine the ground- 
water movement [7]. Figure 6 shows the boundary of the Gorleben salt dome 
at a depth of 300 m and the model boundaries defined by the groundwater 
divides and the groundwater axes of the low-lying areas.

The model consists of 15 horizontal planes above one another, each plane 
containing 380 nodes. Thus, it is possible to take all knowledge of the hydro- 
geological situation into consideration. In the top plane, the model uses a 
variable recharge-discharge function, depending on the differences between the 
groundwater-level and the surface. As an example, Fig. 6 shows a plot of the 
calculated discharge rates. The bottom plane of the model represents Tertiary 
clay layers and the cap rock or the salt dome itself.

A flow of several metres per year is calculated for a depth of 170 m below 
mean sea-level (Fig. 7). The groundwater flow field mirrors the hydrogeological 
situation. Outside the salt dome structure, the groundwater flows in the Miocene 
sands surrounding the dome. Above the salt dome, high velocities are calculated 
for the Quaternary subglacial channel system, where the main channel crosses 
the salt dome from south to north-east. At greater depths in this groundwater 
model, a flow of more than 1 m/a only occurs in the main channel and in the 
Tertiary sands north-west of the salt dome.

Owing to the necessity of safety analyses for radioactive waste emplace
ment, flow paths were calculated with the model. Starting at selected points at 
the base of the aquifer system, the paths end in the lowlands with travel times 
of 1000-3000 years.

These model calculations were carried out assuming water of constant density 
and are only an approximation in the deeper parts of the aquifer system owing 
to the groundwater density variations. This highly saline water must be treated 
separately, especially at the bottom of the subglacial channel. For realistic 
calculations, porewater pressure combined with water density instead of hydraulic 
potential must be used.

Figure 8 shows a cross-section through the mainly sandy aquifer at a depth 
of about 120-250 m below mean sea-level in the subglacial channel. The aquifer 
is separated from another one above it by low permeability layers (silt, clay and 
boulder clay). The included lines are lines of equal density obtained from 
measurements on 16 water samples and geophysical logs. The transition zone is 
nearly 30 m thick. The densities increase towards the north-east, the flow 
direction of the fresh water in the top aquifer.
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SW NE

FIG. 8. Section through aquifer on top o f  salt dome, showing density and velocity o f saline 
groundwater.

A special equation that defines the difference between the velocities above 
and below a density discontinuity with respect to the difference between the 
densities and the inclination of the interface can be used to estimate the ground- 
water velocities in the salt water. This equation includes the Ghyben-Herzberg 
relation as a special case. If we assume a hydraulic conductivity of 3 X 1СГ4 m/s 
for the aquifer and a constant horizontal pressure gradient above the salt water, 
the calculated Darcy velocity is in the range of 4-5 m/a in the groundwater 
directly above the transition zone. These velocities decrease continuously with 
increasing depth.

If direct flow measurements, made before 1984 with a radioactive tracer 
in the screens of the observation wells (Fig. 8), are compared with the calculated 
flow velocities and the results of the model calculations, there is good agreement 
between all of the results.
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Abstract

GEOTECHNICAL AND ROCK MECHANICAL INVESTIGATIONS FOR THE DESIGN OF 
THE KONRAD REPOSITORY.

The Konrad iron ore mine, near Salzgitter-Lebenstedt in the Federal Republic of Germany, 
has been selected as a potential repository for radioactive waste that does not generate heat. 
Advantages of the Konrad site are the mine stratum thickness of several hundred metres and 
the low permeability of the geological formations. To enable a stability assessment of the 
planned repository to be established a rock mechanical concept has been developed which 
utilizes in situ measurements, numerical calculations and mining experience gained during 
20 years of operation. The paper discusses the in situ measurements concerning mine subsidence 
and gallery convergence problems. Subsidence measurements were started even before ore 
extraction began, providing current investigations with data collected over the 20-year extraction 
period. The measurements show that the mine has been stable since it was opened and the 
overlying strata, consisting of marlstone formations, have undergone deformations without 
exhibiting any failure. Stability evaluation of the planned repository was carried out using 
finite element analysis with the ADINA computer program. Two problems are dealt with in 
detail: the stability of room and pillar mining when driving galleries for radwaste disposal, 
and stability in connection with the sealing of the shafts. It is demonstrated in both cases that 
despite the existence of local plasticization zones no particular stability problems occur. The 
mining experience gained shows the feasibility of the planned repository with regard to the 
excavation of the disposal rooms.

1. OBJECTIVES OF GEOTECHNICAL AND ROCK MECHANICAL
INVESTIGATIONS

The objectives of the geotechnical and rock mechanical investigations into 
the use of the old Konrad iron ore mine, near Salzgitter-Lebenstedt in the Federal 
Republic of Germany, as a final repository for radioactive waste that does not 
generate heat may be summarized as follows:

— To prove the overall stability of the mine and that the overburden has not 
been affected;

385
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-  To prove that it is possible to determine dimensions for the planned repository 
rooms and intervening pillars such that no drift collapses or pillar failures
can occur during the operational phase;

-  To prove that, as a consequence of the planned repository rooms, the 
overburden is not detrimentally affected either during or after the operational 
phase;

-  To obtain data on the order of magnitude of the convergence processes that 
will continue after sealing of the planned repository rooms, and on the 
influence of convergence on the safety analytical investigations;

-  To prove that the abutments of the proposed shaft seals are not detrimentally 
affected by rock mechanical processes.

The required proofs are not comparable with those for classic building or 
civil engineering works [1]. It is not possible to transfer the clear definitions of 
loads and materials as used in such works to underground mining. When constructing 
underground rooms it is particularly necessary to take into account the rock 
structure and the primary geomechanical status of the rock mass, and to bear 
in mind that the relationships between loading and deformation behaviour of the 
rock mass are not usually proportional.

2. GEOLOGICAL REVIEW

The geological formation of the ore deposit is causally related to the north- 
south salt dome chain, Broistedt-Vechelde-Rolfsbüttel-Wendeburg, along the flanks 
of which the oolitic iron ore was deposited [2]. The Jurassic strata in which 
the iron ore is found dip in the area of the mine at approximately 22° towards 
the west in the direction of the salt dome (Fig. 1). Prior to the Lower Cretaceous 
period erosion was fairly widespread and truncated the tops of the pre-Cretaceous 
rocks. The Lower Cretaceous, with its predominantly clayey to marly rocks, is 
widespread and is absent only in the areas above the salt dome; in the area of 
the Konrad mine it is between 400 and 550 m thick. Overlying it are layers from 
the Upper Cretaceous and the Quaternary.

The following geological factors were of decisive importance in selecting 
the Konrad location as a potential site for a repository for radioactive waste 
that does not generate heat:

-  The former iron ore mine, at depths of 800-1300 m, is well covered by a 
Lower Cretaceous claystone-marlstone sequence several hundred metres 
thick and of low permeability.

-  The ore horizon does not crop out anywhere in the vicinity of the Konrad 
mine; for this reason there is no direct contact between the deep ground- 
water and the groundwater near the surface or the biosphere.

-  The barrier represented by the Lower Cretaceous is not cut by any fault 
zones. Larger fault systems usually terminate in the Lower Albian.
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K o n r a d

FIG. 1. Geological cross-section o f Konrad site (by W. Jaritz, 1985).

3. ROCK MECHANICAL CONCEPT

There are no tried and proven techniques or procedures available for achieving 
the investigative objectives listed in Section 1, because there are as yet no precedents 
for the construction of final repositories for radioactive waste. With this as the 
starting point, a concept for rock mechanical investigation was developed in 
which, on the one hand, previous practical knowledge and experience of mining 
and underground construction are integrated, and which, on the other hand, 
allows for the inclusion of investigative methods developed and tested during the 
last few years in rock mechanics and geotechnology. This procedure is clearly 
at variance with that leading to the standard safety proofs required in building 
construction and civil engineering.

In the case of the Konrad mine (Fig. 2) the rock mechanical concept 
encompasses the following elements:

(a) Rock mechanical in situ measurements with the following objectives:

— To interpret previous rock mechanical processes in the mine resulting from 
ore extraction,

— To validate and confirm location specific geomechanical processes resulting 
from the particular rock mass structure and the composition of the rock mass,

— To verify calculation models intended for planning,
— To make records as evidence within the licensing procedure.

(b) Rock mechanical calculations for the following:

— Assessment of the stability of previously driven mine sections,
— Assessment of the stability of the planned repository sections,
— More detailed interpretation of rock mechanical in situ measurements,
— Assessment of the integrity of the overburden as a geological barrier.
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FIG. 2. Ground plan o f Konrad mine and positions o f planned waste disposal sections (l-6bj.
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(c) Mining experience gained at the Konrad mine to aid in the following:

— To enable conclusions to be drawn from the degrees of excavation during
the mining period,

— To allow analysis of the influence of petrographic and tectonic characteristics 
with respect to opening of the old mine workings,

— To establish the influence of the various mining methods used in ore 
extraction as well as drifting,

— To analyse the effectiveness of rock anchor linings in extraction drifts and 
level headings.

The Bundesanstalt für Geowissenschaften und Rohstoffe (BGR) regards the 
application of this concept to the planning of a final repository in the Konrad 
mine as currently representing the optimum method for treating the stability 
questions specific to this mine.

4. RESULTS OF ROCK MECHANICAL INVESTIGATION

The results described below are a selection from the overall results processed 
and are intended to throw light on the procedures used.

4.1. Rock mechanical measurements

Ground level subsidence measurements were started at the surface as early 
as 1964. The start of rock mechanical measurements underground began a 
year later. In this manner the requirements were established early for measuring 
the effects of ore extraction from the time of the start of production in 1965 
through to termination in 1976. Measurements of the following are being under
taken:

— Subsidence at ground level, using levelling
— The drop in roof level in the main levels
— Convergence in the main levels and exploratory drifts
— Rock mass deformation above a former working field that has been 

hydraulically backfilled (flushing field)
— Rock stresses
— Shaft depths.

4.1.1. Subsidence measurements

Subsidences were measured using precision levelling on a fixed network of 
390 points distributed over approximately 40 km2. The results of these measure
ments may be summarized as follows:
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— The first subsidences occurred approximately one year after the start 
of mining.

— The maximum subsidence of the trough is in the area above the flushing field. 
In May 1985 the subsidence here totalled 264 mm. The subsidence trough 
had a limiting angle of between 35 and 39° (Fig. 3).

— During ore extraction the maximum rate of subsidence over the southern 
field was 2.8 mm/month; in 1985 this had reduced to only 3 mm/year.

— The development over time of the subsidence of levelling points does not 
indicate any irregularities. The trough is subsiding uniformly (Fig. 4).

Overall, the subsidences may be considered as small. This is confirmed by 
the fact that no damage has been observed at the surface. The measurement 
results allow the assumption to be made that the subsidences are close to their 
final values.
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Convergence
(mm)

F I G .  5 . K o n r a d  m i n e :  c o n v e r g e n c e  o f  a n  e x p l o r a t o r y  d r i f t  v e r s u s  t i m e .

4.1.2. Convergence measurements

A large number of convergence measurement stations were set up on the 
main levels and exploratory drifts. It proved in part possible to carry out initial 
measurements very soon after cavity excavation.

The evaluation of the convergence measurements has provided the following 
results:

— The convergence processes observed in the Konrad mine are not based on 
creep processes, as in rock salt, for example. They are rather related to 
microfissuring processes in the nearby surrounding rock, which lead to 
deconsolidation of the rock mass.

— The convergence of the drifts over time may be described using a logarithmic 
function (Fig. 5).

— The convergence behaviour of the drifts is dependent upon the degree of 
excavation: the higher the degree of excavation the higher the convergence.

— The floprs of the drifts frequently show greater convergence than the roofs.
— In drifts which pass through old mine sections the effects of stress redistribu

tion in the area of the old workings are continuing. Even now, ten years 
after the end of extraction, convergence is still being measured there.
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F I G .  6 . S t r e s s - s t r a i n  b e h a v i o u r  o f  a  ‘K o n r a d ’ s a m p l e .

4.2. Numerical calculations

In addition to the various rock mechanical investigations carried out 
underground the BGR executed numerical calculations to assess the rock mechanical 
processes in the overburden and the stability of the repository storage areas.

On the basis of the planned layout of the repository an investigation was 
made of the extent to which a ratio of 1:4 for the width of a storage room to the 
width of a load bearing pillar, as used in the planning stages, would assure 
sufficient stability of the pillars. The proposed disposal rooms run parallel to 
the strike of the deposit.

In addition, in a feasibility study, numerical investigations were carried out 
with respect to the shaft sealing systems proposed for installation after termination 
of the operational phase of final storage.

All calculations were carried out using the finite element program system, 
ADINA.

4.2.1. Rock mechanical parameters

In order to describe the failure behaviour in the model calculations it is 
necessary to establish the mechanical parameters of the rock mass. The rock mass 
in the area under investigation should be regarded as a jointed discontinuity, but 
the determination of strengths in the laboratory is limited to intact rock samples. 
Because of this, many triaxial cell tests were used to determine not only the 
maximum compressive rock strength but also the residual shear strength. In the 
post-failure phase the residual shear strength is determined by the artificially 
created discontinuity surfaces of the elastic, brittle material formed in the test 
and is related to surface orientation, the imposed spatial stress conditions and 
roughness.
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Load on the model 7  h

F I G .  8 .  F i n i t e  e l e m e n t  m o d e l  f o r  a  r o o m : p i l l a r  w i d t h  r a t i o  o f  1 : 4 ;  d i p  a n g l e :  a b o u t  2 2 ° ;  

n u m b e r  o f  n o d e s :  1 7 9 9  ( 8  n o d e s  i s o p a r a m e t r i c ) ;  n u m b e r  o f  e l e m e n t s :  5 8 2 .

The integration of the post-failure strength, established using the angle of 
friction and cohesion c, into the calculation model indicates a degree of 
separation for the rock mass in question of approximately 100%; however, this 
represents a very conservative evaluation of the actual load bearing strength of 
the rock mass.

In the pre-failure phase the stress-strain behaviour of the rock mass of the 
Konrad mine is linear-elastic in many areas. As shown in Fig. 6, the post-failure 
phase is characterized by elastic-pseudoplastic behaviour, which was approximated 
in the numerical calculations by an ideal-plastic material law and the flow rule of 
Drucker and Prager.

4.2.2. Room and pillar model

The finite element model describes as a slice a rock mass section, 170 m 
wide and 135 m high, which is subjected to a stress corresponding to the over
burden load at a depth of 1000 m (Fig. 7). Three standard room cross-sections 
(about 40 m2 in area) based on a clear horizontal separation of about 28 m 
(Fig. 8) were discretized with a finite element net. With an average room width
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F I G .  9 .  L o a d i n g  c o n d i t i o n s  a r o u n d  r o o m  c r o s s - s e c t i o n s  ( a b o u t  4 0  m 2)  f o r  a  r o o m : p i l l a r  

w i d t h  r a t i o  o f  1 : 4 .  7? = z u l . s f f i / v o r h . s f t i ,  w h e r e  z u l . s / l ^  -  аЦ- к w i t h  I¡ = 3om a n d  

v o r h . y / l ^  = { ( 1 / 6 )  [(ctj - ct2)2 +(ffi ~ o f ) 2 +  ( p 2 -  Стз)2] Ÿ n - D e p t h  o f  m o d e l :  1 0 0 0  m .

of approximately 7 m this represents in the model the planned roomipillar 
width ratio of 1:4.

Any stress condition created in the model was designated by 77, which 
represents the ratio of the maximum permissible shear stress to the existing 
deviatoric stress. If the yield strength is reached then 77 approaches unity. Figure 9 
illustrates the distribution of deviatoric stress in the form of 77-values for the case 
of empty rooms, rock bolting not being taken into account.

The average depth of the deconsolidated zone, or plasticized zone, was 
determined as 5 m into the side walls of the rooms. If the failure surface 77 = 1 
is related proportionally to the total cross-section of the pillar, the degree of 
deconsolidation (plasticization) is found to be approximately 35%. Thus the 
overall stress condition with respect to the possibility of an abrupt pillar failure 
is regarded as uncritical.

Mining experience of the ore deposit and the investigation results show that 
the construction of stable repository rooms, i.e. within the scope of mining 
engineering, is possible and that the overall stability of the underground structure 
of the mine is assured.
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F I G .  1 0 .  F i n i t e  e l e m e n t  m o d e l  o f  s h a f t  s e a l .

4.2.3. Shaft sealing system

A feasibility study investigated a sealing system, the major components of 
which were constructed on the basis of previous experience of shaft sealing 
systems, both in salt mining and in coal mining. The planned system consists 
of a hydrostatic and a hydraulic sealing section, in which the sealing function is 
provided for the most part by asphalt. The two sealing sections are separated by 
a static, load bearing concrete block (Fig. 10).

In terms of rock mechanics it must be verified that the polygonal, wedge 
shaped concrete abutment to be constructed is capable of transferring the
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F I G .  1 1 .  I n t e r a c t i o n  b e t w e e n  a b u t m e n t  a n d  r o c k  a t  a  d e p t h  o f  3 0 0  m  b e l o w  g r o u n d  l e v e l .

pressures from the overlying asphalt column, as well as water pressures that could 
result from cavity convergence within the mine, into the surrounding rock mass. 
The rock mass in the abutment zone must then be able to withstand these loads 
without becoming overstressed.

The calculations, made with the finite element net illustrated in Fig. 10, 
of the interaction between abutment and rock mass show that under the model 
conditions selected a cohesion of c >  3.0 MPa and an angle of friction of = 24° 
for the rock mass provide sufficient strength for load transfer under static 
conditions (Fig. 11 ). Plasticization of the rock mass (»? = !) did not occur under
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these conditions. Overall, the investigations showed that with the design 
selected a final repository can be sealed securely.

4.3. Mining experience

On the basis of experience gained during the 20-year operating period of 
the mine as well as repeated investigation during 1983-1985 of old extraction 
drifts that had not been backfilled, the following facts have been established:

— The condition of the drifts depends predominantly on the degree of 
excavation, the method of excavation and the local geological conditions.

— The approximately 20-year-old extraction drifts constructed using the 
raising room and pillar method, with degrees of excavation of about 66% 
and backfilling of rooms, are for the most parfintact and still usable today.

— The extraction drifts with non-backfilled rooms in the loading, hauling and 
dumping (LHD) field, with degrees of excavation of about 30%, are for the 
most part collapsed and no longer usable.

— The rock zone of the LHD field is subject to more intense tectonic stresses 
than the area of the raising room and pillar method.

Overall, experience and observation lead to the conclusion that the stability 
of the mine structure during the entire operating period was not in any danger.

5. ASSESSMENT OF INVESTIGATION RESULTS AND CONCLUSIONS

Measurements, calculations and mining experience were used to assess the 
rock mechanical situation of the Konrad mine, bearing in mind the expansion of the 
pit both during ore extraction and up to the current underground excavations, 
and taking particular account of the construction of additional repository areas.
It should be noted that the degrees of excavation of 66% and 30% in the case of 
ore extraction reduce to approximately 20% in the case of the excavation of 
storage rooms. The assessment results may be summarized overall as follows:

— During ore production, as well as in the subsequent investigation and 
exploratory phases, no critical rock mechanical situations occurred in the 
Konrad mine.

— At no point was a sudden convergence of drifts established in the underground 
structure of the mine.

— During the excavation of rooms and drifts the effects on the surrounding rock 
mass were kept within the scope of mining control.

— The stability of the Konrad mine in its present condition is not in doubt.

With regard to the planned ‘Konrad final repository’ the following may be 
stated:
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— Damage to surface facüities and buildings is not expected.
— The effects of excavation of repository areas on shafts 1 and 2 will be 

negligible and not destabilizing.
— The overburden is subject to homogeneous deformations which are approaching 

their final values.
— The excavation of the planned repository areas will not create any critical 

stress conditions in the overburden.
— The planned room:pillar width ratio corresponds to a load bearing capacity 

of the pillars that is well below the permissible maximum.
— Geological and tectonic data deviating from those used in the calculation 

model can influence the decision on the size of the pillars.
— The evaluation of the rock mechanical measurements in the mine during 

ore extraction and thereafter, as well as the analysis of mining experience 
accumulated during the 20-year operational period, provides grounds for 
assuming that the planned room and pillar system is stable.

In terms of rock mechanics, therefore, one may conclude that the stability 
of the mine during the operation phase of waste disposal will not be endangered. 
Similarly, effects detrimental to the efficiency of the overburden barrier are not 
expected, either as a consequence of the former ore extraction or as a result of 
the construction of storage areas for a final radwaste repository.
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Abstract

EXPERIMENTAL INVESTIGATIONS OF POSSIBLE RADIONUCLIDE RELEASES FROM 
THE PLANNED REPOSITORIES IN THE GORLEBEN SALT DOME AND KONRAD IRON 
ORE MINE AS PART OF THE LONG TERM SAFETY ASSESSMENT.

It is intended to operate repositories for radioactive wastes in the former Konrad iron ore 
mine and in the Gorleben salt dome in the Federal Republic of Germany. The long term safety 
of these repositories must be demonstrated with a site specific safety assessment. For this 
purpose it is necessary to determine the relevant data on the geological situation, the design 
and construction of the repositories and the radioactive wastes to be disposed of. The total 
radionuclide inventories are estimated to be of the order of 1021 Bq for Gorleben and 1018 Bq 
for Konrad. The scenarios for the long term safety assessment have been established. Most of 
the site specific data have been determined by intensive site investigations, except the under
ground exploration of the Gorleben salt dome, which is in preparation. The distribution of the 
relevant radionuclides between the site specific waters and sediments has been investigated in 
order to derive retardation factors for the safety assessments. 1

1. INTRODUCTION

In the Federal Republic of Germany it is intended to dispose of all kinds of 
radioactive wastes in solid or solidified form in deep geological formations. Two 
repositories, located in the north-eastern part of the country, are planned. One of 
the repositories, in the Gorleben salt dome, is planned for all types of radioactive 
wastes. The other, in the former Konrad iron ore mine, is planned for radioactive 
wastes with a negligible thermal impact upon the host rock.

The safety of a repository must be demonstrated with a site specific safety 
analysis of the operational and post-operational phases. Any possible release of 
radionuclides with water as a transport medium must be assessed to ensure the 
long term safety. For this purpose it is necessary to determine the relevant data on

401
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the site specific geological situation, the design and construction of the repositories 
and the radioactive wastes to be disposed of. As the Physikalisch-Technische 
Bundesanstalt (PTB) is responsible for the construction and operation of repositories 
in the Federal Republic of Germany, these basic investigations are being carried 
out by the PTB, in co-operation with the Bundesanstalt für Geowissenschaften 
und Rohstoffe (BGR) and contractors. Supporting R&D programmes are performed 
on behalf of the Bundesministerium für Forschung and Technologie (BMFT), e.g. 
in research institutes and universities.

2. BASIC DATA

2.1. Site, design and construction of repositories

2.1.1. Gorleben

In Gorleben the programme of site investigation from the surface has been 
completed. About 50 holes were drilled into the top of the salt dome and 6 
deep into the dome, as well as more than 300 other drill holes for investigating 
the groundwater situation [1]. Most of the holes were developed as wells.

Next, the preparations for shaft sinking by the freezing technique were 
made [1]. This method must be applied because the overlying strata of the dome 
partly consist of water bearing horizons. The sinking of the first shaft started in 
February 1986. The two shafts will be completed in 1989, and then the 
underground investigation of the dome will begin at a depth of 840 m. It is planned 
to investigate an area of about 19 km2 by means of exploratory drifts and drilling 
from these drifts.

The construction of the repository can be started in 1995 if the underground 
investigation and the plan approval procedure lead to positive results at the 
beginning of that year. In this case, the first emplacement of radioactive waste 
will be possible around the year 2000. Heat generating wastes are planned to be 
disposed of in boreholes 300 m or more in depth. It is planned to store 
non-heat-generating wastes separately in mined cavities [2].

2.1.2. Konrad

In 1982 the PTB filed an application for the initiation of a plan approval 
procedure for the former Konrad iron ore mine near Braunschweig. In the mean 
time, further site investigations have been carried out. A specially designed 
underground investigation programme was conducted, consisting of exploratory 
drifts and further drill holes as well as a 1000 m deep drill hole from the surface 
to obtain further information on all important geological horizons.
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The underground mine area taken into consideration at the present time 
allows the construction of storage rooms for a waste volume of about 650 000 m3. 
The waste packages will be stored in galleries with a cross-sectional area of about 
40 m2. Depending on the waste amounts arising, an operational period of more 
than 20 years is anticipated. Provided that the plan approval procedure has a 
positive outcome, the emplacement of radioactive wastes may be started in about 
1990.

2.2. Radioactive wastes

2.2.1. Types o f  waste and planned disposal

Radioactive wastes from the following sources are being considered for 
disposal in the Konrad mine or in the planned repository in the Gorleben salt 
dome:

— The planned Federal German reprocessing plant as well as foreign reprocessing
plants (BNFL and Cogéma)

— Nuclear power plants
— Collection depots of the Federal States (Länder)
— Nuclear research establishments
— The nuclear fuel cycle industry
— The decommissioning and dismantling of nuclear facilities
— The pharmaceutical industry and Federal German Armed Forces.

Only radioactive wastes with a negligible thermal impact upon the host rock 
are assigned for the Konrad mine. These wastes can be roughly divided into:

— Liquids, concentrates and sludges
— Ion exchange resins
— Compressible or combustible materials
— Dimensionally stable solids
— Filters and multiple-tube filters
— Ashes, powders and granules
— Scrap and insulating materials, rubble and contaminated soil
— Other radioactive wastes.

For the purpose of immobilization, cement,' concrete, bitumen or polystyrene 
is used. Preference is given to cement and concrete. Furthermore, new condi- ‘ 
tioning techniques without immobilization are being applied using thick walled 
cast iron containers as packaging or by using high pressure compaction.

In accordance with operational requirements the types of containers and boxes 
have been standardized and, as a result, six cylindrical and six rectangular types of 
packaging have been adopted in the planning work for the Konrad mine [3]. Single
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waste drums of 200 or 400 L volume are not accepted for emplacement unless 
they are packed in standardized rectangular boxes.

In addition to these wastes it is planned that the Gorleben salt dome will be 
used especially for the disposal of significantly heat generating wastes from the 
reprocessing of spent fuel elements, such as:

— Vitrified fission product solutions
— Cemented hulls and ends
— Cemented clarification fines.

Beyond this, the disposal of non-reprocessed spent fuel elements from light 
water reactors and from pebble bed reactors must be taken into consideration. 
Final decisions on the detailed incorporation of non-reprocessed spent fuel 
elements into the disposal programme for Gorleben are still pending.

2.2.2. Amounts o f  waste

According to a determination made up to 31 December 1984, about 
25 100 m3 of conditioned radioactive wastes have accumulated in the Federal 
Republic of Germany. Their origins are shown below:

Nuclear research establishments 40.0%
Nuclear power plants 29.4%
Pilot reprocessing plant, Karlsruhe 20.5%
Collecting depots of Länder 7.1%
Nuclear fuel cycle industry 2.8%
Other 0.2%

Additionally, about 7000 m3 of unconditioned waste have been stored.
On the basis of these figures and assumptions on the further growth of 

nuclear installations, it is estimated that in the year 2000 about 240 000 m3 
of conditioned radioactive waste will have to be disposed of. The expected 
amount of about 7000 m3 of significantly heat generating radioactive waste is 
included in this figure. The details are given below:

Nuclear power plants 38.3%
Reprocessing facilities 35.0%
Nuclear research establishments 20.3%
Nuclear fuel cycle industry 2.3%
Decommissioning and dismantling 2.0%
Collecting depots of Länder 1.7%
Other 0.4%
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2.2.3. Radionuclide inventories

To provide the necessary database for the planning work being conducted by 
the PTB, an extensive characterization of the radioactive wastes has been performed, 
including detailed information on the various radionuclide inventories, waste forms 
and packagings [4].

The cumulative activity inventory of the Konrad mine at the end of its 
operation as a repository has been estimated. Thus, the activity of ß- and y- 
emitters is of the order of 1018 Bq, and the activity of а-emitters is about 100 times 
lower. The activities of 60Co, I37Cs and 241Pu constitute the main part of the 
cumulated radioactivity.

For the planned repository in the Gorleben salt dome, on the basis of current 
planning work, the estimated cumulative inventories of ß- and 7-emitters and of 
а-emitters after 50 years of operation are of the order of 1021 and 1019 Bq, 
respectively. Strontium-90 and 137Cs significantly contribute to the total activity 
inventory.

3. LONG TERM SAFETY ASSESSMENT

3.1. Gorleben

The intrusion of the salt into the younger, overlying strata took place during 
the geological period from the Malm to the Lower Cretaceous. As a result of 
diapirism, the salt layers are folded. Detailed knowledge of the interior of the 
salt dome will only be available after underground investigation. Possible incidents 
are therefore conservatively considered in theory for the long term safety 
assessment. It is assumed that thermomechanical effects caused by heat 
producing radioactive wastes can produce new pathways for waters in the anhydrite 
horizons in the post-operational phase of the repository (especially in the 
Hauptanhydrit). In this way water from the groundwater bearing overlying strata 
could intrude into the repository area. Contaminated brines could be released 
in the same way into the overlying strata owing to the convergence of the rock salt.

In the overlying strata of the Tertiary and especially the Quaternary, the 
sorption of radionuclides will then influence the migration of the radionuclides 
in the flow of groundwater. Preliminary results from an R&D study on the 
consequences of such a scenario have been published [5].

3.2. Konrad

The geological horizon in which the waste will be disposed of, the 
Korallenoolith (Oxfordian), which includes the iron ore, lies at a depth of about 
800-1300 m. It is covered by younger sediments, most of which have a very low
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permeability. In the scenario for the long term safety assessment it is assumed that 
in the post-operational phase the mine will be filled with waters from the 
surrounding rocks, which have a low permeability. The contaminated waters 
will then follow the general flow of groundwater in a northerly direction. About 
30 km from the repository the horizon of the Oxfordian comes near to the surface. 
This pathway is being modelled in the safety assessment and resulting individual 
dose rates are being calculated.

4. EXPERIMENTAL INVESTIGATIONS

4.1. Sampling

4.1.1. Gorleben

The Gorleben salt dome is one of about 200 situated in the northern part of 
the Federal Republic of Germany. They consist of salt from the Zechstein 
(Upper Permian). The overlying strata of the Gorleben salt dome consist mainly 
of sand, marl and clay. A special sampling method had to be developed for 
sampling under anaerobic conditions. Samples from all important aquifers and 
some aquicludes were taken (Table I) [6].

4.1.2. Konrad

For the investigations with sediments from the Konrad site, three different 
sampling methods were applied. First, samples from all important types of 
sediment which had been opened up in the mine were taken. Samples from the 
horizons of the mine’s overlying strata were additionally tâkèn from nearby 
quarries. Later, it proved necessary to make a deep drill hole in order to obtain 
further information on the sediments. It was thus possible to take fresh samples 
from all relevant horizons. Altogether 24 samples, especially of aquifers and 
aquicludes, were taken and investigated (Table II).

The samples for the batch experiments were broken up to diameters of 
2-6 mm. The samples acquired by deep drilling were then put into boxes 
filled with argon to prevent oxidation.

For each sample a characteristic water was taken from wells or from boreholes 
in the mine, with the exception of samples of the Cenomanian (Upper 
Cretaceous). For this formation a model water had to be used in the distribution 
experiments because there was no well in this formation. The boundary between 
fresh and saline water lies at a depth of about 170 m, i.e. the experiments with 
samples older than Turonian (Upper Cretaceous) were made with saline water.
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TABLE I. ORIGIN OF SAMPLES FOR RADIONUCLIDE MIGRATION 
EXPERIMENTS FOR GORLEBEN SITE

Stratigraphic unit Lithology Quality of 
groundwater

Depth of 
sampling 
(m)

No. of 
samples

Q u a t e r n a r y  -  P l e i s t o c e n e

Weichsel glacial Medium to 
coarse sand

Fresh 3, 10, 30 3

Eem interglacial Fine sand - - -
Saale glacial Fine to 

coarse sand
Fresh 20, 90, 130 3

Fine to 
coarse sand

Saline 60 1

Clay Model water 50 2

Boulder
clay

Model water 40 1

Holstein interglacial Silt Model water 90 1

Elster glacial Fine to 
medium sand

Fresh 110,120 2

Fine to 
medium sand

Saline 220 2

Fine to 
coarse sand

Saline 200,210,240 4

Silt to sand Model water 155 1

Silt Model water 145 1

Clay Model water 130 1

Pre-Elster Medium sand Saline 180 1

T e r t i a r y

Miocene Fine to 
medium sand

Fresh 55, 100, 140 3

Fine sand Sahne 75 1

Silt Model water 150 1
Oligocène Clay Model water 200 1
Eocene Fine sand Model water 175 1

sut Model water 170 1
Clay Model water 190 1
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4.2. Experimental techniques

To assess the long term safety of the two planned repositories the transport 
of radionuclides by water through the geosphere is being investigated in model 
calculations. The barrier function of these strata is characterized in the calculations 
by radionuclide retardation factors which are derived from experimentally obtained 
sorption/desorption data. For this purpose radionuclide distribution experiments 
with site specific waters and sediments have been carried out. Three experimental 
techniques have been used.

(a) Batch or static experiments

The removal of radionuclides from solution due to uptake by a solid phase 
is measured in a given amount of liquid and solid. Influences of relevant parameters 
on the sorption behaviour of radionuclides can be investigated in a comparatively 
short time. Nevertheless, experiments taking one year and more have been 
carried out.

(b) Column or dynamic experiments

With this method the retardation of radionuclides during transport through 
a soil or sediment is measured. Two kinds of column experiment have been 
performed:

— Flow-through experiments, in which a radionuclide spiked solution is passed
through a column;

— Recirculation experiments, in which a solution pre-equilibrated with the
radionuclides is recirculated.

(c) Diffusion experiments

These experiments have been performed on materials of low hydraulic 
conductivity in which diffusion may be the primary driving force of radionuclide 
transport.

Since the data to be evaluated from these investigations represent an important 
basis for the long term safety assessment of the repositories the laboratory 
conditions have been adjusted as closely as ppssible to the natural geological and 
hydrogeological situation. This has been done to allow for the transfer of 
laboratory results to natural systems. As the natural waters and sediments 
represent not a simple but a very complicated, multicomponent system, these 
experiments require the highest laboratory standards.

One important aspect of the sorption experiments is the measurement of 
the natural redox potential and the control of the redox conditions in the 
laboratory. The redox potential is one of the most important parameters
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influencing the oxidation states of redox couples and therefore the sorption/ 
desorption data. To stabilize realistic redox conditions the experiments were 
carried out in an inert gas atmosphere consisting of 99% Ar and 1% C02. The 
latter was added to preserve the original HCOj concentrations of the groundwaters. 
If an Eh drift due to unavoidable 0 2 leakages occurred, it proved to be very effective 
to purge the groundwaters with the inert gas. It was possible thus to readjust 
the original Eh values. It should be mentioned that these Eh drifts resulted 
chiefly in groundwaters separated from the associated sediments, which have an 
Eh buffering capacity. The use of N2 instead of Ar is not possible, because HN03 
is formed under radiation, resulting in a pH alteration of the system. Working 
under anaerobic conditions in the way described has proved to be superior to 
reduction with chemical agents.

4.3. Results of investigations

4.3.1. Influencing parameters

Influences on the sorption and desorption behaviour of radionuclides could 
be identified and quantified experimentally by varying one parameter in a given 
water-sediment system. Summarized below are the parameters which were studied 
if they were relevant to the chemistry of the elements:

— Aerobic/anaerobic conditions
— Variation of Eh
— Influence of sediment grain size
— Variation of volume/mass ratio
— Influence of complexing agents:

-  artificial (EDTA, tensides, citric acid)
— natural (humic acids, fulvic acids)

— Formation of colloids
— Variation of radionuclide concentration
— Dependence on experimental time
— Dependence on the solubility of the elements
— Influence of temperature
— Influence of pH
— Influence of radiolysis
— Influence of secondary substances (e.g. H2S).

Important and less important parameters could be identified and were found 
to be specific to individual radionuclides or elements in a homologous series. The 
results demonstrate that precise knowledge of the anticipated chemical environment 
in the repository and along the water path is a prerequisite for the identification 
of the sorption/desorption data for long term safety assessments. Contrary to 
expectations, the influence of the origin and composition of the sediments turned
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out to be of minor importance for the sorption/desorption data, except for the 
Konrad mine’s iron ore layers and the cohesive sediments. Most influence is 
exerted by complexing agents, both natural ones, such as humic acids, and 
artificial substances, such as EDTA. Other waste related complexing agents, 
such as citric acid or tensides, were found to be of minor importance for the 
radionuclide distribution. Additionally, the strongly complexing agents increase 
the solubility of polyvalent radionuclides, e.g. plutonium. The distribution 
of several radionuclides between the liquid and solid phases decreases with 
increasing salinity. The reason could be competition of different cations in ion 
exchange reactions (e.g. Cs), or formation of complex ions (e.g. with Pb), 
or coagulation of colloids (e.g actinides).

The pH influences the solubility (e.g. of Am). In experiments where water 
and sediments were present it was not possible to vary the pH for a prolonged 
period because of the buffering capacity of sediments. The solubility of the 
radionuclides is an important parameter. Complexing agents increase the 
solubility, carbonate precipitates Sr, Ra and Co, and a high salinity leads to 
a coagulation of colloidal particles. The redox potential is important for elements 
which undergo redox reactions (e.g. Tc, Np, U), including the elements enclosed 
in the sediments (e.g. Fe, Mn). Colloids represent an intermediate stage between 
mobile and immobilë species. As they are in principle able to mobilize elements 
and because they are formed by ions which undergo a hydrolytic reaction, it is 
necessary to make a separation in experimental investigations. A filtration step 
with a maximum particle size of 450 nm was therefore applied to the waters 
before and after the distribution experiments.

4.3.2. Sorption data

As already mentioned, it is not sufficient to evaluate only coefficients of 
sorption (Rs ) and desorption (RD) for the natural systems. It is also necessary 
to identify the parameters which influence the sorptive behaviour of the radio
nuclides and to understand the effects of these parameters on the distribution 
data. Only by these means is it possible to determine sorption/desorption values 
for model calculations reflecting the natural conditions. Maximum and minimum 
Rs and Rd values obtained for 20 different Gorleben soils and waters, illustrating 
the broad range of distribution data under natural conditions and after varying 
the physico-chemical state, have already been published [6].

Table III shows typical ranges of Rg values for Gorleben sediments, which 
can mainly be characterized as sands and consolidated matter such as marlstones 
and claystones. Regarding the sorption and desorption, the elements under 
investigation behave in general as is to be expected from their chemistry. Some 
special effects are pointed out below:
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(a) In some natural systems, especially with unconsolidated material, high Rs 
values for Tc were obtained. These cannot be attributed to the Tc02
ion, which only shows weak interaction with sediments. As the Eh of many 
natural systems lies in the order of magnitude range of +100 to +200 mV 
(standard hydrogen electrode), only TCO4 should be stable in acidic 
solutions [7]. For the high sorption values only reduced forms of Tc can be 
responsible. This indicates that in near neutral natural waters the TCO4 
redox potential might be of that order of magnitude.

(b) Similarly, the measured high sorption values for Np can be attributed to 
reduced forms of Np, because NpOj, which is the most stable form in 
aqueous systems, usually shows low sorption values.

(c) For iodine, Rs values up to 8 have been obtained. It has been proved that 
measurable retention of iodine is caused by microbial activity [8].

(d) The low sorption values for the actinides, especially Th and Pu, are due to 
the complexing effect of naturally occurring substances, such as humic 
and fulvic acids.

(e) Although formation of colloidal species occurs in near neutral fresh waters 
owing to hydrolysis, the sorption values, e.g. of Pu, are found to be high.
This indicates that the colloidal species are sorbed on the sediments.

In Table IV the Rs values measured for Konrad samples under natural conditions 
are given. Additionally, Rs values have been compiled which take into account 
the expected influences of the radioactive waste chemistry on the natural 
conditions. All these data have been prepared for the model calculations. In general 
the sorption data for the Konrad sediments follow the same trend as the data 
for the Gorleben soils, especially for the consolidated material. There are, however, 
some interesting results which should be pointed out:

(a) With the exception of the partially sandy Quaternary sediments, Np has rather 
high Rg values in fresh and slightly saline waters. This may be attributed to 
the redox potentials in these systems.

(b) The trivalent and tetravalent ions, especially Pu, show only a weak tendency 
to form colloidal species.

(c) There are only low concentrations of humic substances in the waters. 
Therefore, the mobility of the radionuclides under investigation cannot be 
influenced by these substances.

5. CONCLUDING REMARKS

A good database for the radioactive wastes to be disposed of has been 
developed in co-operation between the PTB and the waste producers. Thus, it 
was possible to calculate the anticipated cumulative radionuclide inventories of 
the planned repositories. The development of the database must be continued
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so that it will always be possible to describe the actual planning status. The 
Konrad site specific investigations on the sorption/desorption values are considered 
terminated. The experiments for the Gorleben site are planned to be continued 
with sediments gained by the sinking of shafts, because this material is deemed 
not to be altered by drilling. During the underground exploration of the salt dome, 
investigations on representative salt samples are being considered. It will thus 
be possible to provide the input data required for safety assessments.
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Abstract

METHOD AND INSTRUMENT NEEDS FOR DETAILED SITE CHARACTERIZATION 
FOR A REPOSITORY FOR SPENT NUCLEAR FUEL IN SWEDEN.

Site investigations in Sweden for a repository for spent nuclear fuel started in 1977. 
Around 1990 two or three out of ten or more possible sites will be selected for more detailed 
studies, and around 2000 one site will be selected for a licence application. When the detailed 
characterization stage begins, an extended investigation programme with new and improved 
methods and instruments will be required. To obtain data on the geometry of fracture zones 
and the distribution of rock types, cross-hole radar and seismic methods are expected to be 
extensively utilized. Cross-hole interference tests will be performed for determination of 
hydrogeological conditions. Measurements of rock stress and strength will be important in 
evaluation of hydraulic anisotropy, geological and tectonic history and repository design. The 
geochemical system has to be studied in detail by means of in situ measurements in boreholes. 
Methods have to be established to validate and verify conceptual models and model calculations 
of average groundwater flow and nuclide migration. These methods include comparisons with 
the surface water budget, the groundwater head distribution and the natural groundwater flow. 
At the end of the detailed characterization programme, a shaft will be sunk in at least one of 
the investigated sites. The results will be used to further improve the conceptual model and 
to verify the calculated groundwater flow and nuclide transportation. 1

1. BACKGROUND

Site investigations in Sweden for a repository for spent nuclear fuel started 
in 1977. Around 1990 two or three out of ten or more possible sites will be 
selected for more detailed studies. Around 2000 one of these sites will be chosen 
for a licence application. The time schedule for site selection is shown in Fig. 1.

417



418 ÂHAGEN et al.

1980 1985 1990 1995 2000 2005 2010
~ i---------------1-------

STUDIES OF 
SEVERAL SITES

1. Sterno

2. fjillvvdni

—  t -----------1---------------1—
DETAILED
INVESTIGATIONS

LICENSING ANO
SUPPLEMENTARY
STUOIES

3. GideS *
START OF 
CONSTRUCTION

1
4. K*mlunge

ь  ------------------ -

a ----------
>

APPLICATION 
FOR LICENCE

1  i
EVALUATION AND SCREENING

F I G .  1 .  T i m e  s c h e d u l e  f o r  s i t e  s e l e c t i o n .

According to the present concept, the final repository for spent nuclear fuel 
will be located at about 500 m depth in crystalline rock. If a one-storey repository 
is considered, an area of about 1 km2 will be needed to dispose of about 7800 t 
of spent nuclear fuel [ 1 ].

The site investigations up to 1990 will follow a standard programme modified 
to the local conditions at each site. As methods and instruments are developed 
further the programme will be updated. The standard programme is divided into 
four phases:

( 1 ) Reconnaissance
(2) Surface investigations
(3) Borehole investigations
(4) Evaluation and modelling.

In the first phase, available data, maps and satellite images are studied and 
field inspections of the sites are made for preliminary assessments. The result of 
this phase is a recommended list of sites where further investigations may be 
justified.

The second phase aims at defining major fracture zones and other geological 
characteristics by geological mapping and geophysical ground measurements 
within an area of 4-6 km2. The main features around the area are also mapped. 
The information obtained on the geological characteristics and fracture zones 
constitutes the basis for the drilling programme in the third phase.
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The objectives of the third phase are to confirm the results of the previous 
phase and to define the three-dimensional geometry of the fracture zones, and the 
hydraulic properties and chemical conditions of the bedrock and groundwater.
This phase normally starts with the drilling of a 1000 m deep vertical cored bore
hole in order to gain information on the rock at depth. Then a series of inclined 
boreholes are drilled to intersect fracture zones interpreted from the preceding 
phase (target drilling). Normally 10-15 cored boreholes and 20-40 percussion 
boreholes are drilled.

In the fourth phase, compilation of data, conceptual modelling and 
numerical modelling are performed. The groundwater flow at repository depth 
is calculated and the result is later used as one parameter in the nuclide migration 
modelling. At the end of the modelling procedure for the safety analyses, modelling 
of nuclide release to the biosphere is performed for different scenarios, e.g. a water 
supply from a nearby well. In this phase different assumptions have to be made 
on specific properties and conditions on the basis of laboratory tests of adsorption, 
diffusion, etc.

2. DETAILED SITE CHARACTERIZATION

The results and information obtained during the site investigations will form 
the basis for the activities in the detailed site characterization stage. The main 
characteristics of a site are known by this stage but, owing to limited information 
on geometry and other properties, all performance assessment analyses so far are 
based on conservative assumptions. The overall objective of the detailed characteri
zation stage is to furnish the performance assessment and safety analyses with 
realistic data and to optimize the design and construction of a repository.

To fulfil the overall objective, improvement and/or development of new 
methods and instruments are necessary. In this paper the plans for development 
of methods and instruments will be discussed briefly.

The degree of detailed knowledge necessary for a safety assessment is related 
to the models used. Currently, different network models are being developed and 
improved. In such models, statistical data on fracture length, aperture or trans
missivity, orientation and interconnection can be handled. As a result, average 
values and probabilities of flow, transport time, etc., can be calculated. Thus, the 
detailed site characterization stage has to provide data for these models by different 
investigation strategies and methods.

Rock stress is one important factor which must also be considered in the 
flow characterization. Owing to the tectonic history and/or the existing state of 
the rock stress, fractures and fracture zones within a block might exhibit different 
transmissivities in various directions. Also, surrounding larger fracture zones might 
show different properties. Thus, the coupling between the state of stress, hydraulic 
properties and tectonic history also has to be analysed for use in future scenarios 
on stability and safety.
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The investigations envisaged for the detailed characterization of two to three 
sites will concentrate on the following main objectives:

— To locate fracture zones and determine rock type distributions in more detail 
and thereby define the volume available for the waste repository;

— To establish the geological and tectonic history of the site;
— To determine the stress conditions in the repository area and the extent to 

which these might affect groundwater flow and/or repository design and 
construction;

— To characterize the hydrogeological conditions within the site;
— To establish the geochemical conditions and their influence on canister 

corrosion and nuclide transport in the rock surrounding the tentative 
repository;

— To verify conceptual models and to validate the calculated groundwater 
flow, transport and geochemical conditions.

3. METHODS AND INSTRUMENTS FOR DETAILED SITE 
CHARACTERIZATION

The methods and instruments expected to be used in the detailed site 
characterization stage have not yet been finally developed but their main features 
will be outlined here. The value of the data obtained by different investigation 
methods depends on the penetration, resolution, accuracy and evaluation- 
verification possibilities for each method or instrument used. Methods and 
instruments are partly under development within research programmes performed 
at Stripa in Sweden, the Underground Research Laboratory (URL) in Canada and 
Grimsel in Switzerland, and in other national and international research programmes 
[2, 3]. To meet the main objectives outlined above, methods and instruments are 
needed in order to determine and characterize:

— Fracture zones, fractures and rock type distribution
— Hydrogeological conditions
— Rock stress conditions
— Geochemical conditions.

They are also needed for conceptualization, modelling, verification and validation.

3.1. Location of fracture zones and rock types

Information on the 3-D distribution of fracture zones and other discontinuities, 
such as dykes or changes in rock type, is a basic requirement for characterizing a 
rock body for waste disposal.
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F I G .  2 . E q u i p m e n t  f o r  b o r e h o l e  r a d a r  m e a s u r e m e n t s .

The cross-hole seismic method can cover large rock volumes. In tests performed 
as part of the Stripa project separations between boreholes of up to 1000 m have 
been used [4]. The evaluation procedure involves a large amount of data which 
have to be processed. In experiments performed so far, a relatively low resolution 
has been obtained. In principle, the method should be able to distinguish features 
with an accuracy of the order of 1-5% of the borehole spacing, depending on 
contrast and geometry.

The seismic method is being studied and developed within the Stripa, Grimsel 
and URL programmes, and its effectiveness and limitations will be better under
stood within the next two or three years.

A method which has been substantially improved during the past two years 
is borehole radar. The bulk of the development work on the equipment and 
evaluation and presentation techniques has been undertaken within the Stripa 
project [5]. Borehole radar works in the frequency range of 20-100 MHz, which 
corresponds to wavelengths of about 1-10 m. The resolution obtained is normally 
a few parts of a wavelength or 0.1-1 m. The present radar system (Fig. 2) can 
be used for both single- and cross-hole applications.

In single-hole measurements information on the distance from a borehole 
to a reflection point is obtained, but the location of this point in space cannot
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be uniquely determined as the radiation emitted by the antennas has cylindrical 
symmetry. In the case of a planar feature the angle between the hole and the 
feature can be determined. If the measurement is repeated in two or more bore
holes not too far apart this ambiguity in the orientation of fracture zones can 
be resolved. In single-hole reflection measurements fracture zones have been 
detected at distances of 150 m from the borehole. Figure 3 shows an example 
of a result from a radar survey performed under a contract to the National 
Cooperative for the Storage of Radioactive Waste (Nagra) at the Grimsel rock 
laboratory.

The next logical step for improvement of borehole radar equipment is the 
development of directional antennas. Some prototype systems are available and 
ways of improving these are being considered. A two-year programme has been 
initiated with the scope of developing a directional antenna utilizing electric phase 
difference. Other development programmes to improve resolution and evaluation 
are under way or in the planning stage. Cross-hole measurements are possible 
with the radar equipment where distances between the boreholes are up to 300 m. 
The resolution in this type of measurement suffers, however, from similar draw
backs to those discussed for the cross-hole seismic method.
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For orientation of single fractures a development programme has started 
whereby a scanning TV camera is used to produce a 2-D picture of the borehole 
wall. This picture can then be evaluated by the use of image processing. The 
result is used to determine the orientation of fractures and the data can be 
statistically analysed.

3.2. Hydrogeological conditions

In the construction of a 3-D model of the rock body considered for the 
repository the hydrogeological properties of the observed elements have to be 
characterized. The hydrogeological data used for modelling in the site characteri
zation phase are mainly based on single-hole packer tests, which only give values 
representative of the rock within a short distance of the borehole [6]. For transient 
injection tests this distance varies between 0.1 and 60 m, depending on the 
hydraulic conductivity. The methods and instruments for single-hole measure
ments have reached a level where further development only makes a minor 
contribution to the data quality. To improve the understanding of the hydraulic 
parameters of large rock volumes it is considered important to develop cross-hole 
interference testing techniques.

Depending on the hydraulic conductivity and geometry of the fracture 
zones, different testing techniques are required. Thus, highly conductive fracture 
zones can be tested by traditional pumping or injection tests, whereas in low 
conductivity rock more sophisticated methods such as sinusoidal pressure tests [7] 
or long period pressure buildup tests might be considered. Interpretation tech
niques involve concepts of equivalent porous media, fissure media, anisotropic 
conditions, etc.

Tracer tests can be combined with cross-hole hydraulic interference tests 
to establish the existence of channelling and to obtain values of kinematic porosity. 
Both hydraulic interference tests and standardized tracer tests will require extensive 
research and development during the next five years. Part of this research is 
proposed to be performed in Stripa and the URL and in the ongoing national 
R&D programmes in Sweden. Equipment required for long term monitoring of 
hydraulic head in several sections in a borehole is being developed.

3.3. Rock stress distribution

The objective of in situ rock stress measurements is threefold:

— To form a basis for the design and construction of tunnels and shafts,
— To allow evaluation of the regional rock stability,
— To establish a relation between water flow and stress.

To facilitate the studies of rock stability and the water flow-stress relation, 
a tectonic-hydraulic model has to be established that simulates the stress field 
and the distribution of fractures and their hydraulic properties.
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Two methods are of primary interest for measuring in situ stress: hydraulic 
fracturing and overcoring. Further work is needed to understand the full 
capabilities and limitations of these methods. The first step will be to improve 
parts of the available instruments and redesign them to allow measurements down 
to 1000 m. One already discussed improvement of the overcoring method is to 
take readings during overcoring and store the data in a microcomputer down the 
hole. A sleeve fracturing method based on the same principle as the pressure 
meter currently used for soil testing is under development. With this method 
static and cyclic strength and deformation properties can be measured. As no 
water is injected into the rock the method will allow testing of fractured rock, 
which cannot be tested with the hydraulic fracturing method.

3.4. Detailed geochemical characterization

Within the R&D programme of the Swedish Nuclear Fuel and Waste Manage
ment Company (SKB) a field laboratory has been developed which allows most 
of the relevant analyses to be performed in the field and which gives in situ 
readings of Eh and pH utilizing a down-hole probe. This equipment will be further 
developed to include a down-hole gas sampler and regular collection of natural 
organic substances dissolved in the groundwater. Still further developments are 
envisaged, such as colloid analyses in the field.

Several important groundwater constituents, such as redox sensitive com
ponents and natural radioactive isotopes, are very sensitive to sampling and much 
effort has been wasted in the past owing to the lack of sufficiently good sampling 
procedures. Geochemical calculations concerning uranium are not meaningful 
if the analyses are not correct. Furthermore, tritium from drilling fluid will in 
most cases ruin any attempt to judge the degree of isolation of the groundwater. 
Percussion drilling, variable packer distances and a better strategy for sampling 
might improve the quality of the analyses.

It is important to improve the understanding of the geochemical system 
and to correlate and verify the hydrological conditions with the groundwater 
chemistry. There is a general lack of recognition of the dynamic nature of ground- 
water chemistry, i.e. its relation to time and groundwater flow. More studies 
have to be performed of redox changes and of the occurrence of almost stagnant 
water at depth of high salinity and often high methane content. These studies 
should be connected with the development of general groundwater chemistry and 
isotope chemistry and correlated with studies of groundwater chemical conditions 
by characterization and analysis of fracture filling materials.

3.5. Conceptualization, modelling, verification and validation

It is important to establish methods to validate data, methods and the 
results obtained in the investigations performed. Thus, the methods used should
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be carefully documented. Numerical codes and their applicability are studied, 
for example, within the international HYDROCOIN project [8].

Concepts and data for modelling purposes, such as mean values of properties 
and the use of the equivalent porous media, are important to verify. Verification 
is currently one of the subjects being investigated in network modelling and in 
large scale hydraulic testing. Results of modelling can be validated by making 
comparisons with the surface water budget, the hydraulic gradients and the natural 
groundwater flow.

The natural flow can be measured in boreholes within a section or a specific 
fracture with a dilution probe. The dilution of a tracer in a borehole section can 
be measured without disturbing the natural water flow in the tested section. By 
combination of the results from measurements in different boreholes the mean 
flow values can be calculated. It is hoped that a further development of this 
probe will also give the direction of the measured flow.

Naturally occurring radioactive substances at an investigation site might be 
considered for use as natural analogues when studying radionuclide migration at 
a repository site. Radionuclides of interest present in the rock are uranium, 
thorium, radium and chlorine-36. Other radionuclides, such as carbon-14, infiltrate 
from the surface. Inactive substances may also give information on migration 
conditions, e.g. increased salinity and high helium content indicate stagnant 
groundwater.

Tracer tests with non-sorbing tracers will become an important verification 
tool. Such tracers are used to identify flow patterns. Sorbing tracers might also 
be considered for validation and demonstration purposes, but tests with these 
tracers are difficult to control. However, the long periods available for detailed 
characterization and the possibility to excavate large portions of the rock later 
favour such an attempt.

Measurements and observations made in connection with the sinking of 
shafts make it possible to further validate the hydrogeological model and also 
to map in detail the geological and tectonic features. During the sinking all 
available boreholes will be used for continuous observations. The observations 
are performed until the groundwater situation has stabilized. The data are used 
to successively improve the model of the rock body. The measurements being 
made during the URL shaft sinking are expected to make valuable contributions 
to the planning of this part of the programme.
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DISCUSSION

(Summary of discussion held on the papers in Session П1а)

In the discussion of Paper IAEA-SM-289/33 it was pointed out that the 
geometry of the three main fracture zones is derived from core and borehole 
geophysical logs and from hydrological testing in over 130 boreholes on the 
3.8 km2 lease area of the Canadian Underground Research Laboratory; over 
twenty of these boreholes are within 400 m of the shaft. The representation 
shown in the most recent cross-section is correct and the hydraulic head predictions 
shown were exactly what was calculated by the modellers. There was no time in 
the modelling exercises performed to investigate the sensitivity of the predictions 
to changes in parameters prior to excavation, which aspect will be investigated in 
future modelling.

In further discussion of the paper, it was mentioned that for single-borehole 
tests conducted on an isolated interval, the hydraulic conductivity is only expected 
to be representative for a distance of a few metres around the borehole, whereas 
for interference tests between boreholes the hydraulic conductivities are expected 
to be representative of the interborehole path. Interference tests are therefore 
more useful for obtaining representative values for modelling than are single
borehole tests. The local variations in values of the observed hydraulic head 
compared with the model calculations can range from essentially zero up to 10 m 
or so. Comparisons over a period of several years will be the most informative 
because the model is based on a time variant infiltration rate and the actual 
infiltration rate is related to precipitation, which varies from year to year as well 
as during the year.

More details were given of the models mentioned in the paper. It was 
explained that the parameters specified were hydraulic conductivity and porosity, 
which varied from 10-12 m/s and 0.003 in the unfractured rock matrix to 
1СГ8 m/s and 0.005 in the relatively fractured rock matrix, and averaged 10"6 m/s 
and 0.1 in the fractured zones. Adjustments of these parameters in individual 
elements of the finite element model were made to match pre-excavation head 
values and response to pump tests. These values were then fixed and the model 
was run to predict the effects of the excavation.

In reply to a question on Paper IAEA-SM-289/37, it was explained that only 
‘crystalline rocks’ in the ‘deeply buried basement’ and ‘low relief hard rock’ 
environments have been considered for disposal of intermediate level waste. This 
is because topographic driving forces for flow are much reduced compared with 
those which may occur in mountainous terrain, where the majority of crystalline 
rocks in the United Kingdom are located; hence their lesser importance in terms 
of area in this approach.

427
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In further discussion on the type of flow to be expected in the particular 
environments examined — either porous medium flow or fracture flow — it was 
stated that flow inevitably depends on rock properties in any given area and both 
types can be anticipated. There will be a scale effect which allows porous 
medium models to be used in most circumstances for assessing regional movement. 
There is no simple solution to this problem; it is necessary to take into account 
such factors as the degree of fracturing of thick clays and the significance of 
major fractures in all types of environment.
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Abstract

ENGINEERED BARRIER RESEARCH IN CANADA.
Recent advances in scientific and engineering research in Canada to design, test and 

evaluate the performance of engineered barriers for a nuclear fuel waste disposal vault are 
described. The characteristics of used fuel and reprocessing waste forms and models to 
describe radionuclide release are reviewed. Several design prototypes for waste containers 
have been fabricated and structurally tested; studies of container materials are concentrating 
on assessing their susceptibility to localized forms of corrosion in the saline groundwaters 
typically found in plutonic rock in Canada. Research on methods for the final closure and 
inspection of containers is described. Vault sealing research has developed reference materials 
and specifications for buffer and backfill, and defined ranges of parameters of importance to 
their performance. Preliminary designs and material requirements for shaft and borehole seals 
are discussed. 1

1. INTRODUCTION

The Canadian Nuclear Fuel Waste Management Program (CNFWMP) was 
established to develop and assess the technologies required for the safe, permanent 
disposal of high level radioactive wastes associated with power production in 
CANDU nuclear reactors [1,2]. The programme is focused on assessing the 
concept of disposal at a depth of up to 1000 m in plutonic rock. In common 
with most other approaches, the Canadian concept incorporates a series of 
engineered barriers to inhibit the dissolution and transport of radionuclides, and 
to supplement the natural isolation provided by the geosphere.

Engineered barrier research includes waste forms (both used, or spent, fuel 
and immobilized reprocessing wastes), durable containment, buffer, backfill, and 
borehole and shaft sealing [3-5]. The research programme has two primary
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objectives: to develop and evaluate the designs, materials and methods to 
fabricate and emplace engineered barriers in a disposal vault, and to establish the 
scientific data and understanding of the performance of the engineered barriers 
required to carry out a safety and environmental assessment of the entire disposal 
system. This paper describes recent advances in, and the present status of, the 
scientific and engineering research in Canada to design, test and evaluate the 
performance of engineered barriers.

2. WASTE FORM RESEARCH

The Canadian Government has taken no decision on the reprocessing of used 
CANDU fuel to extract the fissile plutonium contained therein. Consequently, 
research is being conducted that will permit the immobilization and safe disposal 
of both used fuel and high level wastes that would result from reprocessing the 
used fuel, should reprocessing be implemented in the future.

2.1. Used fuel

In the Canadian programme, two factors have influenced the approach being 
taken towards the design of containment for the disposal of used fuel [3,6]. The 
first is that the CANDU fuel bundle, which is approximately 500 mm long and 
100 mm in diameter, imposes few geometrical constraints on the packaging 
arrangement and container design compared with the much larger fuel assemblies 
of other reactor types. The second is that any immobilization option that 
involves the destruction of the fuel bundles would create complications because 
of the need to treat the radioactive gases, volatiles and particulates that would be 
released during processing, leading to the generation of significant quantities of 
secondary wastes. Therefore, emphasis has been placed on the disposal of intact 
used fuel bundles. Significantly, other studies of potential conditioning and 
consolidation techniques for more complex fuel assemblies have also concluded 
that the disposal of unmodified fuel elements is preferred on the basis of criteria 
such as occupational safety, technical complexity and cost [7, 8].

Studies in Canada are, therefore, aimed at characterizing and evaluating the 
properties of fuel bundles relevant to their performance as a waste form in a 
disposal vault [3,4]. This includes developing an understanding of the effect of 
irradiation history on factors such as fuel grain structure and the distribution of 
radionuclides in the fuel, and the variation of these factors within the fuel bundles. 
Over the past several years, a combination of basic and applied research on U02 
oxidation [9-11], used fuel leaching and dissolution [12-14] and thermodynamic 
modelling of U02-groundwater systems [15-17] has permitted the development 
of a model describing the dissolution of used fuel in a disposal vault. There is now 
convincing experimental evidence that three principal modes of radionuclide
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F I G .  1 . P r o b a b l e  m o d e s  o f  r e l e a s e  o f  f i s s i o n  p r o d u c t s  s u c h  a s  137Cs a n d  129I  f r o m  u s e d  f u e l  [18].

release from used fuel occur [18]. First, there is a rapid release of a fraction of 
the inventory of the more volatile fission products, notably iodine and caesium, 
after failure of the container and fuel sheath. This ‘instant release’ fraction occurs 
from the fuel-sheath gap and connected void space in the fuel element, to which 
volatile species migrate during reactor irradiation. Studies on fuel irradiated under 
widely different conditions have shown reasonable correlations between the 
fractions of 137Cs and 129I instantly released during dissolution tests and the stable 
xenon released in fuel sheath puncture tests. Since an extensive and reliable data
base is available for xenon release, the correlations have led to a satisfactory 
method of estimating the instantly released fractions of caesium and iodine as a 
function of fuel power history [13, 14]. The average gap inventory of 137Cs and 
129l is estimated to be about 2.2%.

The second mode of release is from the grain boundaries [ 18]. This is 
particularly important for fuel with a high linear power rating, which has signifi
cant interconnected fission gas porosity at the grain boundaries. Preferential 
dissolution at the grain boundaries allows a continuing release of fission products, 
e.g. 137Cs and 129I, at a fractional release rate several orders of magnitude greater 
tjhan that of uranium. The time required for the grain boundary inventory to be 
Completely removed is uncertain but could be many years, depending on the fuel 
irradiation conditions. Neither the ‘instant release’ fraction nor the grain 
boundary release appears to be strongly dependent on solution redox conditions.

The third mode of radionuclide release is a slow, congruent dissolution, 
controlled by the solubility of the U02 grains. This observation is supported by 
data from long term leaching experiments which show that the fractional releases 
öf technetium, strontium, plutonium and uranium are comparable in spite of 
their widely differing chemical properties. The different modes of radionuclide 
release for a high power rating fuel under oxidizing conditions are shown 
Schematically in Fig. 1. The rate of congruent dissolution is strongly redox 
dependent, lower releases occurring under reducing conditions [19].
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High alpha radiation dose rates are known to cause oxidation of U02 owing 
to the products of alpha radiolysis of water [20]. However, electrochemical and 
X-ray photoelectron spectroscopic studies indicate that no significant dissolution 
occurs until oxidation to a surface film composition close to U30 7 occurs [11]. 
Therefore, a solubility limited dissolution model may still be applied to used fuel 
if oxidation does not proceed beyond a composition of U40 9 [ 17, 21 ].

The experimental data from leaching and dissolution tests, together with 
thermodynamic calculations, have led to the development of a radionuclide release 
model for used fuel for use in the computer code SYVAC (Systems Variability 
Analysis Code) used for the environmental and safety assessment of the disposal 
concept [22, 23].

2.2. Waste immobilization

Waste immobilization research is focused on developing processes and 
products for immobilizing the wastes that would arise from the reprocessing of 
used CANDU fuel, a plutonium-uranium extraction (PUREX) process being 
assumed. Process development studies are examining evaporation, calcination, 
vitrification, ion exchange and off-gas treatment methods. The principal wastes 
being considered are high level liquid wastes, 129I, 14C and Zircaloy fuel hulls.

Horizontal and vertical wiped film evaporators have been used successfully 
to concentrate liquid wastes. The Waste Immobilization Process Experiment 
(WIPE), consisting of a rotospray calciner, a Joule heated ceramic melter and an 
off-gas system, and designed to produce 10 kg/h of inactive sodium borosilicate 
glass, is now operating successfully at the Whiteshell Nuclear Research Establish
ment (WNRE) [24]. Corona discharge and photochemical scrubbing techniques 
have been developed to remove iodine from off-gases [25 ], and molecular sieve 
adsorbents appear satisfactory for the removal of 8SKr [26]. Carbon dioxide 
(containing ,4C) has been separated from air using calcium hydroxide.

Several potential hosts for immobilizing 129I have been studied, and it 
appears that the phase assemblage Bi20 3 + Bis0 7I may be the most satisfactory 
waste form [27]. Lead and bismuth hydroxy-carbonates may be suitable hosts 
for 14C.

Studies of high level liquid waste forms have concentrated on evaluating the 
fabrication and leaching performance of borosilicate and aluminosilicate glasses 
and titanosilicate (sphene based) glass-ceramics [23,28-32]. Durability studies 
indicate that aluminosilicate glasses have low leach rates (<  10-9 kg • m-2 ■ s-1 ) 
over a wide range of composition, and are consistent with earlier field tests 
carried out in Canada on nepheline syenite glass blocks [33 ].

The programme to develop ceramic and glass-ceramic products based on the 
natural mineral sphene (CaTiSi05) was initiated in 1980. The main objective was 
to produce a composite material consisting of a major crystalline phase (sphene), 
containing a significant fraction of the waste ions in solid solution, within a
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continuous matrix of durable aluminosilicate glass. Calculations show that sphene 
should be stable in groundwaters typical of the Canadian Shield (high Ca2+, low 
SO2'  and CO3") in the temperature range 25-150°C. Sphene based glass-ceramics 
can be prepared by casting from temperatures above 1250°C, followed by 
controlled crystallization by reheating to 900-1050°C. Major progress has been 
made in correlating the melt casting and crystallization process parameters with 
variations in microstructure and composition. Sintering has also been shown to 
produce a high integrity product and may offer an alternative, lower temperature 
fabrication route, thus minimizing radionuclide volatilization and eliminating 
refractory corrosion, which are potential problems with high temperature melting. 
Sphene based glass-ceramics are highly durable in saline groundwaters and no 
significant enhancement in leach rates has been observed due to gamma radiation 
(4 Gy/h) in 485-day tests at 100°C. Leach tests on metamict sphene, produced by 
heavy ion bombardment, simulating alpha decay, indicate a decrease in durability 
by a factor of five compared with undamaged sphene. However, sphene based 
glass-ceramics showed no such leach rate enhancement under similar irradiation 
conditions [31 ].

To assess the safety and environmental impact of the immobilization and 
disposal of high level liquid waste from a fuel reprocessing operation, a sodium 
borosilicate glass has been assumed as the reference waste form, since commercial 
scale fabrication techniques have been established for this product. Vault thermal 
analyses based on current container designs indicate that a fission product oxide 
loading of 6 wt% or less is required to limit the container skin temperature to 
100°C [34].

3. CONTAINMENT

3f.l. Container development and testing

i Most of the container design and development has been aimed at the disposal 
of used fuel, since the geometry of the final waste form is well defined. However, 
much of the container testing and materials research data are also directly relevant 
to the containment of immobilized reprocessing wastes.

Container design concepts for fuel disposal have focused on a cylindrical, 
corrosion resistant metallic shell as the primary barrier to radionuclide release 
[6,35-38]. A design lifetime of at least 500 years was specified so as to ensure 
isolation for the high toxicity phase of the fuel and to minimize container failure 
during vault operation. Several container aspect ratios were evaluated on the 
basis of close packing of fuel bundles and compatibility with various modes of 
container emplacement in a disposal vault [6]. A reference container geometry 
was selected which could accommodate 72 fuel bundles (about 1650 kg) in four 
arrays of 18 bundles, and could be emplaced either in boreholes drilled in the 
floor of disposal rooms or directly in the disposal rooms.
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FIG. 2. Conceptual design o f  structurally supported container for the disposal o f used CANDU
fuel bundles [37].

Both structural and corrosion performance criteria are considered in container 
design. The principal structural criterion is that the container withstand the 
stresses imposed by the hydrostatic pressure that will develop in a flooded 
disposal vault, i.e. about 10 MPa at a depth of 1000 m. Other potential sources 
of container loading in the vault, e.g. buffer swelling pressures and their inter
action with the hydrostatic loading, are also being assessed and could result in 
some refinement of the container designs.

If structural integrity is assumed, the container lifetime will be limited by 
corrosion or other degradation processes. The primary factor governing materials 
selection is the conclusion, based on hydrogeological observations [39], that high 
salinity groundwaters are likely to be present in a disposal vault in the Canadian 
Shield. Thus, the materials being evaluated are highly corrosion resistant: ASTM 
grade 2 and grade 12 titanium, nickel based alloys and copper [40].

Two basic container design concepts have been evaluated:

(a) Stressed shell designs, in which the container shell is sufficiently thick to 
withstand the hydrostatic pressure in a disposal vault [38,41].

(b) Supported shell designs, in which a thinner container shell, defined by a 
corrosion allowance and/or handling stresses, is internally supported against 
the hydrostatic pressure. Cast metals (lead, zinc or aluminium-7 wt% silicon 
alloy), packed particulates (e.g. glass beads), and a structurally designed 
carbon-steel tube array are being investigated as container shell supports 
[35-37]. The conceptual design for the latter container is shown in Fig. 2.
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prototype fuel disposal container, together with strain predicted by finite element stress 
analysis. The data are for increasing test pressure at 50°C [3 5 ].

Detailed designs for several container types are complete, and half- or full- 
scale prototype containers have been fabricated, and their structural performance 
tested at pressures up to 10 MPa and temperatures up to 150°C in the Hydrostatic 
Test Facility at the WNRE. Finite element stress analyses are also in progress to 
model the mechanical responses of the containers to handling and in-service stresses. 
The development and validation of finite element models will allow assessments 
of the structural performance of somewhat different container designs without 
the need for hydrostatically testing prototype containers.

The hydrostatic test results indicate that all the supported shell containers 
meet their design criteria, i.e. they essentially behave as rigid elastic monoliths with 
negligible time dependent deformation. Small permanent strains were observed 
in the shell of a lead matrix container; these were due to the formation of a gap 
at the shell-matrix interface during solidification of the cast matrix. The container 
strains, measured with surface mounted strain gauges, showed reasonable agreement 
with the strains predicted by finite element stress analysis [35] (Fig. 3).

An important objective of the testing programme is to assess the tolerance 
of the container designs to inhomogeneities in the degree of internal support due, 
for example, to casting defects in the metal matrix containers, or to voids and 
incomplete packing in the particulate packed containers. The results to date 
clearly show that no breach of containment occurs even when relatively large 
voids are introduced adjacent to the container shell.
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Hydrostatic testing and stress analysis based on short term mechanical proper
ties indicate that solid metal, stressed shell containers would also withstand the 
service stresses in a disposal vault [41 ]. However, analysis of the long term creep 
performance of a container made from ASTM grade 2 titanium showed that a 
wall thickness of about 70 mm would be required to prevent container collapse 
within the design lifetime of 500 years [38]. Owing to the fabrication and 
economic disadvantages associated with such large component thicknesses, it 
appears that solid titanium, stressed shell designs are an impractical choice for 
fuel waste disposal containers. Other design options using a titanium overpack 
supported by an iron based, stressed shell container offer both technical and 
economic benefits compared with solid metal construction [38].

3.2. Container materials evaluation

The corrosion behaviour of potential metals and alloys for construction of 
containers is being studied over a range of salinity, temperature and irradiation 
conditions using electrochemical and immersion testing techniques [42]. Hydro- 
thermal tests on a number of ceramic materials are also in progress to evaluate 
their potential to provide absolute containment for very much longer than 
500 years if this were required [43 ].

Research on ASTM grade 2 and grade 12 titanium has concentrated on 
susceptibility to crevice corrosion, since pitting corrosion is only observed at 
electrochemical potentials considerably more positive than expected under 
disposal conditions. The present vault design employs a compacted buffer around 
the waste container (Section 4). Thus, the container must be resistant to localized 
corrosion under the conditions of restricted mass transport at the container-buffer 
interface, e.g. it must resist corrosion due to the potential presence of differential 
oxidation caused by density variations in the buffer (electrochemically very 
similar to crevice corrosion). Galvanic coupling experiments on artificially 
creviced samples show that crevice corrosion can start on grade 2 titanium at 
around 90°C. However, crevice deactivation occurs relatively rapidly, leading 
to low propagation rates, comparable to the general corrosion rate [44]. Initiation 
of crevice corrosion on grade 12 titanium is difficult at 150°C even at potentials 
as high as +0.7 V (SHE). When crevice activation did occur, it was followed by 
very rapid passivation. In general, the susceptibility to crevice corrosion is not 
strongly dependent on pH, СГ .concentration, or gamma radiation fields similar 
to those occurring at a container surface. The results of immersion tests in buffer 
slurries and in compacted buffer are consistent with the electrochemical data, i.e. 
little corrosion is observed on grade 2 titanium and none on grade 12 titanium.

Longer term immersion and electrochemical tests in a gamma radiation field 
are under way in the Immobilized Fuel Test Facility at the WNRE to evaluate 
whether the conditions established in short term tests vary significantly with 
time.
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Parallel studies on the corrosion behaviour of copper in a range of environ
ments have shown that copper is a suitable alternative to passive metals [45].

The susceptibility of titanium to hydrogen embrittlement has been studied 
using the constant extension rate technique combined with electrochemical 
polarization [46 ]. Grade 2 titanium appears to be resistant to embrittlement at 
temperatures up to 200°C in 3.5 wt% NaCl solution. Embrittlement was observed 
in grade 12 titanium, but only at cathodic potentials less than -0.73 V (SHE).
Thus, hydrogen embrittlement is unlikely to occur under the free corrosion 
potential conditions expected in a disposal vault.

3.3. Container fabrication and inspection

The development and evaluation of technology for fabricating and inspecting 
the various container designs is an important component of the programme, 
particularly for those operations which are required to be carried out remotely. 
Thermal analysis of small scale metal casting experiments together with computer 
modelling of heat transfer processes has led to the development of controlled 
solidification and cooling procedures to eliminate major shrinkage defects in cast 
metal matrices [47,48]. The predictions of the model have been validated on 
half-scale lead matrix containers.

Several welding processes have been investigated for final closure welding of 
containers [49]. Resistance heated diffusion bonding and gas tungsten arc welding 
have been shown to be feasible for the final closure of thin walled titanium 
containers. Diffusion bonding occurs in the solid state at temperatures signifi
cantly below the fusion point, hence reducing the potential for gaseous contami
nation, grain growth and distortion. In contrast to fusion welding, no gas 
shielding or accurate seam tracking is required, making the process attractive for 
remote operation. Electron beam welding appears to be the most feasible process 
for the final closure of a copper container without the need for preheating. High 
quality single-pass welds with adequate weld penetration (>30 mm) can be 
readily made in oxygen-free copper using a wide range of beam power-welding 
speed combinations. Both diffusion bonding and electron beam welding proce
dures have been demonstrated on small scale, simulated container closure designs 
(Fig. 4).

Inspection development for container closure joints has concentrated on the 
use of ultrasonic techniques [50]. Laboratory tests indicate that titanium diffusion 
bonds can be readily inspected using normal beam ultrasonic methods, and that 
interface defects, such as glass particulates, small diameter (about 0.1 mm) 
tungsten reference wires and lack of bonding, are detectable. Other studies of 
the ultrasonic characterization of fusion welds of potential container materials 
indicate that titanium is the most readily inspectable. Welds in copper and 
Inconel 625 can produce anisotropic reflection of the ultrasonic beam, causing 
uncertainty in the interpretation of the inspection data.
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FIG. 4. Simulated container closure produced by resistance heated diffusion bonding. The 
rings are about 25 cm in diameter.

4. VAULT DESIGN AND SEALING

After container failure, radionuclides released from the waste form are further 
isolated from the biosphere by a series of engineered seals that supplement the 
geosphere [5]. These are the buffer, which envelopes the container and can be 
designed to control the near field environment, the backfill in rooms, tunnels and 
shafts, and specially designed seals and plugs for shafts and site exploration 
boreholes [51].

4.1. Vault design

A variety of alternative disposal vault designs have been examined, including 
single-level, multilevel and long borehole emplacement concepts [34]. In addition, 
a comprehensive engineering study has been completed that examined acquisition, 
transportation, emplacement methods, and costs of buffer and backfill materials 
for a disposal vault [52]. For a used fuel disposal vault, the results indicate that 
construction costs for a multilevel vault would be significantly greater than for a 
single-level vault, because of the need for lower container loading density in the 
former to meet thermal constraints. However, a multilevel vault for immobilized 
fuel reprocessing waste is feasible, since the cost is comparable to that of a single- 
level vault. The option of using a multilevel vault is useful if the rock quality or 
pluton size limits the horizontal area available for a vault. Long borehole disposal
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methods have limitations with regard to buffer emplacement quality control and 
short term container retrieval.

The vault design is at least partly influenced by the performance criteria 
established for the engineered barriers. Two container emplacement concepts 
have been evaluated, in-room and vertical borehole emplacement. Work to date 
indicates that borehole emplacement has some advantages, particularly for the 
designs being considered with unshielded containers. Thus, borehole emplacement 
can be designed to provide radiation shielding and greater safety and flexibility 
for room backfilling operations and, conversely, for backfill excavation without 
the risk of container damage [52]. Since static compaction methods can be used 
in a borehole, higher buffer densities can be achieved than would be possible by 
the dynamic methods that would be required to emplace the buffer in a large room. 
This would result in lower rates of radionuclide mass transport in the buffer for 
borehole emplacement than for in-room emplacement [53].

Modelling studies have been used to determine the influence of various 
engineering design parameters on radionuclide mass transport. The data have 
provided guidance for the selection of buffer and backfill density and buffer 
geometry for various permeabilities of the surrounding rock [53-55]. For example, 
the studies indicate that, for relatively permeable rock around a borehole (owing, 
say, to damage created by borehole excavation), a radial buffer thickness of 
about 0.45 m is sufficient to reduce the total integrated radionuclide flux to a 
negligible value. Conversely, for intact rock with low permeability (<  10-n  m s-1) 
the radial buffer thickness could be reduced to 0.25 m for the same integrated 
flux.

4.2. Buffer and backfill studies

Several buffer and backfill materials based on sodium bentonite, calcium 
bentonite, and crushed illitic and glacial lake clays have been evaluated with 
regard to their mechanical and physico-chemical properties [56, 57]. The data 
indicate that additions of up to 50 wt% quartz sand to sodium bentonite increase 
the maximum compacted dry density, thermal conductivity and strength, and 
decrease the drying shrinkage. Swelling potential and hydraulic conductivity 
are essentially independent of sand content up to about 50 wt% sand. A 1:1 dry 
mass ratio of sodium bentonite and quartz sand, which appears to optimize the 
important physical and mechanical properties, has been selected as a reference 
buffer material [58]. At the proposed buffer dry density after compaction 
(1.66 Mg-пГ3), experiments indicate that the hydraulic conductivity will be in 
the range 10_12-10~13 m s-1 and will be essentially independent of the ionic 
strength of the groundwater, temperature and hydraulic gradient. Under these 
conditions, diffusion will be the principal mechanism of radionuclide 
transport [54].
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The potential interactions between the container, buffer and rock have 
implications for the design of the engineered barriers. For example, recent studies 
suggest that the swelling pressure generated in the buffer is additive to the hydro
static pressure and hence may affect the container design. However, for the 
reference buffer material, which develops a swelling pressure of only about 
800 kPa in saline groundwater, the effect on the design of supported shell 
containers is relatively minor. Tests on scale models of a borehole and container 
indicate that buffer creep, due to the mass of the container and backfill, is very 
small and mainly determined by the primary creep period since the secondary 
creep rates are negligible [59].

Studies to formulate and determine the engineering properties of clay- 
aggregate mixtures for the vault backfill indicate that a composition of 25 wt% 
glacial lake clay and 75 wt% crushed granite (maximum granite particle size:
19 mm) produces a maximum density and minimum hydraulic conductivity 
after dynamic compaction [60]. The clay component provides a moderate degree 
of free swelling upon water uptake, thereby minimizing the potential for fracture 
formation in the soil mass. Other results indicate the influence of the backfill 
mixing procedure on the degree of bonding between clay and aggregate, and 
hence on the potential for soil segregation during groundwater uptake in a 
disposal vault.

Since large quantities of backfill will be required for a disposal vault, there 
is considerable ecoñomic incentive to use inexpensive materials, assuming that 
they meet the performance criteria. Natural glacial lake clays are more abundant 
in Canada than are swelling clays (bentonite), and hence offer the potential for 
reduced material and transportation costs. The graded aggregate would be 
produced from the vault excavation spoils.

4.3. Borehole and shaft sealing

A disposal vault will contain a number of vertical shafts for waste haulage, 
access and ventilation connecting the vault level with the ground surface. In 
addition, deep boreholes, drilled to characterize the rock in which the vault is 
sited, will penetrate the vault horizon. After vault operation, the shafts and 
boreholes, which provide the shortest flow paths from the vault level, must be 
sealed. The performance of the seals should ensure that the pattern of ground- 
water flow continues to be controlled by the natural rock features and natural 
boundary conditions [61,62]. To achieve this performance, the sealing system 
should have low hydraulic conductivity, be physically, chemically and mechanically 
compatible with the environment, and hence be relatively stable. These require
ments can probably be achieved most readily by using composite seal designs 
incorporating different materials.

Materials being evaluated for seals are clays, hydraulic cements, and cement- 
and clay-based concretes. Compacted smectite clays have the potential for use in
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shaft and borehole seals because of their low hydraulic conductivity, high swelling 
and sorptive capacity, and chemical stability. The use of precompacted bentonite 
(a smectite rich clay) in seals for tunnel bulkheads and horizontal and vertical 
boreholes has already been demonstrated [63]. Studies in Canada indicate that 
mixtures of smectitic glacial lake clay and granite aggregate have many of the 
properties required of a sealing material and could be used as the major backfilling 
component for vertical shafts and horizontal tunnels [60].

Hydraulic cement based materials also exhibit low hydraulic conductivity, 
together with structural strength and erosion resistance. Cement compositions 
with expansion potential and high durability in highly saline environments are 
also available. Thus, cements and cement based concretes have the potential for 
use in components of shaft and borehole seals. Since the properties of cements 
are developed by chemical changes during and after emplacement, their use in 
seals requires an additional degree of control to ensure satisfactory performance 
compared with clay based materials. For example, drying shrinkage of conventional 
concretes may cause failure of the seal at the seal-rock interface. The use of 
expansive cements, or recently developed techniques to preplace and compact 
the aggregate, could eliminate such shrinkage effects.

Preliminary conceptual designs for borehole and shaft seals have been 
developed in the CNFWMP [61,62]. For boreholes, a composite seal of hydraulic 
cement and clay is being considered. The cement based component, emplaced 
under pressure, is likely to be more effective in sections of the borehole that inter
sect major fracture zones. Precompacted sodium bentonite would be placed in 
essentially fracture-free sections of the borehole. This would limit erosion of 
the clay, and swelling of the clay is expected to provide a seal with the rock 
interface. Methods to emplace the bentonite seals have been demonstrated 
previously [63].

The shaft sealing design consists of a series of cement based concrete bulk
heads separated by compacted clay-aggregate backfill (Fig. 5). Grout injected 
into the interface between the bulkhead and rock, and into the adjacent exca
vation damaged zone, will enhance the performance of the seal. Concrete bulk
heads are likely to be placed at locations in the shaft that intersect major fracture 
zones. A concrete bulkhead will resist groundwater erosion and provide structural 
support to the fractured rock and backfill. In other locations of the shaft, cut-off 
collars, keyed into the rock, can be used to minimize groundwater flow through 
the excavation damaged zone.

A compacted clay-granite aggregate would be used as a backfill to seal the 
portions of the shaft between the bulkheads and/or cut-off collars. A layer of 
highly compacted bentonite may be incorporated where minor fracture zones 
intersect the shaft. Regions of the shaft which require grouting either during or 
after shaft excavation would require consideration in designing the shaft sealing 
system. The detailed design is clearly site specific and would take into account 
factors such as groundwater composition, temperature variations, fracture



444 NUTTALL et al.

FIG. 5. Conceptual design o f shaft sealing components [62 ].

distribution, rock stresses, shaft and borehole dimensions and excavation technique. 
In Canada, field testing of designs and materials for vault sealing is being planned 
for implementation in the Underground Research Laboratory [64].

5. SUMMARY

Research being carried out in the CNFWMP has made significant progress in 
the design and testing of engineered barriers for a nuclear fuel waste disposal vault. 
The research data demonstrate the technical feasibility of designs and the accepta
bility of materials to meet the design criteria. Reference designs and specifications 
developed will be used in a major engineering study of the disposal concept. More 
fundamental studies are providing equally important data to develop models 
describing the performance of engineered barriers and to validate their use in a 
systems code (SYVAC) for assessing the environmental and safety aspects of the 
disposal concept.
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Abstract-Resumen

USE OF LEAD IN HIGH ACTIVITY RADIOACTIVE WASTE CONTAINERS: STUDY 
OF CORROSION RESISTANCE.

A study was m ade o f the corrosion resistance o f lead in the  sim ulated m edia o f an 
underground high activity radioactive waste store. Use was m ade o f po ten tio static  polarization 
techniques, and corrosion rates were determ ined in term s o f weight loss betw een 18 and 80°C.
The m edia studied were: underground water, ben ton ite  suspensions and sodium  chloride, 
acetate and n itra te  solutions, extending over a broad range o f  concentrations. The increase 
in tem perature led to an increase in corrosion, being particularly  noticeable in m edia yielding 
soluble lead salts. The effect o f concentra tion  was more com plex. In  the  case o f  chloride 
solutions, corrosion decreased considerably w ith concentration . F o r acetate and n itra te  no 
appreciable differences were observed betw een 10_1 and 10"4 M, although in all cases very 
severe corrosion was observed at 75°C. In underground w ater and ben ton ite  suspensions, 
corrosion was relatively low, even under the m ost aggressive conditions (75°C  and saturation 
w ith oxygen). A study was begun on the galvanic effect which m ight occur through sim ultaneous 
exposure to  the m edium  o f the  lead and of th e  m aterial in  the o u ter cover o f th e  container. The 
corrosion rates o f the anode were determ ined by reference to  galvanic curren t and weight loss 
in underground w ater at 75°C. The m aterials studied were austenitic stainless steel, titanium  
and carbon steel. In the case o f the first tw o, the  lead acted as anode; in the  case o f the  th ird , 
the lead was the cathode at am bient tëm perature  bu t inverted a t 75°C to  becom e the anode.
In this last pair, the  corrosion o f the lead was som ewhat less than  in the  o th er pairs, bu t always 
substantially greater than the corrosion o f  the  non-associated lead.

USO DEL PLOMO EN CONTENEDORES DE RESIDUOS RADIACTIVOS DE ALTA 
ACTIVIDAD: ESTUDIO DE RESISTENCIA A LA CORROSION.

Se estudió  el com portam iento del plom o frente a  la corrosión en  m edios simulados de 
un  repositorio  subterráneo de residuos radiactivos de alta  actividad. Se em plearon técnicas 
de polarización potenciostática  y se determ inaron las velocidades de corrosión por pérdida de 
peso, entre  1 8 °C y 8 0 °C . Los m edios estudiados fueron: aguas subterráneas, suspensiones de 
ben ton ita  y  soluciones de cloruro, acetato  y  n itra to  de sodio, cubriendo un rango apreciable 
de concentraciones. El aum ento  de la tem peratura  condujo a un  increm ento  de la corrosión, 
siendo especialm ente notable en los m edios que dan sales solubles de plom o. El efecto  de la 
concentración fue más complejo. Para soluciones de cloruro, la  corrosión dism inuyó considerable
m ente con la concentración. Para acetato  y  n itra to  no se encontraron  diferencias apreciables 
en tre  10-1 M y 10"4 M observándose siempre una corrosión m uy elevada a 75°C. En aguas
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subterráneas y suspensiones de ben ton ita  la corrosion fue relativam ente baja, aun en las condi
ciones m ás agresivas (75°C  y saturación con oxígeno). Se inició el estudio del efecto galvánico 
que pod ría  ocasionarse p o r la exposición sim ultánea al m edio del plom o y el m aterial de la 
cubierta  ex terna del contenedor. Se determ inaron las velocidades de corrosión del ánodo por 
corriente galvánica y  pérdida de peso, en agua subterránea a 75°C. Los m ateriales estudiados 
fueron el acero inoxidable austenítico , el titan io  y el acero al carbono. Para los dos prim eros, 
el plom o actuó com o ánodo; para el tercero  el plom o fue cátodo a tem peratura  am biente y 
sufrió una inversion a 75°C pasando a ser ánodo. En este ú ltim o par la corrosión del plom o 
fue algo m enor que en  los o tros pares, pero siempre considerablem ente superior a la del plom o 
desacoplado.

1. INTRODUCCION

Las bases conceptuales para un repositorio de residuos radiactivos de alta 
actividad en la Argentina [ 1 ] contemplan la utilización del plomo como uno de 
los principales componentes del contenedor. Este deberá actuar como una barrera 
de ingeniería, asegurando la aislación de los radionucleidos por un período de 
aproximadamente 1000 años. Se hace por lo tanto imprescindible el conocimiento 
del comportamiento frente a la corrosión del contenedor en el medio del repositorio.

La información sobre el comportamiento del plomo en estos medios es escasa 
[2—6] y la mayoría de los trabajos se basan en datos obtenidos en otros medios naturales 
(agua de mar, atmósfera, suelos) o en el estudio de piezas arqueológicas [7, 8], sin 
considerar las condiciones particulares de este sistema, como la temperatura, presión, 
flujo de agua, variación de la concentración de sales, suministro de oxidantes, etc.

El efecto de la concentración de sales es muy complejo. El plomo se pasiva 
por la formación de una capa salina superficial cuya composición y poder pasivante 
dependen fuertemente de la concentración relativa de especies pasivantes y agresivas. 
Por otra parte, la temperatura juega también un papel importante, ya que influye 
directamente en la solubilidad de la capa salina.

En el presente trabajo se inició el estudio sistemático del comportamiento del 
plomo en medios simulados del repositorio, utilizando técnicas de polarización 
potenciostática y determinando la velocidad de corrosión por pérdida de peso.
La temperatura máxima de estudio fue de 80°C, correspondiendo a la mayor tem
peratura esperada en el repositorio. En todos los casos se encontró que al aumentar 
la temperatura aumenta la velocidad de corrosión del plomo, siendo este efecto 
más notable en medios que dan sales solubles de plomo como productos de 
corrosión. El contenedor de plomo, de 10 cm de espesor, será protegido exterior- 
mente por una lámina metálica de un material aún no establecido. Para predecir 
la vida útil del contenedor será necesario conocer el efecto galvánico. Se inició 
el estudio del comportamiento galvánico del plomo en agua subterránea en relación 
al acero inoxidable AISI 304, titanio Gr2 y acero SAE 1010.
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2. EXPERIMENTACION

2.1. Ensayos de polarización

Las probetas de plomo fueron obtenidas por laminación de una barra de 
8 mm de diámetro de plomo de alta pureza (99,999%). La secuencia de pulido 
fue: papel 600, dos segundos en el reactivo ácido acético glacial-agua oxigenada 
y diamante (un cuarto de micrón). Antes de cada ensayo, las probetas permane
cieron 24 horas en solución saturada de acetato de amonio, para remover la 
película de óxido. Se las polarizó catódicamente a —2,0 V (ECS) durante 20 min, 
previo al trazado de la curva de polarización.

Las probetas de acero al carbono SAE 1010, acero inoxidable AISI304 y 
titanio Gr2 solamente fueron sometidas a pulido químico, a temperatura ambiente. 
Para el acero se usó el reactivo oxálico-sulfúrico-agua oxigenada durante 60 min; 
para el inoxidable: nítrico-fluorhídrico durante 10 min y para el titanio: 
fluorhídrico-agua oxigenada durante 30 a 60 s. Estas probetas fueron polarizadas 
catódicamente durante 20 min antes del trazado de las curvas de polarización.

La velocidad de barrido del potencial fue de 0,1 m V s-1 y se usó un equipo 
PARC modelo 331-3. La celda electroquímica del equipo fue adaptada para los 
ensayos a temperatura elevada (80°C), usando un manto calefactor y un sistema 
de reflujo. La temperatura se mantuvo constante durante la experiencia (±2°C.de 
variación).

Se realizaron ensayos a potencial constante, registrando la variación de la 
corriente hasta aproximadamente cuatro horas, usándose probetas diferentes 
para cada potencial aplicado.

En todos los casos se observaron las probetas al microscopio electrónico de 
barrido para ver el tipo de ataque y/о los productos de corrosión formados.

2.2. Ensayos de pérdida de peso

Las probetas, de 8 cm2 de área aproximada y 1 mm de espesor, fueron 
obtenidas por laminación de las barras de plomo. Fueron desengrasadas con 
acetona, lavadas con agua, secadas, pulidas químicamente dos segundos en el 
reactivo acético-agua oxigenada y dejadas 24 h en solución saturada de acetato 
de amonio. Después de lavadas y secadas cuidadosamente, se mantuvieron en 
el desecador hasta su pesada y colocadas inmediatamente en el medio de estudio. 
Las celdas, de 1,5 L de capacidad, alojaban dos probetas para ensayo de pérdida de 
peso y una probeta para medida del poténcial. El potencial fue medido contra un 
electrodo de calomel saturado (ECS) conectado a la celda por un puente salino.
Las celdas se mantuvieron en baño termostático durante todo el ensayo (60 d). 
Cuando se requirió burbujear gases (argón u oxígeno), se hizo durante dos horas 
diarias, llevándose a nivel con agua destilada. En los demás ensayos, el nivel de la 
solución no varió ya que las celdas eran razonablemente herméticas. Finalizado
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el ensayo, las probetas fueron dejadas 24 h en la solución de acetato de amonio 
saturado y pesadas, siguiendo el procedimiento anteriormente descripto. Los 
valores de pérdida de peso fueron corregidos por la pérdida ocasionada por el 
ataque químico. Se midió el pH de las soluciones antes y después del ensayo, 
siempre a temperatura ambiente.

Las probetas de acero SAE 1010, de 10 cm2 de área y 1 mm de espesor, 
fueron tratadas del mismo modo que para los ensayos de polarización. El procedi
miento para determinar la pérdida de peso fue similar al descripto para el plomo, 
corrigiéndose este valor por la pérdida ocasionada por ataque de la solución de 
pulido químico. El potencial a circuito abierto fue medido durante 30 d.

No se realizaron ensayos de pérdida de peso para acero inoxidable AISI 304 
y titanio Gr2, midiéndose solamente la variación del potencial a circuito abierto 
durante 30 d.

Las probetas fueron observadas al microscopio electrónico de barrido, deter
minándose el tipo de ataque. Se determinaron las composiciones de los productos 
de corrosión por rayos X.

2.3. Ensayos de corrosión galvánica

Se utilizaron las mismas celdas que para las medidas de pérdida de peso, 
usando un dispositivo de soporte de las probetas que permitió la conexión 
externa de los pares y el retiro de las mismas al finalizar el ensayo, para su pesada. 
Entre los terminales eléctricos externos se conectó un multimètre de resistencia 
nula que permitió realizar diariamente la medida del potencial del par y de la 
corriente galvánica.

Se ensayaron los pares Pb-AISI 304, Pb-TiGr2 y Pb-SAE 1010, con relaciones 
de áreas 1:1 y 1:10.

Las probetas fueron preparadas y tratadas con el procedimiento descripto
en la Sección 2.2.

2.4. Soluciones

Los medios de estudio fueron: agua subterránea natural (ASN); agua sub
terránea sintética (ASS); suspensiones de bentonita 10%; NaCl entre 5 X 10-4M 
y 5 X 10_1M; NaN03 entre 10_3M y 10~‘M; NaCH3COO entre 10"4M y 10_1M; 
NaHC03 10"3M, y mezclas de sales.

El agua subterránea natural provenía de la perforación a unos 500 m de 
profundidad de un macizo rocoso granítico de Gastre (Chubut). Su datación 
corresponde al Holoceno. El agua subterránea sintética se preparó a partir de 
agua destilada y reactivos analíticos p.a. En el Cuadro I se dan las composiciones 
químicas de las aguas subterráneas. Las suspensiones de bentonita se realizaron 
en agua destilada, solución 5 X 10-2M de NaCl y agua subterránea sintética. La 
bentonita, de procedencia argentina, fue triturada y tamizada hasta malla 200.
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CUADRO I. COMPOSICION QUIMICA DE LAS AGUAS SUBTERRANEAS

Elem ento2
Agua subterránea natural 

(en m g ' L "1)
Agua subterránea sintética 

(en m g-L "1 )

PH 7,8 8,0

Calcio 8,20 8,28

Magnesio 4,40 2,05

Sodio 95,00 80,20

Potasio 2,70 0,80

C arbonato 0 -

Bicarbonato 250,00 199,00

Sulfato 11,00 18,80

Cloruro 21,00 14,50

Fluoruro 2,30 0,39

N itrato 5,10 -

A nhídrido carbónico libre 2,00 _

Sulfuro 0,25 -

Boro 0,08 -

a No detectados: hierro, manganeso, arsénico, litio, cobre, p lom o, vanadio, zinc, fosfato, 
am onio, n itrito , sílice.

El análisis mineralógico indica que es predominantemente montmorillonita con 
impurezas de albita oligoclasa y cuarzo. 3

3. RESULTADOS

3.1. Ensayos de polarización

Los ensayos se realizaron en el rango de temperatura de 20°C a 80°C, 
en medios aireados y no aireados. No se notó un efecto importante del no aireado 
en la rama anódica, existiendo apenas un pequeño corrimiento del potencial de 
corrosión hacia valores más nobles.

Para soluciones de cloruro de sodio el efecto de la concentración y de la 
temperatura fue especialmente notable. En soluciones 5 X 10“' M aparece un 
pico anódico a —0,46 V (ECS), seguido de una corriente límite cuya densidad 
depende fuertemente de la temperatura. Se calculó una energía aparente de 
activación de aproximadamente 10 kcal/mol para esta región de pasividad. Las
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V (ECS)

F I G .  1 . C u r v a s  d e  p o l a r i z a c i ó n  a n ó d i c a  d e l  P b  9 9 , 9 9 9 %  a  8 0 ° C  e n  d i v e r s o s  m e d i o s .  L a  

v e l o c i d a d  d e  b a r r i d o  e s  d e  0 ,1  m V ' S ~ 1 .

probetas mostraron al microscopio electrónico de barrido una capa de productos 
de corrosión cristalinos, menos compactos al aumentar la temperatura de ensayo. 
Para soluciones 5 X 10-2M el pico anódico a temperatura ambiente es ancho y 
desaparece a 80°C; las probetas mostraron, en este último caso, escasos productos 
de corrosión superficial. A mayores diluciones no se observaron picos anódicos ni 
pasivación y la corriente aumenta continuamente con el potencial.

Para las soluciones de cloruro de sodio se realizaron también ensayos de 
voltimetría cíclica a temperatura ambiente, variando el potencial entre 
— 1 V (ECS) y +2 V (ECS) para diversas verlocidades de barrido. En las soluciones 
5 X 10_1 M se encontraron dos picos anódicos y uno catódico y no se observó 
evolución de oxígeno. Para la solución 5 X 10~2M el pico anódico es ancho, 
seguido por un aumento importante de corriente y no aparece pico catódico. Al 
aumentar la velocidad de barrido, el pico anódico se corre a valores más nobles y
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la corriente del pico presenta dependencia lineal con la raíz cuadrada de la velocidad 
de barrido.

Para soluciones de nitrato de sodio, las curvas de polarización mostraron para 
todo el rango de concentraciones estudiadas un ataque activo. Al aumentar la 
temperatura se encontró un aumento de la corriente anódica. Las probetas 
mostraron ataque generalizado con algunas regiones de picado geométrico.

En acetato de sodio el comportamiento fue similar al de las soluciones de 
nitrato.

En aguas subterráneas natural y sintética y en bicarbonato de sodio existe un 
rango importante de pasividad, observándose poca influencia de la temperatura.
Las probetas mostraban en estos medios una capa bastante compacta de productos 
de corrosión.

En la Fig. 1 se muestran las ramas anódicas de las curvas de polarización 
del plomo en diversas soluciones, a 80°, notándose la mayor pasividad en las

V  (EC S )

FIG. 2. Curvas de polarización anódicas y  catódicas en agua subterránea sintética a 80°. La 
velocidad de barrido es de 0,1 m V  s~ '.
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CUADRO II. VELOCIDAD DE CORROSION DEL PLOMO 99,999% EN 
DIVERSOS MEDIOS

Medio T(C°) V „(m m  a *) Tipo de ataque

Agua destilada 75

75

0,5647

0,0013

GI

GSAgua subterránea natural

Agua subterránea natural saturada en O 2

Agua subterránea sintética

10% ben ton ita  en agua destilada

10% ben ton ita  en NaCl 5 X 10"2 M

10% ben ton ita  en agua subterránea sintética

NaCl 5 X 1 0 '1 M

NaCl 5 X 1 0 '2 M

NaCl 5 X 10“3 M

NaCl 5 X 10“* M

NaCl 5 X 10~2 M

N aN 0 3 1 X 1 0 '1 M

N aN 0 3 1 X 10‘2 M

N aN 0 3 1 X 1 0 '3 M

N aN 0 3 1 X 10~2 M

N aN 0 3 1 X 1 0 '2 M + NaCl 5 X 10~2 M

NaCH3COO 1 X 10“1 M

NaCH3COO IX  10~2 M

NaCH3COO 1 X 10’3 M

NaCH3COO IX  10-4 M

N aH C 03 6,6 X 10~3 M

N aH C 03 3,3 X 10~3 M

NaCl 5 X 10“2 M en agua subterránea 
sintética

N aN 03 10"2 M en agua subterránea 
sintética

NaCH3COO 1.10"2 M en agua subterránea 
sintética

75 0,0075 GS + L

75 0,0034 GS

75 0,0108 GS + L

75 0,0088 GS + L

75 0,0070 GS

75 0,0053 GS

75 0,0083 GS

75 0,0237 GS + L

75 0,4335 GI

20 0,0049 GS

75 0,4931 L

75 0,5169 L

75 0,3859 GI

18 0,0016 GS

75 0,0307 GS + L

75 0,6640 GI

75 0,0221 GS + L

75 0,5643 GI

75 0,6139 GI

75 0,0104 GS

75 0,0112 GS

75 0,0035 GS

75 0,0075 GS + L

75 0,0039 GS + L

GI: Generalizado intenso 
GS: Generalizado superficial 
L: Localizado
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Días

F I G .  3 .  V a r i a c ió n  d e  la  c o r r i e n t e  g a l v á n i c a  y  d e l  p o t e n c i a l  d e  l o s  p a r e s  g a l v á n i c o s ,  c o n  r e l a c i ó n  

d e  á r e a s  1 : 1 0 ,  e n  a g u a  s u b t e r r á n e a  s i n t é t i c a  a  7 5 ° C .

aguas subterráneas y en la solución de bicarbonato, con corrientes límites del 
orden de 10~4A-cm-2.

En la Fig. 2 se muestran curvas de polarización del plomo, acero inoxidable 
AISI 304, acero SAE 1010 y titanio Gr2 en agua subterránea sintética a 80°C.
En la misma figura se representan con cruces los valores de corrientes obtenidos 
a potencial constante para el plomo en este medio.

3.2. Ensayos de pérdida de peso

Las velocidades de corrosión del plomo, obtenidas a partir de datos de 
pérdida de peso, se muestran en el Cuadro II, indicándose en cada caso el medio 
de estudio y la temperatura de ensayo. En la última columna se indica el tipo de 
ataque observado una vez retirados los productos de corrosión. Se entiende como 
ataque generalizado superficial (GS) un ataque incipiente y uniforme de la super
ficie y como ataque generalizado intenso (GI) el revelado de la microestructura 
que corresponde a la estructura de solidificación deformada por laminación.
El ataque localizado (L) comprende el ataque intergranular, picado o 
revelación de microestructura, sólo en parte de la probeta. No se incluyeron 
en este cuadro los valores de velocidad de corrosión obtenidos en medios des
aireados con argón ya que los mismos no fueron reproducibles. En todos los
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CUADRO III. VELOCIDAD DE CORROSION DE PARES GALVANICOS 
CON RELACION DE AREAS 1:10 EN AGUA SUBTERRANEA SINTETICA 
A 75°C

Velocidad de corrosion
(mm a ‘)

Par

Por corriente galvánica Por pérdida de peso

Pb 0,0696 0,128

AISI 304 - -

Pb 0,0747 0,091

Ti Gr2 - -

Pb 0,0675 0,085

SAE 1010 0,213 0,201

Pb desacoplado - 0,003

SAE 1010 desacoplado - 0,051

casos se notó un incremento en los valores de pH al finalizar los ensayos; este 
incremento fue muy elevado en soluciones muy diluidas de sales y en agua 
destilada. En el caso de las suspensiones de bentonita no se notó cambio an el pH, 
confirmando así su efecto tampón. Los productos de corrosión, analizados por 
rayos X, indicaron un predominio de carbonato básico de plomo en las aguas 
subterráneas y en las suspensiones de bentonita. En los otros medios se encon
traron óxidos de plomo y mezclas de sales difíciles de identificar.

La variación del potencial del plomo a circuito abierto con el tiempo indicó 
que, para los medios más agresivos, el potencial de corrosión se corre a valores 
más catódicos mientras que el efecto es inverso para los medios pasivantes. Para el 
cloruro se nota que al aumentar la concentración de la sal aumenta el potencial 
de corrosión, indicando la formación de una capa salina más protectora.

Los ensayos de pérdida de peso del acero SAE 1010 en agua subterránea 
sintética a 75°C dieron una velocidad de corrosión de 0,051 mm a"1 ; se notó 
que la corrosión es importante en los primeros días y disminuye considerablemente 
con el tiempo. Las probetas se cubrieron con una pátina oscura y brillante. El 
potencial a circuito abierto se inició a —0,7 V (ECS), a los dos días alcanzó valores 
de —0,4 V (ECS) y a los 30 días se ubicó aproximadamente a —0,3 V (ECS), 
indicando la formación de una capa protectora superficial.
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3.3. Ensayos de corrosion galvánica

En la Fig. 3 se representan las variaciones con el tiempo de las corrientes 
galvánicas y del potencial de los pares en agua subterránea sintética a 75°C. Las 
corrientes galvánicas fueron consideradas positivas cuando el plomo actuó como 
ánodo. Se observó que los pare Pb-AISI 304 y Pb-Ti Gr2 se comportaron en forma 
similar, actuando el plomo siempre como ánodo. Los potenciales del par se 
ubicaron entre —0,35 V(ECS) y —0,30 V(ECS). En el caso del par Pb-SAE 1010, 
el plomo, inicialmente cátodo, se vuelve ánodo a los pocos días y el potencial del 
par pasa de -0,75 V(ECS) a —0,4 V(ECS) al finalizar el ensayo. A temperatura 
ambiente el acero SAE 1010 actuó como ánodo, mientras que para los otros pares 
lo fue el plomo.

En el Cuadro III se tabularon los valores de velocidad de corrosión obtenidos 
por transformación faradaica de la carga que circuló por corriente galvánica y 
por medida de pérdida de peso. No se obtuvieron variaciones de peso para el 
AISI 304 y el Ti Gr2. En el cuadro se incluyeron las velocidades de corrosión de 
plomo y SAE 1010 desacoplados. Las velocidades de corrosión del plomo 
obtenidas por pérdida de peso dieron valores mayores que las obtenidas por 
corriente galvánica, indicando autocorrosión. El efecto de la relación de áreas 
fue estudiado en el par Pb-AISI 304. Se observó que para la relación 1:1 la 
velocidad de corrosión del plomo fue cinco veces menor que para 1:10 en las mismas 
condiciones de ensayo. 4

4. DISCUSION

A partir de los resultados obtenidos por polarización anódica podemos 
inferir que las aguas subterráneas se comportan de un modo similar a una 
solución de bicarbonato de sodio, con formación de una capa pasivante de 
carbonato básico de plomo, aun a la temperatura relativamente elevada del 
repositorio. Se notó que el agua subterránea natural es más pasivante que 
la sintética, lo cual puede deberse al efecto sinergético de los demás componentes 
de las aguas naturales.

Resultados similares se encontraron en las medidas de pérdida de peso 
(Cuadro II) donde la mínima velocidad de corrosión, a 75°C, se observó en el agua 
subterránea natural. La velocidad de corrosión de 1,3 /am a '1 es del mismo orden 
que las encontradas en otros medios naturales [7, 9]. Esta velocidad de corrosión 
extrapolada a 1000 años indicaría que solamente un centésimo del contenedor 
de plomo sería atacado por el proceso corrosivo en estas condiciones. La saturación 
con oxígeno aumenta la corrosión pero ésta sigue siendo relativamente baja. La pre
sencia de NaN03 10~2M en agua subterránea produce un efecto similar al del 
oxígeno, dando velocidades de corrosión del mismo orden y localizando el ataque.
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Por otra parte NaCl 5 X 10_2M en agua subterránea no parece tener mayor influencia 
sobre la velocidad de corrosión y tipo de ataque.

Los ensayos realizados con suspensiones de bentonita mostraron que ésta 
actúa como un verdadero tampón manteniendo la velocidad de corrosión a 
niveles aceptables aun en las condiciones más agresivas, como sería la suspensión 
en agua destilada. La menor corrosión corresponde a la suspensión en agua sub
terránea.

Considerando la influencia de la concentración de sales, podemos distinguir 
dos tipos de comportamientos. Para medios que dan sales muy solubles, como 
son las sales del plomo con nitrato y acetato, las velocidades de corrosión son 
siempre elevadas a 75°C y prácticamente independientes de la concentración. Se 
nota una influencia importante de la temperatura (Cuadro II), pasándose de 
1,6 pm a-1 para 18°C a 516 p m a -1 a 75°C, para soluciones 10_2M de NaN03.
Este hecho está directamente relacionado con la variación de la solubilidad de las 
sales de plomo con la temperatura [10]. Así, el Pb(0H)N03 presenta una solubili
dad de 19,4 g/100 cm3 a 19°C y es totalmente soluble en agua caliente.

En las soluciones de cloruro el efecto es diferente. El PbCl2 tiene una solu
bilidad de 0,99 g/100 cm3 a 20°C y de 3,34 g/100 cm3 a 100°C [10]. Si se consigue 
sobresaturación de la sal de plomo en la interfase electrodo-solución, el plomo 
retardará su disolución. La sobresaturación depende de la concentración del 
cloruro en el medio corrosivo y de la temperatura. Así, para soluciones muy 
diluidas (5 X 10‘4M) el comportamiento es similar al del agua destilada y al de 
las soluciones de aniones agresivos (Cuadro II). Un aumento de la concentración 
de cloruro traerá una disminución de la velocidad de corrosión, obteniéndose 
velocidades de apenas 5 pm -a“1 para una solución 0,5 M de NaCl. Los resultados 
de voltimetría y la energía de activación aparente calculada en este trabajo indican 
que el proceso de disolución del plomo en este medio es controlado por difusión 
a través de una película salina, confirmando así, para estas soluciones neutras, el 
mecanismo propuesto para la pasivación del plomo en ácido clorhídrico [11, 12].

El cloruro actúa así como una especie inhibidora de corrosión para concentra
ciones entre 5 X 1СГ3 y 5 X 10-1 M a 75°C, obteniéndose una relación lineal 
entre el logaritmo de la velocidad de corrosión y el logaritmo de la concentración 
de cloruro; resultados similares fueron encontrados a 25°C para otros rangos de 
concentraciones [13]. La presencia de nitrato en soluciones de cloruro aumenta 
la velocidad de corrosión del plomo y localiza el ataque (Cuadro II), no habiéndose 
aún determinado para qué relación de concentraciones esto es válido.

Considerando las curvas de polarización en agua subterránea sintética a 75°C 
de los diversos metales estudiados en pares galvánicos (Fig. 2) podríamos predecir 
que el plomo se comportaría como ánodo frente al titanio y al acero inoxidable y 
como cátodo frente al acero al carbono. Sin embargo, aunque se cumple lo 
predicho para los pares Pb-Ti Gr2 y Pb-AISI 304, no ocurre lo mismo para el 
par Pb-SAE 1010 (Cuadro III). En este sistema el acero sólo se ataca durante los 
primeros días, existiendo buena coincidencia entre los datos de velocidad de
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corrosión por corriente galvánica y por pérdida de peso. El comportamiento del 
acero en este medio se debería a la formación de una pátina protectora que eleva 
su potencial a valores más nobles. Esto sólo ocurre a la temperatura de ensayo 
(75°C), ya que a la temperatura ambiente el acero es siempre anódico, tal como 
ocurre en agua de mar [14].

El plomo presenta en este par la menor velocidad de corrosión, siendo de 
todos modos aún demasiado elevada desde el punto de vista de la integridad del 
contenedor. Estas velocidades corresponden a los valores máximos de corrosión, 
ya que la corriente galvánica disminuye continuamente con el tiempo de ensayo 
y sólo el estudio de la cinética de corrosión permitirá hacer extrapolaciones 
realistas para 1000 años.

5. CONCLUSIONES

En las aguas subterráneas utilizadas en este trabajo, el plomo puro (99,999%) 
presentó un buen comportamiento frente a la corrosión, hasta la temperatura de 
80°C. En estos medios, naturalmente aireados, la velocidad de corrosión medida 
fue del orden de micrones por año, coincidiendo con los datos provenientes de 
estudios en agua de mar y de piezas arqueológicas.

En aguas subterráneas saturadas con oxígeno o impurificadas con NaN03 10-2M 
la velocidad de corrosión aumentó diez veces. Estos valores son aún aceptables 
para el diseño del contenedor propuesto.

La corrosión del plomo se vió afectada principalmente por la concentración 
y tipos de sales presentes en el medio. En medios de muy baja salinidad o en 
presencia de sales que dan productos de corrosión solubles de plomo, la velocidad 
de corrosión es muy elevada e inaceptable para el sistema propuesto.

La presencia de bentonita en suspensión es benéfica ya que limita considerable
mente la corrosión del plomo aun en medios de alta agresividad. Existe sin em
bargo en estos sistemas el peligro de la localización del ataque.

Los pares galvánicos Pb-AlSl 304 y Pb-Ti Gr2 mostraron un comportamiento 
similar en agua subterránea. En ambos casos el plomo se comporta como ánodo 
tanto para temperatura ambiente como a 75°C. La velocidad de corrosión del 
plomo es considerable y depende fuertemente de la relación de áreas. El par 
Pb-SAE 1010 tuvo un comportamiento diferente. A temperatura ambiente el 
plomo se mantuvo cátodo, mientras que a 75°C sufre una inversión a los pocos 
días y se vuelve ánodo. Este último par es el más promisorio ya que es el que 
presenta la menor velocidad de corrosión del plomo.
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Abstract
ENGINEERING GEOLOGICAL METHODS FOR PROVING THE BARRIER EFFICIENCY 
AND STABILITY OF THE HOST ROCK OF A RADIOACTIVE WASTE REPOSITORY.

The suitability of a geological medium for final waste disposal can only be demonstrated 
through a comprehensive safety analysis, showing that the protection aims are reached within 
the system consisting of the waste product, the disposal facility and the overall geological 
situation. For a waste disposal mine, the load bearing capacity of the rock, the protective 
properties of the surrounding rock formations and the geological stability of the area are 
important factors in a safety analysis, of which geotechnical stability analysis is an important 
part. Such an analysis comprises an engineering geological study of the site, laboratory and 
in situ experiments and model calculations, long term monitoring, and special geological and 
geochemical investigations. Some general criteria to apply in performing a geotechnical 
stability analysis have been developed on the basis of theoretical considerations and practical 
experience. They have been used by the Bundesanstalt für Geowissenschaften und Rohstoffe 
(BGR) in preliminary repository design calculations for the Gorleben site and for proving the 
safety of the Konrad site. Some results of these calculations are given. The assessment of the 
integrity of the geological barrier can only be performed by calculation with validated geo
mechanical models. Natural barriers should ensure that the inflow of water capable of leaching 
and/or the outflow of contaminated water from the final repository into the biosphere either 
is fundamentally impossible or at least can be kept within acceptable limits as a result of the 
natural geohydraulic conditions. Therefore, the determination of water conductivity and 
permeability along discontinuities is necessary in order to evaluate the barrier efficiency of 
crystalline host rock. The BGR developed a special water injection test method to measure 
water percolation through fissured rock, interpreting the test results by use of model tests 
and numerical analysis. 1

1. INTRODUCTION

In the Federal Republic of Germany the objectives valid for the operation 
of a mine as a repository for radioactive waste are defined by the Atomic Energy 
Act and the radiation protection regulations. In addition, several other pertinent 
provisions, such as the recommendations of the Reactor Safety Commission (RSK),
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are to be heeded. According to these objectives the final disposal of radioactive 
waste in a geological medium should guarantee the protection of man and environ
ment from harm caused by ionizing radiation from the waste during the operation 
of the repository. After the completion of the operational phase the whole 
repository must be closed off securely from the biosphere. Even after decom
missioning, radionuclides which might escape from the closed repository and 
into the biosphere as a result of transport processes which cannot be completely 
excluded may not lead to radiation doses which exceed the values given in the 
radiation protection regulations.

For the selection and exploration of a site as well as for the planning and 
construction of a repository mine, criteria which guarantee the objectives were 
developed by the RSK and published as a notification of the Federal Minister 
of the Interior [1]. The main feature of this notification is the statement that no 
generally valid quantitative safety criteria can be established, because the 
engineering concept for the repository mine and the requirements for the disposal 
products are formed from the particular, non-standard, overall geological situation. 
The necessary safety of a repository mine in a geological formation consequently 
must be demonstrated by a site specific safety analysis. This analysis has to assess 
the impact of the waste product, the engineered features of the repository and 
the geological conditions, taking into account coupled processes.

2. MULTIBARRIER PRINCIPLE AND SAFETY ANALYSIS

From an engineering geological point of view any disposal site for radioactive 
waste must be so chosen that the transport of dangerous quantities of radio
nuclides into the biosphere via circulating groundwater can be avoided. In 
principle, all final disposal operations should be safeguarded by a system of 
parallel or interlocking natural and engineered barriers (multibarrier principle), 
although the effectiveness of such barriers may receive different weighting in 
different disposal concepts.

Engineered barriers are the waste package and any artificial sealing materials. 
The purpose of such barriers is to reduce the leach rate to a minimum, and to 
hinder chemical reactions between the waste materials and the soil or rock which 
could lead to a disintegration of either of them.

Natural barriers consist of the soil or rock formations surrounding the waste. 
Above all, the host rock should be such that the inflow of water capable of 
leaching and/or the outflow of contaminated water from the final repository 
into the biosphere either is fundamentally impossible or at least can be kept 
within acceptable limits as a result of the natural geohydraulic conditions.

The suitability of a geological medium for final disposal can only be 
demonstrated if a comprehensive safety analysis has shown that the interactions 
of the system consisting of the waste product, the disposal facility and the overall
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geological situation can maintain the predetermined level of protection. The 
product to be disposed of and the engineering construction for the disposal facility 
on the one hand, and the geological conditions on the other hand are coupled 
through various interactions, and these must be taken into account to ensure the 
safety of the disposal site.

The proof of safety for a final disposal facility takes a central position 
among all other considerations. This leads directly to questions on the principles 
and criteria for such a demonstration. Since, in the case of final disposal in geo
logical formations, the load bearing capacity of the soil or rock, the protective 
effects of the surrounding rock formations over extended periods, and the geo
logical stability of the area around the facility are all important, such a demon
stration of safety cannot be undertaken solely from the viewpoint of construction 
engineering, but must also consider geological factors. Safety factors as applied 
to common engineered structures are not sufficient in this case.

A safety analysis which takes into consideration the above mentioned 
requirements and is based on the principle of multiple barriers should include 
the following main features (Fig. 1).

(a) Separate analysis of the effectiveness of individual barriers as technical 
systems (waste package, sealing material), as rock mechanical systems 
(boreholes, mines, shafts) and as geological systems (hydrogeology, tectonics) 
using methods appropriate to each case, e.g.:

— Statistical risk analysis for technical systems;
— Proof of stability for rock mechanical systems;
— Prediction of future geochemical, hydrogeological and tectonic processes 

for geological systems.

(b) Analysis of the physical and geochemical processes which may result from 
the mutual interactions of the barriers of the various systems, and evaluation 
of their significance for the undesired transport of harmful materials, both 
in the direct vicinity of the final storage facility and over greater distances, 
e.g.:

— Investigation of the corrosion of packing and sealing materials in a natural 
environment, and its significance for leach rates;

— Evaluation of long term geochemical processes in soil and rock;
— Thermomechanical calculation of the stresses and deformations in relation

ship to the heat potential of the stored waste and the characteristics of 
the formations in the vicinity of the disposal site.

(c) Comprehensive analysis of the safety of the final facility, by identification 
and evaluation of the mutual interactions of all barriers for particular, 
theoretically possible events (accidents, failure) which could lead to the 
release of radionuclides, such as judgement of the possible paths of release 
and the ensuing damage (scenario analysis, failure analysis), e.g.:
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F I G .  1 .  S a f e t y  a n a l y s i s  ( p r i n c i p l e ) .

— Failure of the seal,
— Collapse of the mine for rock mechanical reasons,
— Geological or tectonic catastrophes.

It can be seen that the geotechnical demonstration of the stability of a 
disposal facility is a single but essential component of the overall safety analysis [2].

3. PROOF OF GEOTECHNICAL STABILITY

3.1. Definition of stability

An underground opening (tunnel, cavern, mine) is considered to be stable 
when the load bearing capacity and/or the usability of the underground 
construction (cavity, support and surrounding rock) has been demonstrated. The 
load bearing capacity of an underground construction or a part thereof is defined 
as the ability to accommodate additional loads (e.g. due to mining operations) 
to the extent that the transition from one equilibrium condition to another (e.g. 
due to stress redistribution) does not lead to fractures or inadmissibly large 
deformations. For a final disposal facility, this means that no failure or 
convergence may occur which could impair the function of the planned safety
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pillars, either during the mining operations (primary -+ secondary stress condition) 
or during long term thermal loading cycles (secondary -*■ tertiary stress condition). 
Furthermore, the barrier function of the surrounding rock must be good enough 
to ensure that any impairment of the integrity of the rock due to decomposition 
of minerals containing water or by cracks due to thermal loads does not exceed 
the levels defined in the failure analysis.

3.2. Criteria for proof of stability

From this general definition of stability and the particular protection aims 
of radioactive waste disposal, it follows that a disposal mine can be considered 
stable when the following separate proofs can be demonstrated (3):

(a) For the construction and operation phase (open or partly filled mine):

(i) The load bearing capacity of the rock will not be impaired as a result 
of stress changes (including thermal stresses) to such an extent that the 
load bearing capacity of the system is exceeded, either suddenly (rock 
burst) or slowly (creep failure).

(ii) During or after the mining operations, no inadmissible deformation 
and/or creep rate occurs, neither in the underground openings (convergence, 
creep failure) nor on the surface (subsidence), which may critically 
influence the usability of the mine and/or the safety of above ground 
constructions.

TABLE I. CRITERIA AND FACTORS OF GEOTECHNICAL STABILITY 
(CONCEPT)

Safety
criteria

Natural
influences

Technical
influences

Measurements

Deformations Geological
circumstances

Geometry of 
cavity

Geological
investigation

Stresses Tectonic
disturbances

Construction
procedures

Geotechnical
tests

Failure mode Primary stress Type of usage Static
calculations

Load bearing 
capacity

Mechanical 
parameters 
of rock

Operating
conditions

Control
measurements

Brine and 
gas leaks

Brine and gas Temperature Mining
measurements
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(iii) The extent of decomposition of minerals (e.g. by dehydration) due to 
thermal loads does not lead to endangerment of the integrity of the host 
rock.

(iv) Uncontrolled leaks of water, brine and/or gas can be avoided.

(b) For the post-operational phase (completely filled mine):

(i) The integrity of the surrounding rock will not be inadmissibly impaired 
even over extended periods as a result of stress changes (possible crack 
formation), decomposition of minerals and/or corrosion.

(ii) Thermally induced brine migration and groundwater movement do 
not initiate any inadmissible release of radionuclides.

From these criteria it can be seen that the repository design and the evaluation 
of the long term effectiveness of the host rock barrier must take into consideration 
the following additional factors (Table I):

Natural factors

-  Geological conditions (e.g. sequences, petrographic composition of the rock, 
tectonic features, joint texture);

-  Hydrogeological conditions (e.g. pore water, joint water, permeability, ground- 
water movement);

-  In situ stress conditions;
-  Effects of earthquakes;
-  Occurrences of gas and brine;
-  Temperature- and time-dependent deformation characteristics of the rock 

and/or rock mass (e.g. elasticity, creep behaviour, plasticity);
-  Temperature- and time-dependent failure behaviour of the rock and/or rock 

mass (e.g. compression, shear and tensile strength, creep failure parameters, 
maximum load bearing capacity).

Technical factors

-  Properties of the radioactive waste (e.g. heat generation, radioactivity, half- 
lives of radionuclides, long term physical/chemical effects);

-  Mining techniques (e.g. blasting or excavation by cutting machines);
-  Geometry of underground openings (e.g. shape and size of galleries and 

pillars, construction of dams);
-  Operational data (e.g. arrangement of boreholes for final storage, maximum 

admissible temperature in accessible galleries, safety measures).

Factors relating to the system

-  Failure modes of the rock and/or support;
-  Limiting values for temperature increase in the groundwater (overburden);
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— Limiting values for temperature increase in minerals;
— Change of rock properties due to radioactive irradiation;
— Absorption properties of rock (e.g. adsorption of radionuclides in clay 

minerals);
— Long term geochemical processes;
— Long term geological processes (e.g. tectonic processes).

3.3. Method of proof of stability (fundamentals)

The practical demonstration of stability of a final disposal facility can only 
be done using a combination of various investigations and calculations [4]. 
Engineering geological and geotechnical investigations, rock mechanical measure
ments, static calculations, the monitoring of technical parameters and mining 
experience must all receive consideration.

The required extent and accuracy of the investigations and measurements, 
and the definition of safety factors in the case of partial calculations of stability 
should depend on the seriousness of the effects of possible failures, as indicated by 
the failure analysis. Investigations, measurements and theoretical calculations 
should be considered as a unit together with their mutual interactions (e.g. the 
mechanical model of the rock, parameter analysis and checking of static calculations). 
Since the final exploration of the rock, and thus the definite determination of rock 
parameters relevant to stability, can only take place after the mine has been 
excavated, stability calculations carried out during the planning phase are only of 
the nature of a prediction.

Nevertheless, numerical stability calculations are of particular significance 
in the case of the final storage of radioactive waste, since licensing procedures 
require a reliable and convincing demonstration of safety. Furthermore, thermal 
loading (due to heat generated by waste) can lead to stress changes, both in the 
immediate vicinity of the storage facility (mine) and over greater distances (rock 
formations), which neither are predictable from previous mining experience nor 
have been the subject of in situ téchnical investigations. In accordance with the 
criteria in Section 3.2, the first aim of a stability calculation is to demonstrate that 
stress redistribution due to mining operations and the thermally induced stresses 
do not endanger the failure-free state of equilibrium in the rock, do not cause any 
inadmissible convergence or support damage during the operational period, and 
maintain the long term integrity of the rock formations. It is necessary to 
calculate the stress distribution and deformation in the formations surrounding 
the mine, taking into consideration the temperature dependent rheological 
properties of the rock, and to compare the stresses with the limiting load bearing 
capacity of the rock mass. Above all, this requires the formulation of a rock 
mechanical model and associated calculation models, the study of parameters 
and the determination of safety and failure criteria.
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FIG. 2. Surface uplift fu) 300 years after closure o f  Gerieben mine (example).

A calculating method which is particularly suitable for the solution of such 
geomechanical problems is the method of finite elements (FEM). This numerical 
method, which is specifically tailored to the requirements of automatic data 
processing, even allows consideration of many of the additional factors quoted 
in Section 3.2 with an accuracy closely approaching the real situation. The FEM 
is also suitable for the calculation of non-linear limiting values. For the analysis 
of final disposal facilities in rock salt, the Bundesanstalt für Geowissenschaften 
und Rohstoffe (Federal Institute for Geosciences and Natural Resources, BGR) has 
developed the Ansalt computer program (analysis of non-linear thermomechanical 
response of rock salt) together with the Control Data Corporation [5]. The
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program is being used to solve specific problems in the planning of the final 
disposal facility at Gorleben. As examples, characteristic results regarding the 
influence of different repository depths on surface uplift and the temperature 
distribution at the top of the salt dome are illustrated in Figs 2 and 3 [6]. More 
information about the geoscientific investigation of the Gorleben site is given in 
the paper by Jaritz et al. at this Symposium [7].

During the construction phase, information obtained from the calculations 
can be iteratively improved by comparing the results with in situ measurements, 
and by the application of geophysical methods of exploration. Thus, the final 
demonstration of stability can only be achieved during the construction and/or 
operational phase, as a result of in situ measurements, including monitoring over 
long periods. Furthermore, evaluation of the measurements must be accompanied 
by an associated evaluation of the geological documentation and a comparison 
with the results of stress-deformation calculations, since they are indispensable 
to the correct interpretation of data related to complex rock structure. Continuous 
extension and verification of the latest advances in the field of stability calculations 
during the phases of initial planning, construction and operation are thus vital to 
the demonstration of geotechnical stability as described in this paper. Consequently, 
it is necessary that geotechnical testing and assessment continue without inter
ruption from the beginning of site characterization to permanent closure. However, 
the nature of the geotechnical activities will change because different issues will be 
considered in the different licensing steps and the opportunities for testing will 
expand as repository development progresses. This continuing effort will provide 
an increasing amount of knowledge on which safety findings can be based with 
growing confidence.

On the basis of the described geotechnical method to prove the stability of 
underground openings, comprehensive investigations and calculations to prove 
the safety of the Konrad site have been performed by the BGR. Some details 
are given in the paper by Diekmann et al. at this Symposium [8].

4. EVALUATION OF EFFICIENCY OF NATURAL BARRIERS

According to the multibarrier principle the geological setting must be able 
to contribute significantly to waste isolation over long periods. Although 
qualitative understanding, descriptive models and expert judgement are important 
in providing a reasonable assurance that the integrity of the geological barrier 
has been validated, the assessment of the integrity of the barrier should be 
performed by making calculations with validated geomechanical models. The 
proper idealization of the host rock and the surrounding geological formations in 
a computational model is the basis of a realistic calculation. The natural system 
has to be considered with properties such as permeability, thermomechanical 
behaviour and tectonic fracturing (in situ stress).
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The initial boundary conditions given by the construction and operation of 
the repository have also to be taken into account in order to optimize the 
repository as a geotechnical system. This optimization must take into account 
the conditions of the system, e.g. geological and geochemical long term processes, 
limiting values for temperature, and rock failure modes [9]. The adequacy of 
the computational model in predicting the barrier efficiency has to be proved at 
the following three levels:

— Verification of the computer code, especially the consistency and accuracy 
of constitutive modelling, numerical solution techniques and realization of 
boundary conditions;

— Model validation, i.e. the proper approximation of in situ structure and 
in situ behaviour, by proving agreement between predictions and 
measurements;

— Final, on-site confirmation.

The numerical models used in assessing the efficiency of geological barriers 
have to represent the physical properties of the geological medium. The degree 
of representation (simulation) is significant because the misapplication of 
mathematical models may produce erroneous results. Anyway, the use of 
mathematical models must be justified by the site data. Even if these data are 
based on a comprehensive site investigation, there is always a certain amount of 
uncertainty in modelling a geological system. Therefore, boundary approaches 
must be used in a conservative manner. The extent to which boundary approaches 
can be justified and demonstrated as being conservative will affect the reliability 
of the estimation of the barrier efficiency.

The thermomechanical computations with a validated geomechanical model 
in this context are of particular importance for high level waste disposal, because 
the assessment of the integrity of the geological barrier and the long term isolation 
of the nuclear waste can only be demonstrated by calculation, owing to a lack of 
experience of engineers and geologists in this field.

Nevertheless, the experience of miners, engineers and geologists is very help
ful for the estimation of natural barriers. As an example, halite rock (rock salt) 
has particular characteristics which make it extremely interesting both for waste 
disposal and for the protection of the environment [10]. First, it is practically 
impermeable to gases and liquids. Oil geologists have known this for some time, 
and in fact a large number of hydrocarbon reservoirs would not exist if a sealing 
salt cap were not present. This impermeability is due to the plastic deformability 
of halite rock over wide ranges of pressure, temperature and rates of deformation. 
This property prevents joints or gaps from opening up, or remaining open, through 
which liquids and gases could flow. Of course, this sealing property is also useful 
in the case of the storage of liquids and gases in artificially created cavities, e.g. 
crude oil or its products, town gas or compressed air. Many instances worldwide 
have shown that storage in salt caverns is not only an ecologically safe but also 
an economical method of storing materials.
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FIG. 4. Fracture system flow test: system diagram.

FIG. 5. Fracture system flow test: packer system.
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Regarding the barrier efficiency of crystalline host rock, the determination 
of water conductivity and permeability along discontinuities (fissures, joints, 
faults) is necessary, because the inflow of water capable of leaching and/or the 
outflow of contaminated water from the final disposal facility into the biosphere 
is a critical feature. In fissured or jointed rock the discontinuities are the major 
factors influencing the permeability of the rock mass, whereas the pore volume 
of the intact rock is of secondary, or even negligible, importance. The hydraulic 
conductivity depends for the most part on the discontinuity surfaces, their 
widths and filling materials, as well as on their origins and intersections.

For these reasons the BGR started to develop a fracture system flow test 
(water injection test) for application in fissured rocks with low permeability [11]. 
Testing of water percolation through fissured rocks comprises two kinds of 
method:

-  Direct methods: in situ percolation tests with a central injection borehole 
and surrounding observation boreholes located according to the geological 
structure (Figs 4 and 5), and block model tests in the laboratory;

-  Indirect methods: simulation using analytical and numerical methods, 
taking rock discontinuities into consideration; special geological structure 
modelling, e.g. degree of separation in parts of the rock; and supporting 
numerical analyses.

The tests are designed to quantify the direction dependent permeability of 
the rock with respect to rock and water pressure. The test results will also 
strengthen the understanding of the applicability of equivalent porous media 
conceptualizations of groundwater flow in fractured rock. The controlling factors 
and the appropriate scale of application of Darcy’s law, if any, will be determined. 
The tests are being run at the Nagra Grimsel test site. Details are given in the 
paper by Brewitz and Pahl at this Symposium [12].

5. CONCLUSIONS

The barrier efficiency and the stability of the host rock of a radioactive 
waste repository can only be demonstrated with the necessary degree of 
confidence if validated geomechanical models are used. Safety assessment on 
the basis of validated codes, beginning with code development and ending with 
the quantitative prediction of the release of radionuclides at a site, is an iterative 
process of prediction and comparison of simulated and measured laboratory and 
field data. The whole natural (geological) system, with its complex thermo
mechanical, thermohydrogeological and geochemical long term processes, has 
to be considered. But all the uncertainties of a geological system are not 
quantifiable. Therefore, quantitative models alone will not provide a sufficient 
basis for safety assessment; qualitative geological understanding, descriptive 
engineering geological models and expert judgement are also needed.
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Abstract

PARTICIPATION OF THE FEDERAL REPUBLIC OF GERMANY IN THE GRIMSEL 
UNDERGROUND ROCK LABORATORY IN SWITZERLAND: OBJECTIVES AND 
METHODS OF IN SITU EXPERIMENTS IN GRANITE FOR RADIOACTIVE WASTE 
DISPOSAL.

On the basis of a co-operative agreement signed in 1983 by the Nationale Genossenschaft 
für die Lagerung radioaktiver Abfälle (Nagra), the Gesellschaft für Strahlen- und Umweltforschung 
mbH München (GSF) and the Bundesanstalt für Geowissenschaften und Rohstoffe (BGR), the 
Federal Republic of Germany participates in the Grimsel underground rock laboratory with a broad 
testing programme. This programme is aimed at the development of geotechnical and geo
physical investigation techniques as well as the determination of the granite’s quality as a 
geological barrier for underground radioactive waste repositories. The Federal German team 
performs the following in situ tests: high frequency electromagnetic measurements in 
boreholes, flow tests in fracture systems, stress measurements in boreholes, geophysical 
tiltmeter measurements, heating experiments, and macropermeability tests in a ventilation 
tunnel. The first tests were started in 1983, before the excavation of the test site was 
finished. Most of the other tests began in 1984-1985 after extensive technical, geological and 
geophysical preparatory work performed by Nagra and its contractors. Nearly all the tests 
have produced their first results. According to the co-operative agreement the present 
programme runs until 1988. No decision has been made about future prospects.
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1. INTRODUCTION

Methods and technologies for the safe, permanent disposal of radioactive 
waste have been developed and tested since 1965 in the former Asse salt mine 
near Wolfenbüttel in the Federal Republic of Germany. Investigations were also 
carried out to assess the feasibility of the disused Konrad iron ore mine near 
Salzgitter-Lebenstedt as a permanent repository for non-heat-generating radio
active waste. In addition, the Federal Ministry for Research and Technology 
(BMFT) was interested in validating the results of these activities in crystalline 
rock, obtaining knowledge of other types of rock and gaining further experience 
with granite as a host rock. The crystalline rock at Grimsel is particularly suitable 
for mechanical, geophysical and hydrogeological investigations. Participation in the 
activities at Grimsel provides the Federal German Government with the opportunity 
to supplement its research programme on hard rock formations.

Thus, within a co-operative agreement between Switzerland and the Federal 
Republic of Germany, the Bundesanstalt für Geowissenschaften und Rohstoffe 
(BGR) and the Gesellschaft für Strahlen- und Umweltforschung mbH München 
(GSF) will carry out three tests each in the Grimsel underground rock laboratory. 
The Nationale Genossenschaft für die Lagerung radioaktiver Abfälle (Nagra) is 
responsible for the construction work, all drilling, the infrastructure and the 
operation of the entire test site. Nagra also provides the management of the 
project as a whole and will carry out another six tests. The objective of the 
Federal German programme is the development of geotechnical and geophysical 
techniques for investigating underground radioactive waste repositories to be 
sited in hard rock formations such as granite. In addition, rock mass parameters 
will be measured that are important for rock quality and safety assessments.
The in situ tests being performed by the Federal German participants are based 
partly on experience and knowledge gained by the BGR and GSF in various 
national research programmes on radioactive waste disposal.

The following methods will be further developed and tested by the Federal 
German participants:

(a) High frequency electromagnetic measurements in boreholes for identification 
of discontinuities in rock masses with a minimum of perforation (BGR);

(b) Flow tests in fracture systems using a system of boreholes for determination 
of direction and velocity of water flow in fractures and fissures, and measure
ment of in situ permeability (BGR);

(c) Advanced stress measurements in deep boreholes for development of in situ 
techniques for accurate measurement of the mechanical stress field (BGR);

(d) Geophysical tiltmeter measurements in boreholes for determination of 
periodic and non-periodic deformation of the rock mass resulting from 
tectonic movements and artificial events, e.g. heating experiments (GSF);

(e) Heating experiments in boreholes for determination of the thermomechanical 
behaviour of the Grimsel granite and the corresponding rock properties, 
including the temperature dependent release of formation water (GSF);
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(0  Ventilation test in an airlocked tunnel section for measurement of water 
pressure, temperature and evaporation rate of formation water, and for 
calculation of the macropermeability of a rock mass with low permeability 
(GSF).

Nagra is carrying out underground seismic surveys and in situ tests with 
respect to neotectonics, hydraulic potential, radionuclide migration and water 
convection, as well as laboratory tests.

This paper deals with some of the experiments being carried out by the 
BGR and GSF.

2. SITE DESCRIPTION

The Grimsel site was selected by Nagra in accordance with the Swiss concept 
for the disposal of high level waste. Like Sweden, Finland and Canada, Switzer
land strongly favours granites as a host rock medium. Such rock is found in the 
northern part of the country, mainly as crystalline basement covered by Permo- 
Carboniferous and younger sediments. These rocks also form the basement of the 
Black Forest area in the Federal Republic of Germany and parts of the Gotthard- 
Grimsel massif in the Central Alps.

At the Grimsel Pass, these autochthonous granites have been widely explored 
by means of tunnels of the local hydroelectric power stations. In particular, the 
main access tunnel to the Grimsel II power station of the Kraftwerke Oberhasli AG, 
at an altitude of 1730 m, has opened up a large part of the Juchlistock, a mountain 
ridge consisting mainly of granite and granodiorite. These formations have 
proved to be excellent for the development of an underground laboratory because 
the rock is homogeneous with only a few water bearing faults and fissures.

The laboratory was built as a branch tunnel from the main access tunnel 
1150-1580 m into the Juchlistock with 400-500 m of rock above it. The test 
tunnels have a total length of 900 m and a diameter of 3.5 m. They were 
excavated by tunnel boring. More than 1000 m of boreholes have been drilled 
for testing purposes. The site, infrastructure and programme have been described 
in detail in various Nagra papers [ 1, 2].

3. DESCRIPTION OF SELECTED INVESTIGATIONS

3.1. Rock stress measurements

The first results of the rock stress measurements, the equipment developed 
for this work, and the work planned for the future are presented briefly here.

The assessment of deep seated rock, in terms of engineering geology and 
geotechnology, with respect to its suitability as a host rock and geological barrier
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for a permanent repository for radioactive waste requires knowledge of in situ 
behaviour. Stress gauges and dilatometers are used to study these properties.
The equipment, however, has rarely been used in deep boreholes, i.e. deeper than 
100 m. Thus, it should be determined in this research programme whether the 
BGR equipment and procedures can be used at greater depth and whether 
modifications are necessary.

The following studies have been completed or are being carried out [3,4]:

— Further development of testing procedures;
— Tests with the BGR dilatometer system down to 200 m, and evaluation of 

the results with respect to use of the dilatometer in boreholes down to 
about 1000 m;

— Overcoring experiments with equipment using the BGR inductive gauge 
system in boreholes down to 200 m, and evaluation of the results with respect 
to use of this method in boreholes deeper than 200 m;

— Experiments using other stress measuring techniques for comparison;
— Theoretical analysis of the rock stress and numerical calculations.

The experiments were done during core drilling to a depth of 171 m below 
the floor of the tunnel, which corresponds to a depth of about 600 m from the 
surface.

In the first experiments, emphasis was laid upon the development of the 
equipment, especially that used for the BGR overcoring method. For these 
experiments an inductive probe was installed in the first borehole with a diameter 
of 46 mm; this was followed by overcoring to a diameter of 146 mm.

Of special interest are the new 3-D probe of the BGR and the use of a 
computer in the borehole together with the probe. This makes it possible to 
record the measurements in deep boreholes without the usual cable in the drill 
stem. An example of the deformation measured continually during overcoring 
is shown in Fig. 1. The rock stress was calculated from the deformation using 
the elasticity modulus determined by the dilatometer experiments in the same 
borehole. In some cases the stress was considerably greater than expected in 
regard to the depth. This becomes particularly clear from the main horizontal 
stresses shown in Fig. 2. Moreover, it was demonstrated that the structure of 
the rock mass has an influence on the stresses. Therefore, future work will be 
concentrated on the relationship between structure and stress. In addition, 
equipment and methods for boreholes deeper than 200 m will be developed 
further. A mechanical ‘frac’ testing apparatus is being developed for long term 
stress measurements.

The experiments in boreholes filled with water yielded good results. Only a 
few experiments showed little problems, mainly with broken cores, leaky cables 
and damage in the rotating drill stem. A considerable advantage of the BGR system 
proved to be the measurement of the borehole diameter and the recording of all 
data during overcoring. It should be possible to use this probe down to 400 m.
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MR 3

FIG. 1. BGR overcoring test at a depth o f 132.6 m in the pilot borehole. The curves show 
borehole deformation during overcoring fMR: direction o f measurement).

The use of the computer probe should make it possible to obtain continuous 
measurements at even greater depths.

The BGR dilatometer functioned with no difficulties. After certain changes 
have been made in its construction, it should be possible to use it at even greater 
depths. ‘Fracs’ made with the dilatometer were overcored and measured.

3.2. Fracture system flow test

To ensure the long term safety of a final repository one requires exact 
knowledge of the effects of individual fractures and fracture systems on the 
hydraulic condition of the rock mass. The purpose of the fracture system flow 
test is to develop further suitable equipment and instrumentation for the 
determination of water conductivity and water permeability in crystalline rocks 
along fracture planes.

In hard rock such as granite, fissures, faults and cleavage are the main factors 
influencing the permeability of the rock mass and thereby the quality of the 
geological barrier, whereas the permeability of intact rock without fractures is of 
secondary importance. The hydraulic conductivity depends for the most part on 
the presence of fracture planes, their aperture width and filling material, as well 
as their extension and origin and the extent to which they intersect. The BGR 
has developed flow test equipment for studies related to the siting of underground 
nuclear power plants [5, 6]. Measurements performed in sandstones and granite 
are being used as a basis for the further development of the equipment and 
methods for studying fractured rock.
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a minimum h or izon ta l  s t r e s s

FIG. 2. Preliminary results o f  stress measurements by overcoring and hydrofracturing ÍBGR).

The modified water injection test for the measurement of hydraulic 
conductivity in fissured rock includes the following methods:

Direct methods

— In situ conductivity test using an injection borehole surrounded by several 
observation boreholes, sited according to the geological structure;

— Block tests in the BGR laboratories or in the Grimsel rock laboratory.
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Indirect methods

— Simulation using numerical methods, including calculation of hydraulic
conductivity;

— Special mapping of the site, e.g. the aperture widths of individual fractures;
— Verification of the simulation models.

These different methods are designed to quantify the rock mass permeability 
and its distribution within a formation with respect to rock stresses and water 
pressure [7].

The test is being performed in the central Aare granite, which is fissured and 
cut by faults. The dominant factor in the selection of this site was the presence 
of a water bearing fracture zone in which a horizontal exploratory borehole was 
drilled in 1980 by Nagra and borehole logging was carried out by Geotest 
(Switzerland). At the far end of the borehole the water pressure reached 43 bar 
(4.3 MPa) within a relatively short time. The test chamber was excavated by 
blasting. The front section of the test chamber is located in a shear zone, whereas 
the rear section is cut by joints and foliation planes which can be attributed to 
definable tectonic systems.

Water seeps from fissures at the rear end of the test chamber. The joints, 
faults and foliation planes of the roof, side walls and floor of the test chamber 
were mapped in detail by the BGR. The resulting plots clearly show that there 
are only a few fracture planes and a few large fissures.

The equipment consists of probes, borehole packers, pumps and computers.
A general diagram of the equipment is shown in the paper presented by Langer et al. 
at this Symposium [8]. The configuration of the boreholes is shown in Fig. 3.
The flow of water between the injection borehole and the observation boreholes 
was tested in steps up to 25 bar (2.5 MPa) (Fig. 4). The next phase of tests will 
involve longer boreholes and injections of hot water and tracers. The measure
ments obtained from the sections of the boreholes isolated with packers and 
from the injection section are transmitted to a computer and stored on disk [9].

The evaluation will be performed by comparing the measured data with 
the results of model calculations. These calculations are made by using the 
finite element method and other methods.

The hydraulic conductivity of the rock depends on open fractures as well 
as on the stress field in the rock. Therefore, any hydraulic conductivity calculations 
must include stress and strain. Further testing in the rock mechanics laboratory 
will take these into consideration. A comparison of the results with rock stress 
measurements and geological structures in the vicinity will also be made.

3.3. Macropermeability test

The quality of granite as a geological barrier is a matter not only of the 
fracture system’s hydraulic conductivity but also of the overall rock mass
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FIG. 3. Configuration o f the BGR fracture system flow test, showing fracture frequency.



D
EP

TH
 (

m
)

IAEA-SM-289/24 485

OUTFLOW
(L/min) 7.5 bar 15 bar 20 bar 25 bar

FIG. 4. BGR fracture system flow test: diagram showing outflow o f injected water under 
different pressures (1 bar = 10s Pa) for injection borehole ВО В К 85 004 (preliminary results 
up to 14 August 1985). o: no percolation.
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permeability. The measurement of low and very low rock moisture quantities as 
well as the investigation of water pathways and dispersion effects requires the 
development of new testing methods. This is of great importance for the long 
term safety analysis of a repository in hard rock formations.

The so-called ventilation test was first developed and executed in the Siripa 
mine in Sweden by P.A. Witherspoon to determine the macropermeability of 
granite. The basic principle is to collect all seepage water in a sealed-off under
ground chamber by ventilation. Wet air is dried in a ventilation and cooling 
unit, where the water vapour condenses before the dry air is blown back into the 
chamber again. The hydraulic conductivity can be calculated by using the 
Thiem equation for steady, radial flow into a long cylindrical sink in a homogeneous, 
isotropic porous medium [10]. The parameters of interest are the measured water 
flow, the hydraulic gradient — to be determined by pressure tests in boreholes — 
and the surface area in the test chamber normal to the flow direction.

The layout and instrumentation of the ventilation test have been developed 
by the GSF on the basis of the Stripa concept and experience gained in the 
Konrad mine [11, 12]. The circular shape and smooth rock face of the Grimsel 
tunnels provide for an even geometry, little disintegration of the rock wall and 
good conditions for fastening airlocks. The latter consist of two large inflatable 
mining cushions, 3.5 m in diameter and 3 m in length, which are kept at a constant 
overpressure of 0.2 bar (20 kPa). These cushions are movable and can be 
positioned to suit special testing requirements, for example to separate sections of 
low and high permeability (Fig. 5).

The ventilation unit is à fan combined with an air cooler and heater. Inlet 
and exhaust ducts transfer the ventilation air from and into the test chambers.
The ventilation rate can be determined by measuring the air velocity. In both 
ducts air humidity and temperature are controlled. From these data the water flow 
rate can be calculated; this must correlate with the water extraction at the 
cooling trap.

The present test is being performed in the front end of the ventilation tunnel, 
which has been divided into two test chambers. The rear one is 42 m long and 
is located in a homogeneous and very low permeability granodiorite. In the 
27 m long front chamber the granodiorite is more schistose and perforated by 
50-70 cm of lamprophyre. In the vicinity of the lamprophyre veins wet rock 
faces indicate greater permeability of the rock mass.

Phase I of the test was started in October 1985. The ventilation was set to 
8 m/s, equivalent to 136 m3/s of air. The relative humidity and temperature of 
the dry air blown into the test chamber were kept at 55-60% and 13°C. The 
quantity of water recovered ranged between 1.6 and 1.8 L/h, equivalent to the 
natural rate of inflow from the entire rock face having an area of 305 m2 
(~0.09 cm3-min-1 m-2).

To identify more accurately water bearing fissures and zones an infrared 
camera has been installed on a remotely controlled sliding carriage inside the test
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FIG. 5. Plan view o f the ventilation test with associated components and installations (after 
Nagra). Measured values: F: relative humidity (%); t: temperature (°C); w: airflow (m/s); 
p: pressure (bar (10s Pa)).

chamber. By driving the camera up and down under different focusing angles it 
is possible to perform a complete temperature survey of the entire rock face. 
Temperature lows indicate areas of water evaporation. From these measurements 
a special area of about 100 m2 was identified where most of the intrinsic water 
release takes place (Fig. 6).

For the calculation of the hydraulic gradient effective in the near field of 
the test site the natural water pressure is being measured in two boreholes drilled 
parallel to the tunnel axis at distances of 1.75 and 3.5 m from the rock wall.
Each borehole has been subdivided by packers into 16 pressure sections in which, 
owing to the tectonic and hydrogeological situation, water pressure up to 17 bar 
( 1.7 MPa) was monitored.

The very first calculation on the basis of these data resulted in a preliminary 
value for the macropermeability of the order of 10~9 m/s. If only the immediate 
vicinity of the lamprophyre is considered as water bearing, this value may go up 
to 10 '8m/s. In comparison, the micropermeability measured on diamond drilled 
cores is 10_n m/s and lower.

The ventilation test has three phases. The aim of the present phase (I) is 
the determination of the natural water flow into the tunnel under steady state 
conditions. In Phase II the relative humidity and temperature of the ventilation 
air, as well as the ventilation velocity, will be changed stepwise to locate the main 
water bearing fissures and to investigate the relationship between water pressure 
and water flow in a very low permeability rock mass. Phase III is again a quiescent 
phase during which the rock can resaturate with water. Comparison between 
Phases I and III will permit conclusions to be drawn about the hydraulic capacity 
of the rock mass.
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FIG. 6. Temperature profiles measured using an infrared camera in the front chamber in the 
ventilation test.

3.4. Tiltmeter measurements

For the identification and measurement of neotectonic movements only 
very few methods are at present available. One method which is capable of 
detecting even the slightest displacement processes is based on the use of Askania 
vertical tiltmeters. The primary aim of the test is to develop this method further 
for the interests of radioactive waste disposal in deep geological formations and 
in particular for the surveillance of tectonic and rock mechanical processes.

In the Grimsel test site six high precision vertical tiltmeters have been 
installed in 20-30 m deep boreholes, of which three are in the vicinity of the 
heater test location. The others are placed at different positions in the main 
access tunnel. These tiltmeters have a resolution as high as 10-4 seconds of arc.
This extreme accuracy is needed for the determination of very small movements 
resulting from the heater test and the temperature rise in the rock mass to about 
90°C. The measurements include those of signals from different movements, e.g. 
from non-periodic and periodic events, such as earth tidal waves, which have to 
be identified and separated for further interpretation.

Since May 1985 all tiltmeters have been in operation. Data are recorded 
every 12 s on magnetic tape. The data include, besides the tilts, the atmospheric 
air pressure at each station and the filling levels of the two lakes, Räterichsbodensee 
and Grimselsee. In addition, data on rain- and snowfall are being made available from 
the meteorological station at Grimsel. These data are needed for the identifica
tion of superimposed signals and the correction of the tilt measurements.



IAEA-SM-289/24 489

FIG. 7. Relative change o f water level in the pumped storage lakes, and comparison between 
calculated and measured north-south tilt at tiltmeter station 6 between 24 October 1985 at 
8.00a.m. and 2 December 1985 at 5.00 a.m.

The strongest tilts seem to result from the level changes of both lakes, 
which are integrated in a pump storage scheme of the Grimsel hydroelectric 
power station. A rough theoretical calculation has shown that variations in the 
lake fillings can result in tilts of some hundreds of milliseconds of arc. Geodesic 
measurements performed in the main access tunnel have found rock movements 
within the same range.

Although a complete interpretation is only possible after continuous measure
ments over a sufficient period, e.g. six to eight months, the first results indicate 
that long lasting and non-periodic tilts are oriented at all meters in the same 
direction. These tilts, which correlate clearly with changes of the lake filling 
levels, seem to dominate all other signals (Fig. 7).

The broad research programme at the Grimsel test site provides an excellent 
chance not only for the development of tiltmeter measurements but also for the 
investigation of local and regional effects on neotectonic movements.
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4. FUTURE PROSPECTS

The current programme will terminate in 1988. Until then all BGR and 
GSF investigations will be concluded as scheduled and agreed upon in the 
co-operative agreement with Nagra. In principle there is a possibility of 
continuing this co-operation beyond 1988, but no decision has yet been made 
either on an extension or on additional in situ tests.
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DISCUSSION

(Summary of discussion held on the papers in Session IHb)

In the discussion of Paper IAEA-SM-289/21 it was mentioned that the 
general disadvantage of many glass-ceramics is that as the hydrolytic stability of the 
crystalline phase increases, the hydrolytic stability of the glassy phase becomes 
poorer, so that the crystalline phase becomes exposed to leaching over a larger 
surface area in the long term after dissolution of the glassy phase. It was stated 
that this will not apply to the sphene based glass-ceramic. The aluminosilicate 
glass matrix is itself quite durable under a range of test conditions and hence 
the stability of the two-phase mixture is not significantly compromised by the 
glass component. Moreover, fabrication of the glass-ceramic is simpler than for 
fully crystalline materials.

In answer to a question on Paper IAEA-SM-289/22 concerning important 
limitations on the use of lead as an immobilization material for spent fuel, such 
as toxicity, cost and operational aspects, it was said that only reprocessing wastes 
were considered for disposal in a repository, and that direct disposal of spent fuel 
elements was not being considered. Hence, the quantity of lead required per 
unit of electric energy generated will be significantly less in the case of recycling 
than in the case of direct disposal of fuel elements.

In response to a question on Paper IAEA-SM-289/23 as to why it is necessary 
to excavate the whole repository in bedrock to validate a geochemical model, 
it was explained that since a validated geochemical model does not yet exist, 
this approach was adopted as it is efficient. In any case, the excavation of an 
experimental drift is certainly considered necessary.
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Abstract

CONCEPTUAL DESIGN O F GEOLOGICAL REPOSITORIES FO R  HIGH LEVEL WASTES.
The various types o f geological form ation  in Japan can be roughly divided in to  two 

groups: massive, fractured, hard rocks and soft to  m edium  hard, m ultilayered, hom ogeneous 
rocks. The form er are represented by granitic rocks and the la tter include T ertiary m udstone, 
shale and sandstone. In  designing geological repositories num erous po in ts m ust be studied, 
such as mechanical stability o f tunnels in deep form ations; seismic stability , w hich is a pre
requisite fo r nuclear related facilities; the  effect o f  therm al discharge from  nuclear wastes; 
and public safety from  radioactive substances dissolved in  groundw ater. T he paper discusses 
th e  design of geological repositories in term s of their operational functions by  assuming the 
un it capacity  o f a system  to  be 10 000 waste forms. On the  basis o f  a general assessment o f 
m echanical and seismic stabilities, fundam ental approaches and procedures in  designing a 
system  to  overcom e therm al problem s are proposed. Num erical analyses revealed th a t under 
the  waste disposal program m es presently contem plated  in  Japan, problem s can be avoided if 
solidified wastes are stored fo r abou t 30 years in interim  storage facilities and th en  buried at 
a suitable dep th , depending on the  specific characteristics o f the  host rock. 1

1. INTRODUCTION

According to a report published by the Atomic Energy Commission of Japan 
in October 1985 [ 1 ], the following bodies are responsible for the management of 
radioactive wastes at different stages:

Low level radioactive wastes

— Storage and disposal: electric companies, etc., at the source.
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Tmnsuranic wastes

-  Storage: companies at the source
-  Disposal: not yet established
— R&D of processing and disposal: Power Reactor and Nuclear Fuel Develop

ment Corporation (PNC), Japan Atomic Energy Research Institute (JAERI), 
etc.

High level radioactive wastes

— Processing and storage: electric companies and reprocessing companies
— Disposal: Government
-  R&D of disposal:

— R&D for project performance: PNC with the co-operation of the 
Geological Survey of Japan, universities, etc.

— Research on safety assessment: JAERI.

The PNC will take the initiative in R&D activities for implementing the 
project on geological disposal of high level radioactive wastes (HLW). Phase 1 
of the project (preliminary investigations of geological media) has been completed; 
candidate sites will be selected in Phase 2; disposal techniques at a candidate site 
will be demonstrated in Phase 3; and repositories will be constructed and operated 
in Phase 4. The present paper is a summary of our study conducted to elucidate 
the concept of a repository for use as a reference material in the survey of candidate 
sites in Japan.

2. OUTLINE OF HLW FORMS

The specification of HLW forms is not yet established. For radioactive 
wastes produced from the reprocessing of 1 t U of spent fuel, a cylindrical stainless 
steel container about 400 mm in diameter and about 1400 mm in height is 
conceived of for sealing a vitrified waste form about 0.11 m3 in volume. The 
weight will be about 500 kg.

Let us assume that a pressurized light water reactor is operated under the 
following conditions for 275 days/year for four years:

-  Fuel enrichment: 3.5%
— Specific power: 30 MW/t U
-B um up : 33 000 MW-d/t U.

We shall assume also that the spent fuel recovered from the reactor is reprocessed 
after cooling for three years and that the residual radioactive substance, after 
recovery of most of the U and Pu, is vitrified into a waste form one year after 
reprocessing. The thermal discharge per waste form will then be attenuated. For
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TABLE I. AREAS OF ROCK IN JAPAN [2]

Area (103 ha) Percentage

M etam orphic rock 1 330 3.6

Granite 4 930 13.3

Basic and u ltrabasic rock 580 1.6
T ertiary  and Q uaternary  volcanic rock 7 540 20.4

Palaeozoic sedim ent 4 520 12.2
Mesozoic sediment 3 440 9.3

T ertiary sediment 6 990 18.9

Q uaternary sediment 7 650 20.7

T otal 36 980 100.0

example, a thermal discharge of 1.9 kW immediately after vitrification will decrease 
to 490 W after 30 years, 110 W after 100 years and 12 W after 500 years.

3. CANDIDATE GEOLOGICAL MEDIA

There is a great variety of rocks in Japan, and their distribution in terms of 
the area exposed on the surface is shown in Table I [2]. The rocks can be roughly 
divided into two groups: igneous and metamorphic rocks, and sedimentary rocks. 
Feasibility studies in respect of rock types or specific sites will be conducted in 
Phase 2 and thereafter. In Phase 1, different geological media in Japan were 
classified according to hardness, fracture characteristics and rock mass formation, 
and their siting possibilities were assessed. Hardness (soft, medium hard or hard) 
is an important factor in investigating the depth of a repository and the design 
of a tunnel. Knowledge of the fracture system (either fractured or homogeneous) 
is important to our understanding of groundwater flow and the migration of 
nuclides in rocks. Rock mass formation (either massive or multilayered) is another 
important characteristic in the macroscopic study of groundwater flow.

Table II shows the two typical groups of rocks in Japan, i.e. igneous and 
metamorphic rocks, and sedimentary rocks, classified according to the charac
teristics mentioned above and indicating their fitness for disposal sites. Igneous 
and metamorphic rocks that are massive and predominantly fractured, and multi
layered, homogeneous sedimentary rocks that are less fractured and soft to 
medium hard are promising as host rocks for repositories.
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TABLE II. TYPES OF GEOLOGICAL MEDIA IN JAPAN AND THEIR 
CHARACTERISTICS

Characteristics
Igneous and 
m etam orphic rocks

Sedim entary
rocks

Massive, 
fractured rock

Soft and 
medium  hard

Rarely found 
Unsuitable

Frequently  found 
Unsuitable

Hard Frequently  found 
Suitable

Occasionally found 
Suitable

Multilayered,
hom ogeneous

Soft and 
medium  hard

Rarely found Frequently  found 
Suitable

rock Hard Rarely found Rarely found

The former group is represented by granitic rocks and the latter typically 
includes Tertiary sandstone, mudstone and shale. Rocks of both groups are widely 
distributed in Japan (Table I) and are found in formations deeper than 1000 m. 
The PNC is planning to construct an underground research laboratory to evaluate 
techniques for characterization of geological media and to carry out R&D of 
investigation methods as well as in situ instrumentation.

This paper discusses the results of our assessment of massive, fractured, 
hard rocks as host rocks for repositories.

4. CONCEPTUAL DESIGN

4.1. Unit capacity of a repository and amount of handling 
under actual operation

The minimum unit capacity of a repository is set as 10 000 canisters.
A repository is to be so designed that its capacity can be expanded to 
20 000-40 000 canisters. The maximum number of canisters which can be 
handled per day is set at 12.

4.2. Period of temporary storage

Under the standard procedure, waste will be transported into a repository 
after 30 years’ storage in vitrified form. As an alternative, waste forms may be 
stored in a repository for about 100 years before final disposal.
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4.3. Depth of repository

The long term isolation performance of a geological disposal system relies 
on the natural barrier, and it is desirable to bury HLW in formations as deep as 
possible. The temperature in deep formations in Japan ranges from 60°C or 
higher at 1500 m depth to about 45°C at 1000 m [3]. Our experience in mines 
has taught us that tunnel air-conditioning is not difficult to control in formations 
as deep as 1000 m.

Development of a disturbed zone in rocks surrounding a repository would 
lead to poorer performance of the rock as a natural barrier in preventing ground- 
water flow. The optimum repository depth will therefore depend on the given 
rock conditions. The disposal depth may be determined by making a safety 
assessment based on the mechanical properties of the rock and by evaluating the 
isolation performance of the rock as a natural barrier. It is assumed in the present 
study that the depth is 1000 m in hard rock. The depths of actual repositories 
will probably range between several hundred metres and 1000 m.

4.4. Configuration and layout of disposal tunnels

A typical section for a disposal tunnel in hard rock is shown in Fig. 1. In the 
conceptual design, no supports are employed in a disposal tunnel in a hard rock 
such as granite. The distance between tunnels at the centre is set as three times 
the tunnel width (10.5 m centre to centre) for hard rock.

The following aims were taken into consideration in designing the layout 
of tunnels:

— To allow reasonable ventilation;
— To allow reasonable drainage;
— To supply unpolluted air to areas where operators handle waste forms;
— To allow backfilling of tunnels block by block as the emplacement of waste

forms proceeds;
— Where fractured zones exist in the site, to lay out the tunnels in smaller

sub-blocks to avoid the fractured zones;
— To occupy as small an area as possible.

With these prerequisites in mind, a conceptual design of a repository, shown 
in Fig. 2, was made. 5

5. STABILITY DESIGN

The study of the stability of disposal tunnels was based on numerical analyses. 
The stability of hard rocks under normal conditions after excavation and under 
seismic conditions is discussed below.
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FIG. 1. Typical section o f a disposal tunnel in hard rock (dimensions in millimetres).

5.1. Stability after excavation

Computer codes for the elastoplasticity finite element method proposed 
by Hayashi et al. [4] were used in the stability analysis of a cavern after excavation. 
The method is most frequently used in designing rock caverns for underground 
power plants and oil tanks in Japan.

The vertical component av of the initial rock pressure was calculated in terms 
of overburden (ctv = 7h, where 7 is the specific gravity of the rock and h is the 
depth), and the horizontal component was assumed for three different cases to 
be ah = (2/3)ov, ah = <JV and ah = (3/2)av. As regards the mechanical properties 
of the rock, typical values for granite are shown below:

Young’s modulus, E0: 
Poisson’s ratio, 
Specific gravity, 7 :

4.9 X 109 Pa 
0.25
2.65 X 103 kg/m3
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receiving and 
maintenance station

depot for machines & 
buffer materials; 
handling system

Shaft 1 (waste form)
Shaft 2 (workers, material, drainage) 
Shaft 3 (emergency exit)
Shaft 4 (ventilation outlet)

FIG. 2. Conceptual design o f a geological repository.

Shear strength, r R: 3.9 X 106 Pa
Tensile strength, a t: 3.9 X 10s Pa.

After the stability analyses of tunnels with different sectional configurations 
had been studied, the section shown in Fig. 1 was proposed.

5.2. Seismic stability

The seismic intensity method is used in the evaluation of the seismic stability 
of disposal tunnels. This is a simplified method in which a dynamic earthquake
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FIG. 3. Flow chart o f seismic stability design analysis.

force is converted into a static force (i.e. the force of inertia) for evaluating the 
seismic stability of a structure. Although the method requires a design seismic 
intensity, there are as yet no indices or criteria available which can be applied to 
the analysis of caverns at a depth of 1000 m. In the present analyses the design 
seismic intensity is calculated using the principle described below. Figure 3 is a 
flow chart showing the procedure of seismic stability analysis.

In the conventional seismic intensity method, the maximum acceleration 
distribution obtained by dynamic analysis of the natural ground is divided by the
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gravitational acceleration to yield the seismic intensity. The seismic intensity thus 
obtained shows a substantially uniform distribution in the ground. Thus, when 
seismic stability is analysed using this seismic intensity, the shear stress increases 
in proportion to depth.

The seismic intensity method generally tends to give results that are con
siderably safer than the dynamic method. Okabe et al. [5] explain this by proposing 
that phase deviations occur in the seismic wave propagating in the thick formations 
and, as a result, the rocks do not vibrate in a uniform mode but exhibit vibration 
at a higher frequency with several nodes.

The method described above is held as unsuitable for determining seismic 
intensity when the ground vibrates at a higher frequency. It is also pointed out 
that the shear stress which occurs as a result of an earthquake will not increase 
in proportion to depth but will assume a smaller value. Therefore, Okabe et al. 
propose the use of an equivalent seismic intensity obtained with the following 
equation:

Ki =
Sj Sj-1

Wi
(1)

where K¿ is the equivalent seismic intensity of formation i, W¡ is the weight 
of formation i, and S¿, S¿_i are the shear forces on the lower and upper surfaces, 
respectively, of formation i. This intensity can be used to reproduce the maximum 
shear stress distribution equal to that obtained by the dynamic analysis. The 
equivalent seismic intensity proposed by Okabe et al. is used in the present study.

To obtain the equivalent seismic intensity, a dynamic response analysis 
according to the one-dimensional wave propagation theory is first conducted.
The near and far field earthquake waves of extreme design earthquakes (S2) in 
highly seismic zones were selected for input from among the earthquake waves 
proposed by the Committee for Standardization of Aseismic Design of Nuclear 
Power Plant of the Ministry of International Trade and Industry [6]. Generally, 
an S2 earthquake is said to correspond to a return period of 1000-10000 years. 
The maximum shear stress distribution is calculated using deconvolution by 
inputting the earthquake waves at the rock mass surface, which is a free surface 
of the base stratum where the velocity of the shear wave, Vs, is greater than 
700 m/s. On the basis of the maximum shear stress thus calculated, the equivalent 
seismic intensity at different depths is calculated from Eq. (1).

Stability is then assessed for the case where an external force corresponding 
to the equivalent seismic intensity is operating by using the model employed in 
the stability analysis of caverns after excavation. The initial conditions used are 
the data on stress, Young’s modulus and Poisson’s ratio. In both the dynamic 
analysis and the analysis by the seismic intensity method, Young’s modulus is 
given as three times the value obtained in the static analysis.



504 ARAYA et al.

TABLE III. THERMAL PROPERTIES FOR THERMAL LOADING DESIGN

Density
(kg/m3)

Specific heat 
(J-kg"’-°CrI)

Thermal conductivity 
( W n f L V 1)

Waste form 2750 837 1.16
Buffer material 2000 800 2.00

Rock 2650 920 2.91

Analyses revealed that the stress occurring at the time of an earthquake is 
roughly equal to the stress at the time of excavation. No tensile stress was observed. 
It is reported that in hard rocks disposal tunnels are stable without supports, even 
when subject to earthquake motions [7].

6. THERMAL LOADING DESIGN

As one of the studies for designing a geological disposal system which takes 
into account heat generation by high level radioactive waste forms, the following 
heat conduction analyses were conducted. The values shown in Table III were used 
in the analyses. The initial rock temperature was assumed to be 45°C at 1000 m 
below the surface.

An axisymmetric analysis using a finite differential method was conducted, 
it being assumed that the geological disposal system is a circular plate having a 
thermal discharge equal to that of 10 000 waste forms 30 years after vitrification. 
The analysis revealed that the range of thermal influence is confined to several 
hundred metres around the geological disposal system.

The design of a repository in terms of thermal loading includes the following 
four conditions as parameters:

Condition 1: 
Condition 2: 
Condition 3:

Condition 4:

cooling and storage period for waste forms: 30, 100 years; 
interval between disposal pits: 2, 4, 8 m; 
number of waste forms stored in disposal pit (vertical stacking): 
1 2 3-
upper permissible limit of rock temperature: 100, 300°C.

Among the results obtained by three-dimensional analyses are the chrono
logical changes in the wall surface temperature of the disposal pit shown in Fig. 4. 
In the case where waste forms are to be emplaced after cooling/storage for more 
than 100 years, the maximum rock temperature will be lower than 100°C even 
if the waste forms are stacked in two layers in the disposal pit and arranged at
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FIG. 4. Chronological changes in temperature at the rock wall o f the disposal pit (three- 
dimensional model). A, 30 years’storage: interval between pits: 4 m; three waste forms in 
one pit. B, 30 years’storage: interval between pits: 8 m; two waste forms in one pit.
C, 100 years’storage: interval between pits: 2 m; three waste forms in one pit. D, 100 years’ 
storage: interval between pits: 2 m; two waste forms in one pit. E, 500 years’ storage: 
interval between pits: 2 m; three waste forms in one pit.

intervals of 2 m. In the case where the storage period is 30 years, disposal pits 
each storing one waste form should preferably be arranged at intervals of 8 m.

As the cavern will be completely backfilled after disposal, it is difficult to 
estimate phenomena such as alleviation of temperature rise by formation of water 
vapour (latent heat) at 100°C or more. Comparative calculations of rock tempera
ture were made using an axisymmetric finite element method model and the 
assumption that the volumetric water content of rock is 5% and that of backfill 
is 10%. The calculation which considered the latent heat of evaporation of 
groundwater produced a result about 10% lower than the temperature in the 
case where no such consideration was made.

In the present study granite was chosen for evaluation of typical rock 
properties. The thermal characteristics of rock may vary considerably, depending 
on the types, temperature, state of fracturing, water content, etc. Since the 
distribution of fractures, as well as temperature dependence and latent heat, 
has a significant effect on the thermal properties of rocks, it is desirable to conduct 
in situ measurements.
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7. CONCLUSION

The rocks in Japan can be roughly divided into two groups in terms of their 
fitness as geological media for radioactive waste disposal: massive, fractured, 
hard rock (e.g. granitic rock) and multilayered, less fractured, homogeneous, soft 
to medium hard rock (e.g. sedimentary rock). The stability of a geological 
repository was evaluated, assuming the host rock to be of the former group. The 
results suggest that the disposal tunnels maintain their stability after excavation 
of the cavern without support at a depth up to 1000 m. The seismic stability of 
the tunnels was analysed using the one-dimensional wave propagation theory for 
dynamic responses to obtain the maximum shear stress distribution. This was 
used in calculating the equivalent seismic intensity at different depths to assess 
the stability according to the seismic intensity method. It was demonstrated that 
the tunnels should be stable in earthquakes of the maximum intensity conceivable 
for Japan.

Three-dimensional analyses of heat conduction were carried out to determine 
the pitch of waste form emplacement. It was calculated that if the waste forms 
are to be disposed of after 30 years’ storage, they should be emplaced in pits at an 
interval of 8 m. In the case of storage for 100 years, the waste forms may 
be emplaced closer together without causing thermal problems.
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Abstract

FACTORS INVOLVED IN UPDATING THE CONCEPT OF A REPOSITORY FOR HLW,
ILW AND ALPHA BEARING WASTES IN A DEEP CLAY FORMATION ON LAND:
THE CASE OF THE MOL SITE, BELGIUM.

In 1978 the first design and concept in the HADES project for a deep radwaste repository 
in a clay formation were developed on the basis of the most reliable data available at the time.
In this development, information on the waste, the site and its geology, the status of the relevant 
technologies, regulatory guidance, financial feasibility and some fundamental options were 
taken into account. Since that time research efforts of a fundamental, site specific and formation 
specific nature have resulted in considerable progress in modelling, in direct and indirect 
demonstration, and in cost and financing assessments. Fundamental options, such as 
retrievability and waste management schemes, have been reconsidered; data of relevance for 
waste conditioning performance and for the geomechanical behaviour and thermal 
conductivity of clay have become more precise. In addition the roles of several components 
of the disposal system have been updated. The general layout of a mined repository for the site 
at Mol remains valid although several elements have required adaptation and updating in order 
to incorporate recent findings and present options into the design concept.

* The research concerning the disposal of radwaste in the Boom clay at Mol has been 
performed under several research contracts between CEN/SCK and other organizations 
(CEC and ONDRAF/NIRAS).
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1. INTRODUCTION

The first feasibility study in the HADES project of a geological disposal 
concept in an argillaceous formation was made in 1978 by the consultant Tractionel- 
Courtoy (Brussels) on behalf of the Belgian nuclear research establishment 
CEN/SCK at Mol for the specific case of the Boom clay situated under the research 
establishment itself. The objectives of this feasibility study are:

-  To assess the technical means and techniques to be used for the construction 
and operation of a complete disposal facility, including the underground and 
surface structures;

-  To elaborate an operational scheme for waste disposal (from reception to 
backfilling);

-  To assess the time schedules, investments and operational costs.

2. FACTORS DETERMINING INITIAL CONCEPTUAL DESIGN

The feasibility study was based upon the following factors:

-  Waste arisings
-  Site and geological characteristics
-  Regulatory guidance
-  Technological capabilities
-  Costs.

The conceptual design resulting from the first feasibility study has already been 
presented elsewhere [1 ]. The general layout of the ‘HADES 1978’ reference case 
for an integral waste repository in the Boom clay at Mol is presented in Fig. 1.

2.1. Waste arisings

When the first feasibility study was being performed, the total Belgian nuclear 
power production and the type of fuel cycle had not yet been settled. A 
10 000 MW(e) nuclear power production during 30 years coupled to reprocessing 
of spent fuel was assumed as a realistic working thesis for this study. The waste 
arisings shown in Table I were taken as reference volumes to be contained by the 
repository, a number of reactor and reprocessing performance hypotheses and a 
given philosophy on waste conditioning and disposal policy being taken into 
account.

In the reference concept it was assumed that the various waste types 
would be disposed of in separate sectors or galleries to prevent interference between 
the waste emplacement operations, which depend on activity and volume. This 
should also prohibit post-closure interactions between them, which could lead to
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FIG. 1. Reference concept o f an integral mined geological waste repository in a subhorizontal 
clay formation.
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TABLE I. WASTE ARISINGS FOR FIRST FEASIBILITY STUDY (1978)

Waste type No. of containers Height
(m)

Diameter
(m)

HLW canisters 9 000 1.50 0.30
CLW canisters 9 000 1.50 0.30
ILW drums 150 000 0.86 0.56

Alpha waste drums 6 000 0.86 0.56

accelerated alteration or deterioration of some of the barrier components. In 
variant options, however, the combined emplacement of ILW and alpha 
bearing wastes has been considered.

2.2. Site and geological characteristics

At the Mol site, the Boom clay is about 110 m thick, with its top at an 
average depth of about 160 m below ground level. From geological drillings in the 
area it was concluded that this Boom clay formation is subhorizontal, and thus 
the option was taken to consider only one single disposal horizon in the midplane 
of the clay formation in order to keep a maximum clay barrier above and below 
the disposal structure. The disposal horizon would be around 215m  below ground 
level.

Because the rheological behaviour of the clay causes the convergence of free 
walls of dug cavities, such as galleries, shafts or disposal pipes, they should be lined 
to provide access to or through these structures during the necessary time span.
High pressures (4 MPa) are expected to be exerted upon the linings, so all under
ground cavities were designed with a cylindrical geometry and a minimum diameter. 
For the purpose of minimizing the dimensions a cast iron lining was selected; this 
requires a smaller lining thickness and thus a smaller excavated diameter for a 
given inner diameter of the galleries. The extent and overall shape of the under
ground facility were tailored to fit within the boundaries of the land owned by 
CEN/SCK.

Another very important element in determining the dimensions of the 
repository is the thermal conductivity of the geological environment. To 
calculate the acceptable thermal loading due to an HLW repository in the Boom 
clay, the following constraints were taken into account:

— Maximum temperature in glassy matrix: 400°C
— Maximum temperature increment in clay: 100°C
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— Maximum temperature increment at the interface between the clay and the 
overlying aquifer: 5°C

— Maximum temperature increment at ground level: 0.5°C.

Initial laboratory data on the thermal conductivity gave a mean value of 
1 W -m-1 °C, leading to a maximum permissible thermal loading of 1500 kW km-2. 
It was considered that an interim storage time of 50-75 years for the HLW, prior 
to disposal in clay, would be required for such a low heat uptake capacity.

2.3. Regulatory guidance

The construction, operation and post-closure activities will be subject to 
mining, nuclear and environmental regulations. For the case of an underground 
nuclear waste repository the specific regulations and regulatory guidance are 
not yet settled in Belgium. However, in the design study some regulatory guidance 
and regulations applicable in other nuclear and mining activities and for environ
mental protection (foreign and national) were taken into account. In addition 
some fundamental options were chosen, such as retrievability, which did not 
result from regulatory guidance but were assumed at the time to be possible 
options in a conservative policy.

2.4. Technological capabilities

All techniques proposed were already proven to be applicable (e.g. shaft 
sinking in frozen ground) or were assumed to be so. This approach, however, did 
not exclude the development of technological capabilities or the performance of 
demonstrations and pilot tests in order to attain the necessary technical skills and 
prove the reliability of the technologies.

2.5. Costs

It was preferred to restrict the cost estimate of a deep underground mined 
repository to the construction and operational costs of the surface and underground 
facilities, and to the backfilling and closure of the latter. Waste conditioning, 
storage and transportation costs and decommissioning expenses of the surface 
facility were not included. The evaluations were based on known costs of 
comparable and equivalent activities and constructions, and the calculated overall 
estimates were increased by 20% to cover the uncertainties. The cost of the 
disposal was calculated in 1978 to be 1.5 Belgian cents per kilowatt-hour for the 
reference concept. The most expensive variant of the concept was 35% more 
expensive.
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3. UPDATING

Updating of the conceptual design has been requested. This is needed 
because in the course of the R&D programme new light was shed on a number 
of technical, safety and economic parameters influencing the overall design. In 
the case of the HADES project at Mol the factors involving adaptation resulted 
not only from the site- and formation-specific R&D programme at Mol but also 
from developments outside the project.

3.1. Waste arisings

More precise and reliable information became available about the waste 
arisings for the following reasons:

-  The demonstration on a pilot scale of the performance of reprocessing 
techniques and facilities (e.g. the PAMELA process in the Federal Republic 
of Germany and the AVM process in France) and the production of real 
waste forms allowed a more detailed description of the waste arisings 
(volume and dimensions, waste residue, thermal output, nature of the waste 
package components and their characteristics, etc.).

The Belgian nuclear waste management scheme became better defined for 
the following reasons:

-  The delivery of the first spent fuel charges extracted from Belgian reactors 
to France for reprocessing began in 1980. This involved a contract and the 
definition of the final conditioning of the first consignment of wastes to be 
taken back, as well as a tentative time schedule.

-  The number of nuclear power stations, their power and type, and the 
construction schedules became more precisely known.

-  A national body (ONDRAF/NIRAS) was created and entrusted with nuclear 
waste management responsibility. One of the first main tasks of this body 
was to make an inventory of all wastes produced by nuclear activities in 
Belgium.

The exact scenario for waste arisings for Belgium has not yet been firmly 
defined, but for investigation purposes we consider that the following schemes are 
representative of realistic situations:

Scenario A

ILW (cladding waste (CLW), intermediate level waste (slurries) (ILW(S)) and 
alpha bearing waste) is disposed of ten years after fuel discharge from the reactor 
and HLW is disposed of after 50 years. The disposal operations last for 80 years 
after withdrawal from the reactor if disposal of the HLW is not accelerated.



IAEA-SM-289/38 513

Scenario В

Both ILW and HLW are disposed of simultaneously 30 years after withdrawal 
from the reactor and the disposal operations end 60 years after fuel discharge from 
the reactor. Artificial cooling of the underground disposal facility is required in 
this scenario.

Scenario C

All waste types are disposed of simultaneously 50 years after withdrawal 
from the reactor. If no accelerated disposal of the HLW is practised the disposal 
operations will end 80 years after withdrawal from the reactor.

The time spans used here are based upon the following:

t0 : fuel discharge from reactor
t 5 : reprocessing (production of conditioned CLW, ILW) 
t 10: vitrification (production of conditioned HLW) 
t so : average cooling time for HLW to meet thermal constraints for disposal 

in clay.

The scenarios have to be considered also from the point of view of storage, 
handling, transport and financing, but we intend to limit our evaluations here to 
the underground disposal itself.

The updated characteristics and quantities of the main waste types as they 
are expected to arise in a nuclear power production of 300 GW(e) a (Belgian 
situation) are given in Table II (reference case).

3.2. Site and geological data

Further regional and site investigations carried out over more than ten years 
have confirmed the hypothesès and the conclusions that were drawn previously 
concerning the geological context and geometry of the Boom clay at Mol.

The subhorizontal configuration of the Boom clay and its lateral continuity 
(thickness, lithology, etc.) have been confirmed by 18 deep drillings in the area 
around the site [2-4] and by a 3-D, high resolution seismic reflection reconnaissance.

This confirmation of the geological setting and the geometry thus supports 
the concept of a mined repository within a single disposal horizon. From the point 
of view of long term safety it has been shown [5] that for the case of the natural 
degradation of the repository the maximum migration distance in the clay barrier 
for the most relevant radionuclides will be about 5 m. If all wastes are emplaced in 
a single horizon, confinement of the radioactive wastes and the radionuclides 
released from them in 10% of the host rock is achieved, which is very satisfying 
as regards long term safety. Emplacement of the wastes at various levels would 
thus reduce considerably the protective buffer zone (e.g. two disposal horizons
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TABLE II. UPDATED NUCLEAR WASTE ARISINGS FOR A BELGIAN 
INTEGRAL MINED REPOSITORY
(hypothesis: 300 GW(e)-a total nuclear power production)

HLW CLW ILW(S) Alpha-W

No. o f packages 6000 4500 30 000 30 000

Dimensions:

h (m ) 1.335 1.7 0.9 1.1
tf>(m) 0.43 1.06 0.6 0.72

Waste volum e (m 3) 0.150 1.3 0.18 0.40

Therm al power (kW) 1.300 0.030 - -

Activity:

Alpha (Cia) 3.3 X 103 2.2 0.6 0.5
Beta, gamma (Cia) 4.2 X 10s 

( tb = 10)
3.6 X 103 
( tb = 10)

100
( tb = 10)

100

3 1 Ci = 37 GBq.
b t: tim e (a) after discharge from  reactor.

would reduce the geochemical barrier to about one-half of the remaining clay 
thickness). In the case of a stratiform clay formation of moderate thickness, the 
deep borehole concept [6], which is a valuable alternative to a mined repository, 
is not realistic because the stacking height for deep borehole disposal is of the 
same order of magnitude as the thickness of the stratiform clay formation.

In situ heat transfer tests in the outcropping area of the Boom clay allowed 
optimization of the heat transfer modelling and better approximation of the in 
situ thermal conductivity [2]. The results obtained from these tests were similar 
to and consistent with those obtained in other in situ experiments on other clays 
(e.g. in Italy) [2]. The experimental set-up is shown in Fig. 2. The thermal 
conductivity reckoned from the near surface in situ experiment at Terhaegen is 
1.67 W m_1 °C_1. As a consequence, the acceptable thermal loading for the 
Boom clay is now reckoned to be 2400 kW-km'2.

3.3. Technological capabilities

The in situ experiments in the underground HADES laboratory [6] and, more 
specifically, the experimental digging and lining (mine-by experiment) [7, 8] 
of a reduced size shaft and drift allowed reconsideration of the overconservative
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t .1 5 m
s e c t i o n  B - B

•  t h e r m o c o u p l e

FIG. 2. Near surface heater test in Boom clay: configuration o f  the source and thermistors.

approach concerning the thickness of the gallery lining and the creep of clay 
under deep mining conditions. Determinations of the cohesion of the Boom 
clay (large samples) sampled during excavation resulted in a value for Q,
(undrained shear strength) about two times higher (1.2 MPa) than those obtained 
before on undisturbed samples obtained from classic geotechnical drilling. This 
means that, for instance, the plasticized aureole around an excavation is now 
reckoned to be 9 m instead of about 50 m. Long term measurements of the 
displacements in the mine-by experiment show a 6 mm displacement at 5.1 m 
distance from the drift roof.

The maximum pressure on the experimental drift lining was about 1 MPa 
700 days after the emplacement of the lining; this is less than one-fourth of the 
lithostatic pressure. Immediately after the digging phase, the measured displace
ments and stresses substantially increased but then weakened very soon afterwards. 
Modelling efforts show that these observations are consistent with calculations 
done with an elastoviscoplastic model (including strain softening of the clay) [8].
All these observations lead us to consider that the repository galleries can be lined 
with concrete liners of 0.70-0.80 m thickness, instead of 1.5 m as calculated 
before, which reduces the cost of the lining by about one-third to one-half.

3.4. Updating of concept

The updated information on the waste arisings, the site and its geology 
allows us to maintain the general concept as it was developed before. However, 
the length of the galleries (Table III) needed for the disposal of the wastes according 
to the three scenarios mentioned in Section 3.1 has been recalculated, taking 
into account the higher acceptable heat loading. In this concept the rectangular 
shape of the repository boundary and the configuration of parallel disposal
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TABLE III. UPDATED GALLERY LENGTH (km) FOR THE VARIOUS 
SCENARIOS (emplacement o f  HLW stacks in pipes)

Scenario A Scenario В Scenario C

Phase 1 Phase 2 Phase 1 Phase 2 (One phase)

HLW — 7.5 4.8 7.2 7.5

CLW 1.2 - 0 .4a 0 .8a a

ILW(S) 2.5 - 0 .8a 1.7a a

Alpha-W 1.4 - 0 .4a 1.08 a

U tility galleries 0.5 0.8 0.9 1.5 1.2

Shafts 2 2 4 1 4

Total length o f disposal galleries 12.6 12.0 7.5

No. o f HLW packages per stack 13 7 13

Therm al load ( 103 kW • km-2 ) 2.4 2.5 2.5

a Emplaced in the HLW disposal galleries.

galleries interconnected with utility galleries have been maintained. The disposal of 
HLW in pipes inclined downwards from the floor of the disposal galleries has been 
kept in the updated reference case. The gallery length is thus reduced by about 
30% relative to that calculated previously for scenarios A and В and by about 
60% relative to that for scenario C.

As mentioned earlier, a number of options were chosen in the design and 
conceptualization which were based on very conservative arguments. Examples 
are the retrievability option and the non-mixing of HLW, CLW and other waste 
forms. Other attractive designs may be developed if these options are abandoned 
for the purpose of assessing their technical and financial feasibility. Such variant 
concepts are being studied but have not yet been thoroughly assessed. The aim of 
the variant with emplacement of HLW and CLW in the full section of the gallery 
instead of in pits extending from the floor of the gallery is to lower costs by 
dispensing with the need for digging and lining the disposal pits. Advantages are 
the reduction in construction time, the absence of special lining elements, less 
perturbation of the immediately surrounding clay, and better confinement in one 
plane and within the protective barrier of the gallery lining. Figure 3 illustrates 
alternative emplacement configurations for HLW and CLW.

In this variant one can consider enclosing the HLW container in a cast iron 
cylinder that acts as a radiation shield during handling, and in the long term as a
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consumable barrier. This concept appears, however, to cost slightly more than 
disposal in pipes in the floors of galleries. Reuse of the shielding would reduce the 
cost difference but would make handling conditions more complicated and 
stricter because of the protection requirements.

For this variant similar disposal scenarios to those mentioned above may 
also be considered. In scenario A the HLW is emplaced in horizontal tubes 
(8 m long) in separate galleries. After filling of the tubes with the HLW the tubes 
and galleries are backfilled systematically.

In scenario В alpha bearing waste, CLW and HLW are emplaced in the gallery 
sections. ILW in a bituminized matrix is disposed of separately to prevent 
radiation and heat damage to the matrix. In an operational scheme sequential 
filling with waste and backfill is envisaged. In a first step the ILW and CLW could 
be emplaced around a central tube along the gallery axis over a distance of about 
10 m. Backfilling could proceed systematically with the emplacement of these 
wastes. After a section of about 10 m is stacked up and backfilled, the central tube 
is filled with HLW, backfilled and sealed.

The operations in scenario C are similar to those in scenario B, but two tubes 
are envisaged for emplacing the HLW owing to a lower thermal emission of the 
HLW (Fig. 3).

The cost assessments for these scenarios are not yet complete but they 
indicate already that for the Belgian situation the variant configurations are only 
beneficial for the first two scenarios.

4. CONCLUSIONS

It has been shown, with some examples, how the various factors involved in 
the design and development of a concept for a nuclear waste repository 
continuously need to be updated. This certainly does not apply exclusively to 
the case of disposal in clay, but the examples illustrate the key issues concerning 
design and concept development for a stratiform clay option on land. It has also 
been shown that the general concept remains valid but that adaptations and variant 
options may be generated to take into account recent data and cost reductions. 
Future work in this field will certainly proceed along the same lines. It is expected 
that future updating will centre around optimization with respect to construction 
and waste arisings. The costs of the possible variants and alternatives are being 
examined and will spur on further optimization. Also, refinement of the repository 
architecture to meet safety requirements for the operational and post-closure 
phases will receive more emphasis.
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Abstract

DISPOSAL OF RADIOACTIVE WASTE IN ITALIAN ARGILLACEOUS FORMATIONS.
Available data show safe disposal o f long lived radioactive waste in Italian argillaceous 

form ations to  be feasible. Several waste em placem ent concepts can be imagined, bu t detailed 
consideration is given only to  a repository in a conventional mine and to  a m atrix  o f  deep 
boreholes drilled from  the  surface. As far as the  m ined repository  is concerned the  m ost 
im portan t issues are: geotechnical properties o f  clays and required support o f  tunnels; lining 
removal; backfilling and sealing; and cost. In relation to  the deep borehole facility the main 
issues are: availability o f  an adequate thickness o f  hom ogeneous clays; and borehole sealing. 
In consideration o f the  great im portance of borehole sealing for the  safety o f disposal in 
clays, laboratory  experim ents have been carried ou t on  bonding o f various plugging materials 
w ith clays. Available results appear ra ther encouraging. An am bitious plan to  test the 
feasibility o f deep borehole disposal at full scale, including m easurem ents on the  perform ance 
o f plugs, is outlined. 1

1. INTRODUCTION

Clays, in particular plastic to semistiff varieties, are well established as 
suitable host rocks for disposal of all types of long lived radioactive waste. In 
Italy many argillaceous formations of different ages are characterized by great 
thickness and lateral extension. Several formations could be suitable for the 
isolation of radioactive waste. However, so far the ‘blue clays’ ofPlio-Pleistocene 
age have received the greatest attention. ISMES has recently completed a 
feasibility study for the ENEA on the disposal of high level and intermediate
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level (cladding hull) wastes in these formations. The main task in this study, 
overall practicality having been established, was to compare the flexibility, safety 
and cost of two styles of disposal: ‘conventional’ emplacement in a mined 
repository and disposal in deep boreholes drilled from the surface. The results of 
this study indicate that the deep borehole concept would be preferable on almost 
all grounds for the volumes of waste concerned [ 1 ]. This is a significant departure 
from current concepts in European countries.

The type of deep borehole envisaged would probably penetrate more 
permeable overlying formations before entering the very thick host clay formation, 
with intended disposal depths being very similar to those that might be envisaged 
for repository style disposal (around 300 m plus). A critical factor in the 
acceptability of this (or any other) deep borehole disposal concept is the ability 
to seal the hole adequately, especially in the clay formation. In this paper the 
general concept of such a disposal technique is discussed and experiments which 
are a first foray into the problem of remote sealing of boreholes in clay are 
described.

2. RADIOACTIVE WASTE ARISINGS IN ITALY

A conservative projection of nuclear power development in Italy results 
in an eventual installed capacity of about 10 GW(e) by the turn of the century. 
Current plans for management of the spent fuel from this programme involve 
reprocessing and vitrification under contract with British Nuclear Fuels plein the 
United Kingdom, storage of the returned wastes and disposal in a suitable clay 
formation in Italy. Although there is scope for disposal in other rock types 
(rock salt for example) the main thrust of present studies aims at using argillaceous 
formations which are present in considerable thicknesses in various basinal 
structures throughout Italy.

The scale of the problem is small, since only an estimated 2500 t of 
vitrified waste will arise from the reference programme, which will have run 
to completion by about 2025. In addition there will be a further 5200 t of 
cladding hull materials (including the lead alloy embedding matrix for packaging) 
which are being considered for disposal together with the high level waste in the 
same facility. The possibility of using the facility for disposing of a further 
27 000 drums of alpha contaminated waste and 72 drums of iodine waste is also 
being assessed. The core of the problem is the disposal of high level waste (HLW) 
and cladding hull waste (CHW) which will arise in equivalent volumes and be 
packaged in 18 000 cylindrical containers, 9000 HLW and 9000 CHW, of 1.5 m 
length and 0.3 m diameter.

In case of a greater development of nuclear power in Italy the amounts of 
radioactive waste would be increased in proportion: however, the figures 
mentioned above appear to be a reasonable indication of the order of magnitude 
of the problem.
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Owing to the design temperature limit in clay of 100°C and to the low 
thermal conductivity of argillaceous materials, some decades of pre-disposal 
storage will be required to enable cooling of HLW to take place. Therefore, no 
HLW generated by the Italian nuclear programme would be available for disposal 
before about 2040. If the 10 GW(e) nuclear programme is assumed, waste 
disposal would take place over about 30 years.

3. PROPERTIES OF POTENTIAL HOST ROCKS

Italian clay formations, in particular the blue clays of Plio-Pleistocene age, 
possess all the well known waste isolation advantages of an almost impermeable 
semiplastic medium, and consequently suffer from all the equally well known 
engineering problems of difficult and expensive tunnel construction. So far 
the only other countries to have given serious consideration to clays for waste 
isolation are Belgium and the United Kingdom, where the Boom clay (Oligocène) 
and the Oxford clay (Jurassic), both at depths of about 250-300 m, have been 
studied. The Belgian studies are well advanced with the construction of an 
experimental shaft and gallery [2], whilst the United Kingdom studies have been 
largely discontinued. With the exceptions of the current Belgian programme and 
a few deep galleries there is no practical experience of underground construction 
in clays at depths of several hundred metres.

The blue clays in Italy are quite variable in composition and consequently 
in engineering properties. Smectite : illite (plus interstratified clays) ratios vary 
with depth and degree of compaction, and kaolinite is usually a major component. 
In addition the carbonate content can be as high as 30-40%, making some units 
very marly. In engineering terms the clays are quite stiff with medium to high 
plasticity. Close to the surface usually they are overconsolidated and fissured.
It is not known to what depth the fissures extend. In order to progress with 
the study a series of generic values were selected from a wide range of available 
data on geotechnical properties. Many of the data are from near surface 
excavations (less than 30 m) and there is a lack of reliable information on deep 
clays. The generic values are thus best estimates which represent the likely 
properties of ‘average to good’ units at disposal depths. The selected parameter 
values are shown in Table I, together with published values for the broadly 
comparable Boom clay and Oxford clay.

From the point of view of overall feasibility the clay properties can be 
divided into those ensuring adequate containment of the waste and those defining 
construction practicality. The containment properties of plastic clays are well 
documented, particularly with respect to their self-sealing ability and the absence 
of through-flow of water in the Darcian sense (diffusion being the dominant 
transport process).
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TABLE I. GENERIC GEOTECHNICAL PARAMETERS FOR DIFFERENT 
CLAYS

Parameter Blue clay, 
Italy

Boom clay, 
Belgium [3 ,4 ]

Oxford clay,
U nited Kingdom [5]

Porosity (%) 25 38.5 30

Bulk density (kg/m 3) 2100 2010 2210

Liquid limit (%) 50 77.5 55

Plastic lim it (%) 25 26.5 26

Undrained shear strength
(MPa) 1.5 0.6 1.2

Cohesion (MPa) 0.1 0.1-1 NA

Elastic m odulus (MPa) 300 170 NA

Angle o f shear resistance (°) 25 19 NA

Hydraulic conductivity (m /s) 10~n l O '^ - l O " 12 1 0 'n

Specific heat (J -k g "1 • K '1) 1000 921 NA

Therm al conductivity
( W - m ' ^ r 1) 1.6 1.5 1.56

Therm al diffusivity
( К Г 7 m 2/s) 6.1 8.1 NA

NA: not available.

In the selection of a disposal method one of the first aspects to be considered 
is the geological environment in which the clays occur. The basinal structures 
containing the Pliocene and Plio-Pleistocene blue clays vary in depth and extent.
In the west of Italy the basins are generally quite small, often occupying extensional 
graben structures. In the east the tectonic environment is compressional and the 
sediments form part of an extensive foreland sequence. Both environments offer 
potentially suitable disposal areas since considerable lateral extents (tens of 
kilometres) and thicknesses (up to 1000-2000 m) of clays occur. A detailed 
programme of sedimentological analyses is in progress to delineate those basins 
likely to have the most homogeneous clay units, although no choice has yet been 
made on area suitability [6]. Until this work is completed and deep borehole 
data are available the maximum volumes of homogeneous clay likely to be found 
cannot be predicted. Until more comprehensive data are available very deep bore
holes (that is, 1000 m or more) can be ruled out, and consequently a deep bore
hole facility (DBF) is here defined as having its disposal zone at about the 
‘classic’ depth for a mined repository (around 300 m) and having limited vertical 
extent, perhaps a maximum of 200-300 m.
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For the generic environment selected in this study a sequence of 150-400 m 
of homogeneous clays is assumed to be overlain by between 100 and 300 m of 
poorly consolidated, aquiferous sands and to be underlain by a thick limestone 
unit. This is broadly equivalent to profiles which can be found in some eastern 
basinal areas.

4. DISPOSAL OPTIONS

Several concepts can be imagined for the emplacement of radioactive waste 
in deep argillaceous formations. Present considerations will be limited to a 
repository formed by a relatively conventional mine and to a matrix of deep 
boreholes drilled from the surface. Schematic representations of the two con
cepts are shown in Fig. 1.

4.1. Mined repository

Many repository designs can be conceived; all of them are based on an array 
of long tunnels. The waste canisters could be placed in boreholes drilled from 
the floor of tunnels or in the tunnels themselves. An operational phase with 
important implications for long term safety is backfilling and sealing. To improve 
backfilling, the tunnels could be supported by specially designed lining that would 
allow partial withdrawal and controlled collapse when required [7]. This solution 
would ensure perfect closure of all openings. The convergence of the clay would 
cause close contact with all materials left underground and no continuous pathway 
through the repository zone would be left.

Construction of a mined repository would require a large initial investment 
since it would be advisable to complete construction of the whole facility before 
starting waste emplacement, both to avoid mixing active handling with excavation 
and to ensure that no unforeseen geological problems are encountered that would 
interfere with operational requirements. Subsequently, there would be the costs 
of maintaining an open mine and surface facilities for some decades. Coupled 
with these uncertainties are unpredictable problems of construction in deep clays, 
which could lead to unforeseen costs and delays, and the as yet untried techniques 
of partial lining withdrawal required to assure excellent sealing. Before any 
rigorous cost estimates or designs can be attempted there is still much to learn 
about the geotechnical properties of deep clays and how these will affect their 
long term behaviour in the zones around disposal tunnels.

4.2. Deep borehole facility

The layout of boreholes within a DBF and their depth can be changed to 
suit local geological conditions. Consequently, the design outlined here could
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FIG. 1. The two disposal concepts considered in this paper: (a) mined repository, (b) deep 
borehole facility.

be modified on the basis of site specific data. Figure 2 shows a possible layout 
for a facility using a hexagonal disposition of 149 boreholes, spaced 100 m apart 
and each with a disposal zone 210 m long (for 140 containers, alternately for 
CHW and HLW).

With about 300 m of overburden above the disposal zone the holes would 
be about 500 m deep. Overall drilling costs are reduced by maximizing the length 
of the disposal zone since less holes are then required and consequently less 
total drilled depth. It is envisaged that two large drilling rigs would be operational 
during the lifetime of the facility. One rig would be involved in drilling and pre-
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F I G .  2 .  L a y o u t  o f  a  d e e p  b o r e h o l e  d i s p o s a l  f a c i l i t y  u s i n g  1 4 9  h o l e s  w i t h  2 1 0  m  l o n g  d i s p o s a l  

z o n e s .

paring holes while the other would be employed in backfilling and sealing. A 
system of road and rail transport is envisaged to move rigs and waste around the 
site, with large concrete pads situated above each hole and a rail spur serving each 
to allow accurate positioning of waste emplacement vehicles over the hole.

One of the chief advantages of a deep borehole facility is its complete 
flexibility and modular nature. Only a small area is in use at any given time.
Since a completed hole site can be almost immediately returned to normal land 
use, limited interference with local land use is envisaged outside the central site 
facilities. Disposal can commence as soon as the first hole is available, and can
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F I G .  3 .  S e q u e n c e  o f  e v e n t s  in  c o n s t r u c t i n g  a  d e e p  b o r e h o l e ,  e m p l a c i n g  w a s t e  a n d  s e a l in g .  

T h e  g e o l o g i c a l  p r o f i l e  i s  s c h e m a t i c  a n d  t h e  d i s p o s a l  s y s t e m  a d a p t a b l e .  D e t a i l s  a r e  g i v e n  in  t h e  

t e x t .

stop and start as required, with consequent minimum initial investment costs 
beyond those of the main site buildings. If unacceptable geological conditions 
are encountered in one hole, operations can be moved to another part of the site 
with little inconvenience or cost penalty.

The present cost estimate for a deep borehole facility consisting of 
149 boreholes, including construction, sealing, surface facilities and a nominal 
operation of 10 years, is about 200 million US dollars (1984), which is about a 
quarter of the cost for a mined repository of the same capacity.

4.3. Borehole operational procedure

Radioactive waste disposal in a deep borehole is supposed to take place 
according to the procedure shown in Fig. 3 and outlined below. While no novel 
borehole techniques are involved some modifications to existing oilfield technology 
would be required.

Phase 1. An oversize borehole, with suitable initial size reductions, is drilled 
to the required depth using conventional techniques with a mud stabilizer to 
support the hole. An undersize liner equipped with weak centralizers is positioned.
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In this example the liner is conventional 13 3/8 in casing (1 in = 25.4 mm), which 
would accommodate a standard waste package. In reality a specially designed 
casing to fit overpacked containers would be used.

Phase 2. Cement is injected behind the casing up to the top of the disposal 
zone and a bottom plug is set. The mud is bailed from the hole, which is then 
flushed and bailed dry.

Phase 3. The drilling rig is removed from the site and goes on to start the 
next hole. The site is cleaned and the rail spur laid to the hole top. A temporary 
inflatable building is erected over the site to protect emplacement operations. 
Waste modules (one container of CHW and one of HLW) of 3.0 m length are 
brought to the hole by shielded rail truck and lowered into the hole remotely 
by a small winch unit. All equipment is housed within the building. After 
emplacement of 75 modules a small cement pump is used to place a top plug 
over the last package.

Phase 4. The building is moved on to the next site and the backfill rig 
either erected or moved by rail over the hole, which is refilled with mud. The 
casing is cut by a hydraulic cutter just above the disposal zone and is progressively 
withdrawn. An expanding clay slurry seal is injected with a thickness equal to that 
of the clay unit above the disposal zone to bond with the host clay. Excess 
water in drilling mud coatings is incorporated into the final plastic seal. In the 
reference design where the clay is overlain by sands, a hydraulically ‘transparent’ 
sand-silt plug is injected in this zone as the lining is withdrawn. The aim is to 
restore flow continuity in the aquifer.

Phase 5. Owing to complete removal of the liner above the disposal zone 
and to the types of backfill and seals used, it is intended that only a ‘ghost’ of 
the original hole remains since the hydraulic properties of both formations are 
essentially restored. After removal of the concrete pad and excavation of the 
hole collar, the land can be returned to normal use. The disposal zone itself is 
completely isolated. The cement and the remaining casing do not constitute 
barriers to release, and consequently this concept, as with the repository model, 
relies for containment on the bulk properties of the clays.

The overall safety of this disposal concept relies very much on the integrity 
of the seal system above the disposal zone. The strength and permeability of 
different types of plug have been studied, at both ambient and high pressures, 
simulating real disposal conditions. Different plugging materials have been 
tested, including clays, cements and some expanding mixtures.

5. BOREHOLE SEALING

Given the importance of sealing openings in clay, not only in the concepts 
discussed above but also in many shallow waste disposal systems, remarkably 
little experimental work has been performed in this area. Deep boreholes into
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oil reservoirs rely for their sealing on cement bonding to sandstones, limestones, 
etc. The problems of bonding cements to clays and mudstones are well recognized, 
and although sporadic bonding may be achieved it cannot be relied on. An 
extensive literature documents the latest technology for plugging oil wells, but 
generally avoids discussion of clay formations [8,9]. The ideal properties of a 
material chosen for sealing a DBF are that it should have similar hydraulic 
properties to the clay, should be easily pumped into position and should form a 
well knit and stable mineralogical bond with the host rock.

The main property required of a plug is that the bond to the host rock should 
have an assurable hydraulic conductivity over a lifetime of hundreds of thousands 
of years. The plug material itself is no problem, and can easily be selected to 
display low hydraulic conductivity and longevity of properties in any porewater/ 
groundwater environment. The problem is the bond. This could perhaps be most 
easily overcome by using a seal material with very similar mineralogical composition 
to the host clay or by combining a high proportion of clay minerals in the binding 
matrix. The most obvious choice of matrix would be a cement, with or without 
additives, or an expansive clay.

Recent studies in the United Kingdom on the bonding of ordinary Portland 
cement to clays under both in situ and laboratory conditions show no develop
ment of a penetrative mineralogical structure, indeed no bond observable [10].
The Oxford clay (very similar in geotechnical properties to the Italian Plio- 
Pleistocene clays) showed no reactivity with the standard oilfield cement. Only 
clays with a significant proportion of opaline silica showed any tendency to bond 
in simple laboratory tests. A further problem encountered in assessing in situ 
cement sealing around borehole casing is the difficulty in interpreting conventional 
sonic cement bond logs [11].

Recent work by ISMES has taken this experimental approach a step further 
by constructing mini-borehole seals in the laboratory under both uncompressed 
and in situ stress conditions and then testing the hydraulic conductivity of the 
bonds. Various seal types were tested:

(a) Standard oilfield cement (Geocem Class G: high sulphate resistance (HSR))
(b) As (a) but with swelling plasticizer (Intraplast)
(c) Reconstituted host clay.

The simplest tests involved emplacing ‘plugs’ into the annulus around 
cylindrical specimens of unstressed clay (an ‘inside-out borehole’), allowing 
curing at temperatures from 20 to 50°C, and then reconsolidating the specimens 
in a triaxial cell (usually at 400-500 kPa), prior to testing their bulk permeability. 
Under these conditions only one of the cement plugs formed a good bond with 
the host clay (a stiff Pliocene clay typical of many Italian formations), and this 
test proved unrepeatable. The permeability of the host clay was about 
1 X 1 0 '11 m/s; that of reconstituted clay (dried, crushed and rewetted and worked 
at its plastic limit) was slightly higher, at about 4 X 10-11 m/s; and that of the
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cement was much lower, at 3.5 X 10-13 m/s. The ‘good’ cement bond demon
strated passage of water attributable to flux along the bond about 12 times greater 
than through an intact specimen of the host clay. Reconstituted clay, on the other 
hand, shows excellent bonding to the host, with no apparent preferential flow 
along the interface, although the bulk permeability of the seal zone is somewhat 
higher than otherwise intact clay. However, since mechanical puddling was used 
to emplace the clay plugs, this technique would clearly be problematic in deep 
boreholes.

Plugs emplaced under in situ stress conditions, where a ‘borehole’ was actually 
drilled into a preconsolidated sample under a vertical load equivalent to typical 
disposal depths, and the plug was emplaced and conditioned under similar stress 
conditions, showed very different results. With both consolidation and curing 
loads of 5 MPa (equivalent to about 240 m of overburden) the clay-cement 
bonding was very good. An expansive cement (Emaco) was used for this 
experiment (with an expansion of about 0.1%). The bulk permeability of the 
plugged specimen was identical to that of the intact clay (2.6 X КГ12 m/s) and 
a strong interpenetrating bond was observed, although the mineralogy of the 
interface has not yet been studied.

6. DISCUSSION

These preliminary experiments indicate that it is feasible to seal boreholes 
in clays, although much optimization of materials is necessary. F or example, 
a pumpable ‘pure clay’ seal is yet to be designed and evaluated. A mixture of 
treated, crushed host clay, highly compacted bentonite pellets and water has 
been suggested [7]. Pellet size and material component proportions could be 
designed to control rheology, homogeneity and setting rate, the latter being 
dependent on the surface area of the pellets.

An alternative is the simple emplacement of large blocks of highly compacted 
bentonite using the technique currently being assessed at Stripa in Sweden, where 
a perforated metal or plastic carrier is used to insert the block into the borehole. 
The drawbacks are the poor availability of water in the host clay to allow re
watering of the bentonite, and the need to achieve a fairly rapid seal at the top 
of the host clay formation where it may interface with more permeable units.
On the whole it is felt that emphasis should be placed on expansive cement and 
pumpable clay seals. Both methods require further laboratory testing and full 
scale field trials.

At present the ENEA and ISMES are considering mounting an in situ 
validation of the deep borehole disposal concept outlined earlier. This programme 
would include experiments to test the hydraulic properties of seal bonds at 
relatively shallow depths.
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The objective of the plugging experiments would be to measure the 
performance of a seal of the type used to isolate the waste in the clay formation.
A direct bond between plug and host rock is achieved and its behaviour assessed 
by pressuring the formation and porewater network below it with a remotely 
activated piston that injects water at a predetermined pressure. Porewater 
pressures within various parts of the formation and seal are measured by remote 
transducers which transmit acoustically to transponders in a closely adjacent 
borehole. This hole is also equipped with piezometers to measure the hydraulic 
signal in the clay pore waters caused by pressurization of the bottom section of 
the other borehole. A third, control hole is fully lined and only allows trans
mission of water through the plug, to allow separation between water flow through 
the plug and infiltration into the formation. Interpretation of the buildup and 
decay rates of pore pressures in various parts of the system will allow assessment 
of fluid behaviour in the bond region.

The main demonstration of emplacement feasibility, performed according 
to the procedure outlined in Fig. 3, will be a technological rather than scientific 
exercise, whose main function will be to test the casing manipulation and seal 
setting methodology outlined earlier. The aim is to demonstrate the complete 
cycle of hole preparation, waste emplacement and borehole sealing at full scale. 
Five dummy waste packages of almost the same size and weight as those which 
will eventually be produced, and containing the equivalent of five HLW and five 
CHW containers, will be emplaced in a borehole at a depth of between 200 and 
300 m. The borehole will be sealed and the upper casing partially removed.
After a demonstration that the technology is to hand and that the proposed 
operations are feasible, the seal and disposal zone will be undercored to obtain 
data on the in situ behaviour of the different components.

Prior to these major field programmes, a further period of laboratory 
development will be necessary to perfect a suitable recipe for the seal, tailored 
to the experimental site conditions.

7. CONCLUSIONS

Preliminary feasibility considerations on disposal of long lived radioactive 
waste in deep Italian clays indicate that several emplacement concepts should be 
acceptable.

A comparison between the mined repository and the matrix of deep bore
holes points to the superiority of the latter option in almost all respects, but 
particularly as regards cost and flexibility.

In general, it seems that too little emphasis has been placed on plugging and 
sealing in many of the international research programmes. For a deep borehole 
disposal system such as that described here it is the crucial factor in determining 
safety. The authors feel that if good seal bonding can be demonstrated, then 
preliminary safety assessments indicate that there are no major obstacles to
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developing this simple and cost effective alternative to the conventional concept 
of repository disposal. Moreover, from the safety viewpoint a deep borehole 
facility is likely to offer advantages over a mined repository.
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Abstract

TECHNICAL DESIGN OF THE KONRAD REPOSITORY.
The former Konrad iron ore mine, located 50 km south-east of Hannover, will be used 

as a repository for radioactive waste which does not produce heat. Ore production lasted 
from 1960 to 1976. The mine was maintained for investigating its suitability as a repository 
until 1982, and mining activities have since been resumed for exploration purposes. The 
geological formation with the ore body is covered transgressively by several hundred metres 
of claystone and the mine is very dry. These are two of the main reasons why the mine was 
considered suitable as a safe repository. There are two shafts each with surface facilities and 
a drift system from the 800 m to the 1300 m level. Shaft No. 1 is the air intake and haulage 
shaft and will be used the same way in the future. The return air shaft, No. 2, will be 
completely re-equipped; this will include the installation of surface facilities for the handling 
of radioactive waste. The maximum annual capacity will be 40 000 m3, with waste containers 
of up to 20 t each. The mining and disposal operations will occur simultaneously but be 
kept strictly separate underground and on the surface. The disposal rooms will have a length 
of up to 800 m and a cross-sectional area of 40 m2. The waste containers will be stacked at 
the end of a disposal room and the residual space will be backfilled with crushed rock. After 
receipt of the construction and operating permit, the construction work will start and require 
about two years. The actual disposal operation might start at the earliest in late 1989. The 
lifetime of the repository is assumed to be around 25 years. 1

1. INTRODUCTION

The Government of the Federal Republic of Germany is legally responsible for 
the final disposal of radioactive waste in this country. It has contracted the 
Deutsche Gesellschaft zum Bau und Betrieb von Endlagem für Abfallstoffe mbH 
(DBE) to undertake the design, construction and operation of its major projects, 
such as the Konrad repository. The Konrad mine, a former iron ore mine, will 
be converted into a repository for waste which does not produce heat. This 
paper deals with the advanced design of the facilities and the planning of the 
operation.
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2. LOCATION AND GEOLOGY

The Konrad mine is located in the Salzgitter area about 50 km south-east of 
Hannover. It is the youngest of all the former iron mines in the Peine and 
Salzgitter area and the only one still open.

The ore deposit forms a part of the Gifhorn Trough (Fig. 1). The sedimentary 
oolitic iron ore is of Jurassic age and stratigraphically belongs to the Middle Coral 
Oolith. The ore horizon has a maximum dip of 22° to the west. The overlying 
Cretaceous strata mainly consist of clayish rock with a total thickness of several 
hundred metres and completely cover the ore horizon in the form of a transgression. 
This fact, the dryness of the mine and suitable mechanical properties of the rocks 
are some of the main factors favouring conversion of the mine into a repository.

3. MINE HISTORY AND LAYOUT

The Konrad mine has two shafts, each with a diameter of 7 m; No. 1 has a 
depth of 1200 m and No. 2 of 1000 m; they are 1500 m from each other (Fig. 2). 
Presently shaft No. 1 is equipped for hoisting and carrying men and serves as an 
air intake shaft; No. 2 is the exhaust shaft.

Ore mining started in 1960 and came to an end in 1976 for economic reasons. 
During this period a total of 6.6 million tonnes of iron ore with an average iron 
content of 32% were extracted. The ore deposit was mined from several levels 
between 850 and 1200 m in depth covering an area 3000 m in strike and 1500 m

W N W
K o n r a d  

S h a lt  1
E S E

FIG. 1. Geological section in the area o f the Konrad mine.
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FIG. 2. Plan o f  the Konrad mine.

down-dip. The ore in the section between the two shafts was extracted by the 
sublevel stoping method on the rise with hydraulic sand and gravel backfilling.
In the early seventies a new mine section was opened south-west of shaft No. 2 by 
the room and pillar method with trackless equipment and without backfilling.
Both mine sections are no longer accessible and therefore are not available for 
disposal.

During ore production a connection between the two shafts was made on the 
1000 m level and about 62 km of mine openings were driven. At the time of the 
shutdown of the mine 40 km of these openings were either backfilled or abandoned, 
while 22 km were kept open.

4. INVESTIGATION AND EXPLORATION PROGRAMME

In 1976 the Gesellschaft für Strahlen- und Umweltforschung (GSF) was 
contracted to do research and development with the aim of investigating the 
suitability of the Konrad mine as a repository for radioactive waste. The investiga
tions, which were carried out until 1982, were divided into site related questions, 
geoscientific and mining aspects, and waste and waste-handling considerations [1]. 
The results of this intensive programme in conjunction with mining experience 
led to the conclusion that the Konrad mine is suitable for long term safe disposal 
of radioactive waste.
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Following this conclusion, an underground exploration programme was 
planned and started in 1983. Since the mined-out sections could not be used, 
new mining sections had to be explored. These disposal sections had to be 
planned around the old ones. Besides extensive underground drilling, about 
5000 m of drifts were opened up to the boundaries of the future mine sections 
and along them until late 1985, all with cutting machines and trackless equipment. 

Some of the main conclusions of the exploration work are as follows:

-  The rock stability in the Middle Coral Oolith formation with a thickness of 
up to 40 m is good.

-  Disposal rooms can safely be excavated in this formation.
-  The quality of the iron ore is such that its economic utilization is doubtful 

or impossible.

To gather further data on the geological formations surface core drilling was 
done west of shaft No. 2 down to 1000 m. The results confirmed all previous 
findings and assumptions. The driving of further drifts is being carried out to 
improve the existing mine conditions, such as ventilation and access.

5. DESIGN CRITERIA FOR THE KONRAD REPOSITORY

As a repository for radioactive waste the Konrad mine will accept the bulk 
of the material generated in the Federal Republic of Germany, since more than 
90% of the total volume is suitable for the mine. The facilities will be able to 
handle 20 000 m3 per year with initial peaks of up to 40 000 m3. If a filling 
factor of 50% is assumed, at least 40 000 m3 of mine openings will have to be 
excavated annually for the disposal rooms. If the specific gravity of the rock is
2.6, a minimum of 104 000 t of rock will have to be hauled each year. The 
presently calculated total disposal space of the mine is one million cubic metres, 
corresponding to a repository lifetime of about 25 years.

Some of the main criteria for the layout are given below:

— The waste will be delivered in containers with maximum dimensions of 
3.2 m X 2.0 m X 1.7 m and a maximum weight of 20 t.

— Shaft No. 2 will be the waste transportation shaft.
— The functions of shaft No. 1 remain unchanged.
— The disposal rooms will have a cross-sectional area of 40 m2 and will be 

separated by pillars, the ratio of pillar width to room width being 4:1.
— Safety pillars will be left along the boundaries of the mined-out sections.
— The mining activities will be kept separate from the disposal operations, 

including haulage and ventilation.
— The surface facilities will be equipped to accept waste by rail and by truck 

and have an interim storage capacity of at least three days.
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FIG. 3. Arrangement o f  disposal rooms in the Konrad mine (dimensions in metres).

6. DESIGN OF UNDERGROUND FACILITIES

The underground mine openings existing at the time of receipt of the permit 
for the Konrad repository will form the basis for the design. At that time the 
upper levels from 800 to 1000 m will be connected horizontally with shaft No. 2, 
the lower levels from 1000 down to 1200 m with shaft No. 1, and the 1300 m 
level by inclined drifts with the 1200 m level.

Six disposal mine sections, partly subdivided, are planned (Fig. 2). Each 
disposal section consists of a number of horizontal and parallel disposal rooms 
designed according to the criteria given above. The arrangement is shown in 
Fig. 3. From inclined drifts room access drifts will be made and the rooms 
planned within the boundaries of each section. The maximum length of these 
rooms will be 800 m. At the entrance of the disposal rooms side drifts or caves will 
be required to provide sufficient space for the fork-lift truck while the waste 
container truck arrives. Above the disposal rooms at each room access is a return 
air drift connected with these rooms by ventilation holes.

The rooms will be excavated with cutting machines. Diesel trucks with a 
load of 25 t will haul the rock to the nearest dumping station through the inclined 
drifts. Conveyor belts and mine cars will continue the transportation to shaft 
No. 1. On the surface the rock in the mine cars will be unloaded into railcars, 
transported about 10 km to a former iron mine open pit and dumped.

During excavation, forced auxiliary ventilation will provide fresh air. Included 
in the plan for disposal operation is auxiliary exhaust ventilation into the return air 
drifts and from there to shaft No. 2, On the deeper levels air cooling might be 
required in addition. The total air supply for the operations is calculated to be 
up to 15 000 m3/min.
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1 U n lo a d in g  B u i ld in g 7 S t o r a g e  B u i ld in g

2 H o i s t i n g  T o w e r 8 L o c o m o t iv e  S h e d

3 V e n t i l a t o r  B u i ld in g 9 W o r k s h o p

4 C o a l  S t o r a g e 10 G a r a g e

5 G a t e h o u s e 11 D ie s e l  S t a t i o n

6 T r a n s f o r m e r  S t a t i o n 12 H e l ic o p t e r  l a n d i n g  P la c e

FIG. 4. Plan view o f surface facilities at Konrad shaft

FIG. 5. Model o f surface facilities at Konrad shaft No. 2 (cf. Fig. 4).
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Roof support will be necessary and will be provided using rock bolts with wire 
mesh. The roof and side walls of the disposal rooms will be supported in this way; 
other drifts will be secured at least in the roof. Rock bolts with a length of 
1.8-2.5 m will be applied with a minimum of one bolt per square metre.

The general mine supplies, such as electricity, compressed air, water pumping, 
workshop and communication facilities, transport vehicles, explosives storage and 
fire protection, will be provided in the conventional way.

The functions of shaft No. 1 remain unchanged, as mentioned above. The 
hoisting equipment will be overhauled and modernized. The rock hoisting 
capacity of 5000 t per day is sufficient for all disposal requirements.

The situation at shaft No. 2 is completely different. The existing headframe, 
hoisting machine and all the shaft cage guiding facilities will have to be removed.
A new shaft system, including a hoisting friction machine with eight ropes, set on 
a new headframe, with a cage and counterweight to handle the waste containers 
with loads of up to 25 t, will be installed.

Waste container disposal will be carried out by the retreating method.
Disposal will begin close to shaft No. 2 in waste disposal section 5. At the same 
time the disposal rooms in section 5a will be excavated. Both operations will 
be kept completely separated for safety purposes. This separation requires a 
number of additional drifts, workshops and other facilities.

Underground storage will start with lowering of the waste containers in 
shaft No. 2 down to the 850 m shaft station. There the containers on platform 
railcars will be moved from the cage into the station. A portal crane will set them 
on a specially designed truck. The containers will be transported to the entrance 
of a disposal room, where a fork-lift truck will pick them up and stack them at 
the end of the room to form a ‘wall’. The open spaces surrounding this wall will be 
filled with crushed rock by high speed belt stowing. The same method will be 
applied to construct a dam in the access drift after a room has been completely 
filled with containers.

7. DESIGN OF SURFACE FACILITIES

The surface facilities at shaft No. 1 will basically serve the same purposes as 
during ore production. Therefore, most of these facilities can remain and be 
used in the future. Some of the existing buildings do not fulfil future needs.
A new office and changehouse building and a new warehouse will replace the old ones.

The surface facilities at shaft No. 2 are to be used exclusively for waste 
disposal. All present installations will be tom down, including the headframe.
The main new facilities are shown in Figs 4 and 5 :

— A hoisting tower, 42 m high
— An unloading and transfer building with 8500 m2 of floor space
— A storage building with 2400 m2 of floor space.



542 HOLTZ

The waste containers for the Konrad repository arrive either by rail or by 
truck. In the unloading building they are inspected and, if found acceptable, 
lifted by crane on to a platform railcar. From there they are transported either 
directly into the shaft house and then to the cage or, if necessary, temporarily 
into the storage building.

8. PERMIT, TIMING AND GENERAL SITUATION

The time schedule for the Konrad repository heavily depends on the progress 
of the permit procedure. The majority of the permit application documents were 
submitted in March 1985, the remainder were to follow in March 1986. The 
governmental licensing agency will then check all the documents with the help of 
several independent experts and institutes, according to the Atomic Energy Act 
(Atomgesetz). Parallel to this procedure a second permit procedure has to be 
followed with the mining authorities according to the mining laws. It is expected 
that all the permits required will have been obtained at the earliest in late 1987.
With the receipt of the permits the construction and mining operations to 
convert the Konrad mine into a repository may start.

The construction is scheduled to last 24 months, i.e. disposal cannot start 
before the end of 1989. During the two-year period construction and mining 
will occur simultaneously. All the disposal rooms in waste disposal section 5 
(Fig. 2) have to be excavated as described, and the surface and shaft facilities 
at shaft No. 2 replaced as outlined above. Following these construction measures 
the Konrad mine will be in a position to accept waste materials for underground 
disposal.

Depending on the annual waste volume to be disposed of, the total number 
of employees required for the operation at peak times might amount to 330. The 
total design and new investment costs will amount to approximately US $160 million.

REFERENCE

[ 1 ] GESELLSCHAFT FÜR STRAHLEN- UND UMWELTFORSCHUNG, Evaluation of
Disposal Possibilities and Potentials in the Konrad Iron Ore Mine Based on Experiments 
for the Handling and Isolation of Radioactive Wastes, Final Report T 136, Research Contract 
No. WAS-145-80D (B), GSF, Munich (1982).



IAEA-SM-289/46

R&D WORK ON GEOLOGICAL DISPOSAL OF 
DISSOLVER SLUDGE, CLADDING HULLS AND  
SPENT HTGR FUEL ELEMENTS IN 
THE FEDERAL REPUBLIC OF GERMANY

E. BARNERT, P.H. BROCHER, D. NIEPHAUS 
Kernforschungsanlage Jülich GmbH,
Jülich, Federal Republic of Germany

Abstract

R&D WORK ON GEOLOGICAL DISPOSAL OF DISSOLVER SLUDGE, CLADDING HULLS 
AND SPENT HTGR FUEL ELEMENTS IN THE FEDERAL REPUBLIC OF GERMANY.

The Bundesminister für Forschung und Technologie (Federal Minister for Research and 
Technology) is sponsoring a project at the Kernforschungsanlage Jülich (KFA) entitled Medium 
Active Waste and High Temperature Reactor Fuel Element Test Disposal in Boreholes. The aim 
of this project is to develop a technique for the final disposal of dissolver sludge, cladding hulls/ 
structural components and spent HTR fuel elements in untubed boreholes in salt, and to test 
this technique in the abandoned Asse salt mine; the test would include safety calculations and 
safety engineering demonstrations. The project is divided into: I, disposal/sealing techniques 
and II, retrievable disposal test. In subproject I, prototypical components for the disposal 
of MAW packages in boreholes and for the sealing of these boreholes in a final repository will 
be developed, fabricated and tested without radioactive waste packages in the Asse mine. The 
conceptual design of the components will be completed at the end of 1986. In subproject II, 
the gas release from the MAW packages will be determined in a hot cell experiment, and the 
safe underground handling of MAW and spent HTR fuel elements will be demonstrated in a 
retrievable test disposal with real waste packages in the mine using well known or slightly 
modified handling components. Installation of the hot cell experiment is nearing completion; 
the start of the retrievable test disposal is scheduled for the middle of 1987. The overall 
project duration is from 1983 to 1992. Implementation of the project involves the Bundes
anstalt für Geowissenschaften und Rohstoffe, the Physikalisch-Technische Bundesanstalt, 
the Deutsche Gesellschaft für Wiederaufarbeitung von Kernbrennstoffen and the Gesellschaft 
für Strahlen- und Umweltforschung, under the scientific and technical guidance of the KFA. 1

1. INTRODUCTION

Proof of the basic safety engineering feasibility of final disposal concepts 
for radioactive waste requires the development and testing of new techniques.
Final disposal techniques for low and medium active wastes (LAW, MAW) with 
negligible heat generation have been developed and are part of the Federal Republic 
of Germany’s conceptual design for the final disposal of these types of waste.
For radioactive waste with perceptible heat generation, e.g. high active waste 
(HAW), certain types of MAW, and spent fuel elements from high temperature
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reactors (HTRFEs), corresponding techniques still have to be provided for final 
disposal in salt formations [1]. The corresponding R&D programmes are conducted 
by the Gesellschaft für Strahlen- und Umweltforschung (GSF) and the Kern
forschungsanlage Jülich (KFA), with the Institut für Tieflagerung of the GSF 
being responsible for the HAW disposal test in the abandoned Asse salt mine near 
Wolfenbüttel in the State of Lower Saxony [2].

With respect to the final disposal of heat generating MAW (dissolver sludge 
and cladding hulls/structural components) arising from reprocessing and of spent 
HTRFEs, the Bundesminister für Forschung und Technologie has charged 
the Institut für chemische Technologie der nuklearen Entsorgung at the KFA 
with the development of an MAW borehole technique. In this connection work 
is being performed in a project entitled Medium Active Waste and High Tempera
ture Reactor Fuel Element Test Disposal in Boreholes.

2. OBJECTIVES AND BOUNDARY CONDITIONS

The main objectives of the project mentioned above are to develop a technique 
for the final disposal of heat generating MAW and spent HTRFEs in untubed 
vertical boreholes in salt, and to test this technique under real conditions in a salt 
mine.

To achieve these objectives the project has been divided into two:

I. Disposal and sealing techniques:
-  Development of components for the MAW borehole technique which may 

be used in a final repository at Gorleben,
-  Cold testing (i.e. without real waste) of prototypical components in the Asse 

mine.
II. Retrievable disposal test:

-  Determination of gas release from MAW packages,
-  Retrievable test disposal with real waste packages in the Asse mine.

The technical boundary conditions and the time schedule of the project are 
determined by the plans for the Gorleben repository, the conditions in the Asse 
test facility and the waste packages available. From the timetable of the 
Physikalisch-Technische Bundesanstalt (PTB) for the repository in Gorleben, 
involving presentation of a safety report in 1992, it follows that the basic results 
of the project must be available in early 1990.

According to the specific licensing conditions of the Asse mine it must be 
guaranteed that the radioactive waste packages disposed of experimentally can 
be reliably retrieved at all times, and that they will be removed from the mine 
after termination of the five-year test disposal period. Waste packages for the
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retrievable disposal test are available from the Wiederaufarbeitungsanlage 
Karlsruhe (WAK) and from the high temperature gas cooled test reactor (AVR) 
in Jülich.

3. IMPLEMENTATION

The project is being jointly planned and implemented by the KFA and GSF 
under the scientific and technical guidance of the KFA. The GSF is acting as 
applicant for implementation of the in situ test in the Asse mine, and is responsible 
for mining and geotechnics. Also involved are the PTB (planning of the Gorleben 
repository) and the Deutsche Gesellschaft für Wiederaufarbeitung von Kernbrenn
stoffen (DWK) (operation of the reprocessing plant). This co-operation guarantees 
that the results of the project can be included to the fullest possible extent in 
planning the Gorleben final repository. In addition, the Bundesanstalt für Geo
wissenschaften und Rohstoffe (BGR) is responsible for geomechanical computations.

Figure 1 is a simplified view of the 800 m level of the Asse mine, where the 
tests will take place. Two separate MAW test drifts BV and EV for subprojects I 
and II, respectively, are planned for in the older rock salt Na2, where the depth 
and surroundings correspond to conditions of the planned Gorleben repository. 
Although nearby, the HAW test field will have no thermal influence on the MAW 
test.
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F I G .  2 .  U n  t u b e d  v e r t i c a l  b o r e h o l e s  f o r  f i n a l  d i s p o s a l  o f  h e a t  p r o d u c i n g  M A  W  a n d  H T R F E s .

3.1. Disposal and sealing technique

The design of the technique for final disposal of MAW and HTRFE packages 
in vertical boreholes in salt and for the sealing of these boreholes takes into 
consideration the future commercial application of the technique in a final 
repository. The basis for the design are the plans for the Gorleben repository 
and the reference concepts for the MAW packages developed by the DWK as 
waste producer. It is assumed that the spent fuel elements arising from the two 
gas cooled HTRs in operation in the Federal Republic of Germany will be disposed 
of in the type of package mentioned above. Hence, the same disposal and sealing 
technique can be used.

To simplify the operation of the planned final repository, the MAW borehole 
technique and the HAW borehole technique, the latter being subject to the HAW 
disposal test [2], will have to be standardized.

Figure 2 illustrates the disposal and sealing technique for MAW with the 
main components, which will be designed, fabricated and tested: 400 L standard 
drums with cemented waste are lowered from a transport cask into a 300 m deep 
vertical borehole by a disposal machine equipped with a grapple system. Except 
during the lowering phase, the borehole is closed with a sliding cover. If necessary,
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the annular gap between the drum and the wall of the borehole may be filled with 
crushed salt, and the stacking forces may be dissipated into the borehole wall using 
a simple spreading device positioned between a certain number of packages.

When the borehole is filled with waste drums up to 10 m below the drift, 
the sliding cover will be removed and a plug will be inserted. The plug has to 
provide radiation shielding as well as sealing against radioactive gases (during 
normal operation) and brine (in case of an accident). As indicated in Fig. 2, the 
plugging system may simply consist of crushed salt covered with a slab of salt 
concrete, but more complex constructions might become necessary for reasons 
of personnel radiation protection.

This MAW borehole technique will be tested in situ in the MAW test drift 
BV with its three boreholes V1-V3, using prototypical components for handling 
and simulated MAW packages.

Borehole VI, having a depth of 10 m, will serve to demonstrate the gas- 
tightness of the final plug as a function of time at a relevant temperature. For 
this purpose, inactive test gases such as hydrogen and krypton will be injected 
at the bottom of the borehole and their migration through the plug will be 
measured.

Borehole V2, also 10 m deep, will be operated without a plug and is intended 
to be used for control measurements.

Borehole V3 has a depth of about 30 m and will serve to demonstrate the 
commercial feasibility of the disposal and sealing technique. Inactive 400 L drums 
will be emplaced using the prototype technique and the borehole will be sealed 
with a plug. The mechanical properties of the plug will be determined from 
samples taken by core drilling.

To simulate a temperature level of about 70°C in the salt, which is appropriate 
for the final repository during the operating phase of an MAW disposal drift, 
electric heaters will be installed around the boreholes. Pressure buildup, borehole 
convergence and temperatures will be measured and compared with computer 
predictions.

3.2. Retrievable disposal test

The safe underground handling and emplacement of MAW and HTRFEs will 
be demonstrated in a retrievable disposal test with a limited number of radioactive 
waste packages. The test design is influenced by the specific situation in the Asse 
salt mine and the waste packages available. As far as possible, well known 
components which have already been applied in the Asse will be used.

Standard 200 L drums containing MAW are available from the reprocessing 
of PWR fuel with a burnup of 39 GW-d/t. As an example, Fig. 3 shows the 
structure of a drum containing parts of two spent fuel elements. The structural 
components are fixed with cement in a removable insert; this is used because of 
the inevitable surface contamination during the filling procedure in the WAK.
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©  lid with lifting ring 

@ 2 0 0  L  drum  
®  rem ovable insert 
©  resistance therm om eters  
®  plug type connection

content: max. 105 kg structural com ponents
m ass: 500  kg
total activity: 3 .9  x1014 B q /d ru m
surface dose rate: 6 0 0  G y /h
heat production: 9 8  W /d ru m

F I G .  3 .  R e t r i e v a b l e  d i s p o s a l  t e s t :  2 0 0  L  s t a n d a r d  d r u m  w i t h  s t r u c t u r a l  c o m p o n e n t s  ( t w o  

P W R  f u e l  e l e m e n t s ,  f i v e  y e a r s  a f t e r  d i s c h a r g e )  f i x e d  w i t h  c e m e n t .

100

mushroom shaped lid 
55 .9  cm / graphitic spherical fuel element

fuel free outer zone

6cm

pyrolytic carbon coated 
fuel particles

content: 950 fuel elements (AVR type)
mass: 350 kg
total activity: 5x10™ Bq/can
surface dose rate: 40 Gy/h
heat production: 60 W/can

F I G .  4 .  R e t r i e v a b l e  d i s p o s a l  t e s t :  s t a i n l e s s  s t e e l  c a n  ( A  V R - T L  t y p e )  c o n t a i n i n g  s p e n t  H T R  

f u e l  e l e m e n t s  ( s i x  y e a r s  a f t e r  d i s c h a r g e  f r o m  A  V R  r e a c t o r ) .

The outer drum is equipped with a lid having a lifting ring, which is compatible 
with an existing grapple system.

Five drums of the same design, two containing Zircaloy cladding hulls and 
three with dissolver sludge on a filter unit, will be available for the disposal test.
In these cases the total activities, surface dose rates and heat production are 
smaller than the numbers given in Fig. 3.

In addition, four stainless steel cans of spent spherical fuel elements from 
the AVR reactor will be available for the retrievable disposal test. Figure 4 
illustrates the design of the can, which is being used for dry intermediate storage.
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F I G .  5 .  S c h e m a t i c  v i e w  o f  M A  W  t e s t  d r i f t  E V  ( r e t r i e v a b l e  d i s p o s a l  t e s t ) .  A :  a i r - c o n d i t i o n e d  

m e a s u r i n g  c o n t a i n e r ;  B :  e n t r a n c e  l o c k ;  C :  c r a n e ;  D :  1 9  in  c a b i n e t  r a c k  ( 1  in  = 2 5 . 4  m m ) ;  

E :  b o r e h o l e  s l i d i n g  c o v e r ;  F :  s t o r a g e  r a c k .

One aim of the investigations is to quantify the release of radioactive and 
non-radioactive gases from the waste packages, which could affect the radio
logical as well as the working safety of the personnel and the environment. 
Tritium, 8sKr and hydrogen have to be taken into consideration. Hence, prior 
to the in situ disposal test the reprocessing waste packages will be checked for at 
least one year in a hot cell experiment in the KFA. The removable inserts of the 
six 200 L drums will be put separately into gas-tight overpacks and checked for 
the release of the gases mentioned above. Electric heating of the overpacks to 
simulate the temperature in a borehole in a final repository will be provided, 
and the temperature inside the waste drums will be checked using resistance 
thermometers. Similar measurements have already been done for the fuel element 
cans.

After the hot cell testing, the waste packages will be emplaced for up to five 
years during the retrievable disposal test. Figure 5 illustrates the MAW test drift 
EV where the in situ testing will take place. Five boreholes, each with a depth of 
10 m and a diameter of 1 m, are planned.

Borehole 5 (precursory test) serves for the optical inspection of borehole 
convergence. Inspection will start at least one year before the start of the radio
active in situ test. Boreholes 5 and 1 (reserve) will not contain radioactive waste 
during tests.

The remaining boreholes will accommodate radioactive waste packages 
containing dissolver sludge (three in borehole 2), cladding hulls and structural 
components (three in borehole 3), and spent HTRFEs (four in borehole 4), which 
will be removed from the mine after completion of the test. All five boreholes
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borehole sliding cover

for rack

F I G .  6 .  E q u i p m e n t  o f  b o r e h o l e  3  in  M A  W  t e s t  d r i f t  E V  ( r e t r i e v a b l e  d i s p o s a l  t e s t  w i t h  t h r e e  

w a s t e  d r u m s  c o n t a i n i n g  c l a d d i n g  h u l l s  ¡ s t r u c t u r a l  c o m p o n e n t s ) .

will be closed with a sliding cover. Measuring lines are led into cabinet racks which 
are connected to a computer supported data logger in an air-conditioned measuring 
container.

Figure 6 shows as an example the equipment of borehole 3. The reliable 
retrieval of the disposed MAW packages at all times during the test has to be 
guaranteed. Because of the relatively small borehole convergence expected at a 
temperature less than 55°C, retrieval is guaranteed by stacking the packages in
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1963 1984 1985 1986 198 7 1988 198 9 1990 1991 1992

P art 1: D isposal /s e a lin g  technique  

conceptual design

design and fabrication ot components 

preparation of the test field in Asse 

licensing procedure  

implementation of the test

Part II : Retrievable  disposal test 

preliminary program m e in Asse 

conceptual design

design and fabrication of components 

hot cell experiments 

preparation of the test field in Asse 

licensing procedure 

implementation of the test 

recovery of waste; post-examination 

safeguards for test disposal

I

— J .....
I

I ...
F I G .  7. T i m e t a b l e  o f  t h e  p r o j e c t  ( p a r t i a l  s h a d i n g :  d e s i g n ;  b l a c k :  f a b r i c a t i o n  a n d  t e s t i n g ) .

an open storage rack, with an annular gap of sufficient dimensions between the 
rack and the untubed borehole wall. The projected convergence has been calculated 
by geomechanical computation; the diameter of the remaining gap will be surveyed 
during the disposal test by redundant distance meters. The temperature and the 
concentration of gases (hydrogen, tritium, krypton) in the borehole will be 
measured, together with the inclination of the rack.

4. TIME SCHEDULE

The general timetable of the project is given in Fig. 7. It is adapted to the 
PTB structure plan for the Gorleben repository, for which presentation of the 
basic results of this project is required in early 1990. The status of the project 
in March 1986 was as follows. In subproject I, most aspects of the conceptual 
design of prototypical components will be finished at the end of 1986. Testing 
of the prototypes in the Asse mine in the absence of radioactive waste is scheduled 
to start in late 1987.

In subproject II, the modified components have been designed and, in part, 
fabricated. The hot cell experiment is installed and ready to be started. The 
test drift EV is being excavated. The fully active disposal test is scheduled to 
start in the second half of 1987.
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Abstract-Résumé

DESIGN STUDIES FO R STORAGE OF NUCLEAR WASTES IN DEEP GEOLOGICAL 
FORMATIONS.

In France, vitrified very high level wastes (category C) and alpha em itting  wastes 
(category B) produced by spent fuel reprocessing, together w ith wastes from  fuel fabrication 
facilities and research centres, will be finally disposed of in deep geological form ations. With 
this in m ind, design orientation  studies have been carried ou t in order to  gain a b e tte r under
standing of all the technical and econom ic param eters. As part o f  the  site selection process, 
the host environm ents studied are granite, rock salt, clays and m etam orphic rocks. Category В 
wastes can be buried im m ediately since they  do no t present any m ajor therm al problem s. F o r 
these wastes, various storage configurations have been developed for which excavation, handling, 
ventilation and filling techniques have been proposed and studied. One of the designs provides 
for in term ediate and final storage on the same site. An initial evaluation o f the ex ten t o f the 
investm ent and operating costs involved has been m ade for the  granite environm ent. The 
initial therm al pow er o f category C vitrified wastes is to o  high fo r them  to  be buried 
im m ediately. Various m anagem ent scenarios have been studied, including a fairly long therm al 
decay period in in term ediate surface storage sites, possibly follow ed by a period in which the 
packages are cooled by  air in deep form ations before final closure o f the storage facility. Two 
types o f storage are being considered: first, storage in vertical shafts drilled in a regular grid 
from  a service gallery level, and secondly, storage in horizontal galleries. Investigation of the 
therm al and m echanical aspects has begun fo r each case. The costs o f the various waste 
m anagem ent scenarios have been evaluated fo r storage in granite rock in order to  determ ine 
the strategies involving a  m inim um  overall cost. The prelim inary design studies w hich have 
been conducted  show the  technological feasibility o f burying nuclear wastes. They have helped 
to  identify  th e  designs fo r which an in-depth  study is currently  being conducted , and have 
con tribu ted  to  form ing a basis fo r research and developm ent w ith regard to  site, m aterials and 
technologies.
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ETUDES CONCEPTUELLES DU STOCKAGE DES DECHETS RADIOACTIFS EN 
FORM ATIONS GEOLOGIQUES PROFONDES.

En France, les déchets vitrifiés de très hau te  activité (catégorie C) e t les déchets contenant 
des ém etteurs a  (catégorie B), produits par le re tra item ent des com bustibles irradiés, ainsi que 
les déchets provenant des installations de fabrication de com bustibles e t des centres de recherches, 
seront stockés définitivem ent dans des form ations géologiques profondes. Dans cette perspective 
des études conceptuelles d ’orientation  o n t été m enées afin de m ieux apprécier l’ensemble des 
param ètres techniques e t économ iques. Dans l’atten te  du choix  d ’un  site, les m ilieux d ’accueil 
étudiés sont le granite, le sel gemme, les argiles e t les roches m étam orphiques. Les déchets de 
catégorie B son t im m édiatem ent enfouissables car ne présen tan t pas de problèm es therm iques 
majeurs. Pour ces déchets, différentes configurations de stockage on t été développées pour 
lesquelles des techniques de creusem ent, de m anutention , de ventilation e t de remblayage o n t été  
proposées e t étudiées. L’un des concepts envisagés perm et d ’assurer sur le même site les 
fonctions d’entreposage e t de dépôt définitif. Une prem ière évaluation des ordres de grandeur 
des investissem ents e t des dépenses d’exploitation a été  effectuée en milieu granitique. Les 
déchets vitrifiés de catégorie C on t une puissance therm ique initiale trop  im portante  pour être 
enfouis im m édiatem ent. D ifférents scénarios de gestion sont étudiés, incluant une phase plus 
ou m oins longue de décroissance therm ique dans des entreposages de surface, suivie éventu
ellem ent, en profondeur, d’une période de refroidissem ent par air des colis avant la ferm eture 
définitive du stockage. Deux concepts de stockage sont étudiés: 1) stockage en bures, puits 
verticaux forés selon une maille régulière à partir d’un niveau de galeries de service, e t 2) stockage 
en galeries horizontales. Dans chaque cas, l’é tude des aspects therm iques e t m écaniques a été 
amorcée. Les différents scénarios de gestion des déchets on t fa it l’objet d ’évaluations de coûts 
pour un stockage en massif granitique afin de déterm iner les stratégies en tra în an t un  coû t global 
minimal. Les études conceptuelles prélim inaires effectuées dém ontren t la faisabilité technolo
gique de l’enfouissem ent des déchets nucléaires. Elles on t permis d’o rien ter la définition des 
concepts dont l’étude approfondie est au jourd’hui en cours e t contribué à la fourniture  de bases 
de recherche et développem ent en m atière de site, de m atériaux e t de technologies.

INTRODUCTION

A travers de nombreuses études et une expérience industrielle, la France se 
donne les moyens d’assurer une gestion des déchets radioactifs qui garantisse à tous 
une protection suffisante en toute circonstance et pendant tout le temps nécessaire. 
Le principe de l’enfouissement en formation géologique profonde des déchets 
contenant des émetteurs alpha à longue période a ainsi été retenu. Les milieux 
d’accueil actuellement envisagés sont le granite, le sel, l’argile et les schistes. Une 
première sélection pourrait être effectuée à partir de 1987; elle devrait permettre 
d’entamer la qualification d’un site en visant à vérifier sa compatibilité avec un 
stockage géologique de déchets nucléaires et ses exigences de sûreté à long terme.

Afin d’une part de disposer de données de base cohérentes pour les analyses 
de sûreté et les études in situ de qualification, et d’autre part d’entreprendre la 
recherche et le développement des procédés et matériaux intervenant dans le
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stockage, le Commissariat à l’énergie atomique (CEA)1 mène à présent l’étude 
approfondie des modes de stockage des déchets des catégories B et C. Les 
travaux effectués actuellement s’appuient sur les enseignements tirés d’études 
conceptuelles préliminaires conduisant à la comparaison, sur les plans technique 
et économique, de plusieurs familles de concepts de stockage et de stratégies de 
gestion des déchets; ces études d’orientation ont permis en outre de quantifier 
certaines incidences physiques du stockage. Ce mémoire présente les principaux 
points des études conceptuelles préliminaires réalisées au CEA, en examinant 
successivement:
— les caractéristiques des déchets à stocker,
— les divers concepts de stockage envisagés,
— les méthodes de creusement des cavités, de manutention des colis et de rem

plissage des vides,
— les effets thermiques et mécaniques,
— les évaluations des coûts.

1. DECHETS NUCLEAIRES

La réglementation française autorise le stockage en surface des déchets de 
faible activité (catégorie A) dont l’activité alpha est inférieure à 0,1 Ci (3,7 GBq) 
par tonne de colis. Les déchets ayant une activité a  supérieure seront stockés en 
profondeur; ils se divisent en deux catégories:
— les déchets de catégorie B (HA et MA), ne présentant pas de problème thermique 

et immédiatement enfouissables en sous-sol;
— les déchets de catégorie С (THA), dont le fort dégagement thermique nécessite 

une période de refroidissement avant le stockage définitif.

1.1. Les déchets de catégorie B

Ces déchets proviennent essentiellement (pour près de 80%) des opérations 
de retraitement des combustibles irradiés mais également de la fabrication de 
combustibles au plutonium ainsi que des différents centres d’études nucléaires.

Le tableau I présente les principales caractéristiques des déchets de retraite
ment issus de l’usine UP3 de la Cogéma (La Hague). Ils correspondent à des 
assemblages REP irradiés à 33 GW-d t -1.

1 E t, plus particulièrem ent, la Division d’études de re tra item ent e t de déchets et de 
chimie appliquée de l’In stitu t de recherche technologique e t de développem ent industriel ainsi 
que l’Agence nationale pour la gestion des déchets radioactifs.
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TABLEAU I. CARACTERISTIQUES DES DECHETS DE RETRAITEMENT UP3

Nature
des
déchets

Matrice
d’enrobage

C onditionnem ent Dimensions

Nom bre
de
colis 
par tU

Puissance
therm ique
au
conditionnem ent

Déchets de 
gainage (coques 
et em bouts)

béton fû t métallique ф = 1185 mm 
h = 1700 mm 
m = 4 t

0,5 86 W
par colis

Boues de 
coprécipitation

bitum e fût m étallique ф =  585 mm 
h = 885 mm 
m = 300 kg

2,3 0,2 à 2 W 
par colis

Déchets
technologiques

béton conteneur
amiante-cim ent

ф = 1000 mm 
h  = 1500 mm 
m = 2 à 3,5 t

1 0 à 2 W 
par colis

TABLEAU II. PRINCIPALES CARACTERISTIQUES DES COLIS FABRIQUES 
A L’USINE DE LA HAGUE

Dimensions ф  = 430 mm 
h = 1335 mm

Volume de déchet vitrifié 150 L

Masse du colis 480 kg

Evolution de la puissance therm ique des verres THA (W /colis)

Au conditionnem ent Après 5 ans 10 30 50 100 300

2980 1365 1125 680 425 150 23

1.2. Les déchets de catégorie C

Ce sont les déchets provenant de la vitrification des solutions de produits de 
fission et actinides issues du retraitement des combustibles irradiés. Leurs 
principales caractéristiques sont données dans le tableau II.

2. LES CONCEPTS DE STOCKAGE

Différents concepts de stockage ont été examinés pour les deux catégories de 
déchets stockables en profondeur: B (déchets a) et C (déchets THA).
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F I G .  1 . S t o c k a g e  B  e n  g a l e r i e s  d e  m o y e n n e  s e c t i o n .

2.1. Concept de stockage des déchets a  (catégorie B)

Pour cette catégorie de déchets, les concepts étudiés sont constitués par:
— les galeries de faible et moyenne section (<50 m2) d’une part,
— les galeries de grande section (>100 m2) d’autre part,
— les silos.

2.1.1. Stockage en galeries de faible ou moyenne section

Dans ce concept, les galeries ont une section utile variant de 15 à 40 m2 selon 
le mode de manutention des colis et les propriétés mécaniques de la roche-hôte.
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Ces galeries, dont la longueur peut aller jusqu’à 300 m, sont placées soit de part 
et d’autre d’une galerie de service rectiligne (fig. 1 ), soit en rayonnant autour d’une 
galerie de service torique sur un ou plusieurs niveaux. Les colis de déchets sont 
gerbés de manière à occuper la plus grande partie de la section utile des galeries.
Le remplissage s’effectue en rabattant depuis l’extrémité aveugle des galeries de 
stockage.

Des puits d’accès et de ventilation relient le stockage au jour où se trouvent 
les installations de réception des colis. Une zone de service d’exploitation au fond 
est implantée à la base de ces puits.

Ce type de stockage correspond à une emprise en sous-sol relativement 
importante mais il autorise une gestion évolutive des déchets: des modules de 
galeries de stockage sont créés, remplis et obturés en fonction des cadences 
prévisionnelles de livraison des déchets.

F I G .  2 .  S t o c k a g e  B  e n  g a l e r i e  t o r i q u e  d e  g r a n d e  s e c t i o n .
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2.1.2. Le stockage en galeries de grande section (>100 m 2)

Ce concept se présente soit comme une ou plusieurs galeries toriques (fig. 2) 
soit comme un réseau de galeries rectilignes parallèles desservies à l’une de leur 
extrémités par une galerie de manutention et à l’autre par une galerie de ventilation. 
Les puits d’accès et de ventilation sont regroupés. Un cuvelage de béton hydrofuge, 
fractionné en cuves indépendantes, repose sur le radier des galeries de stockage.
Un chariot de manutention, circulant sur les rebords supérieurs du cuvelage, 
assure le transport et la mise en place des colis de déchets dans le cuvelage. Un 
examen méthodique de l’exploitation (sûreté de la manutention) et de ses 
conséquences technologiques a été effectué.

Ce type de stockage se caractérise par la possibilité de constituer un entre
posage profond aussi longtemps que le remblayage et la fermeture définitive 
n’auront pas été décidés. Il implique des travaux de création (donc des investis
sements) plus importants que pour les galeries de faible ou moyenne section. 
Cependant, la réalisation dans la même installation des fonctions «entreposage» 
et «dépôt définitif» devrait entraîner un coût global de gestion des déchets 
inférieur à celui que demanderait la construction successive des bâtiments 
d’entreposage en surface le cas échéant et du stockage proprement dit.

2.1.3. Stockage en silos

Les silos sont des cavités cylindriques d’axe vertical dont le diamètre utile 
peut aller de 6 à 30 m, la hauteur étant de 30 m environ. Des réseaux de galeries 
relient les silos aux puits assurant les liaisons avec le jour. La manutention des 
colis de déchets à l’intérieur des silos est assurée soit par un pont tournant 
implanté en partie supérieure de la cavité, soit par un chariot équipé d’un treuil 
circulant au sommet de murs verticaux délimitant des alvéoles. Ces configurations 
de stockage offrent une emprise en sous-sol relativement réduite.

2.2. Concepts de stockage des déchets vitrifés (catégorie C)

Deux familles de concepts ont été considérées:
— stockage en «bures» avec et sans refroidissement des colis par air convectif in 

situ;
-  stockage en galeries avec et sans refroidissement par air in situ.

2.2.1. Stockage en bures

a) Non ventilés

De nombreux puits de stockage aveugles, appelés bures, sont creusés suivant 
une maille régulière à partir d’un réseau de galeries souterraines parallèles (fig. 3).



560 HOORELBEKE et al.

F I G . 3 .  I m p l a n t a t i o n  d ’u n  s t o c k a g e  C  e n  b u r e s  n o n  v e n t i l é s .

h ; hauteur des bures

Pas : distance d'entraxe entre bures

n : nombre de piles de colis par bure

e : épaisseur de matériau de remplissage 
entre nappes de colis

F I G .  4 .  P a r a m è t r e s  d e  d i m e n s i o n n e m e n t  d e s  b u r e s  d e  s t o c k a g e  p o u r  v e r r e s  T H A .
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F I G .  5 .  S t o c k a g e  C  e n  g a l e r i e s  n o n  v e n t i l é e s .

Selon la puissance thermique résiduelle des colis et les caractéristiques de la 
roche d’accueil, plusieurs colis peuvent être disposés dans chaque bure, sur une 
ou plusieurs piles verticales (fig. 4). Deux puits principaux reliant le jour et le 
réseau de galeries de service assurent l’un la descente des colis de déchets, l’autre 
le transport des personnels et matériels et l’extraction des déblais; en outre, ils 
permettent la ventilation des ouvrages de service.

b) Avec refroidissement par air convectif

Au concept précédent est associé un deuxième réseau de galeries reliant la 
base des bures. Ce second réseau permet la ventilation des bures et autorise une 
mise en place des déchets beaucoup plus précoce. Pendant la phase de refroidisse
ment, l’air prélevé à l’extérieur est amené au fond par deux puits d’entrée d’air.
Un réseau de gaines, implanté dans les galeries inférieures, distribue l’air frais dans 
les bures. Ceux-ci sont équipés sur toute leur hauteur de tubes verticaux; chaque 
tube renferme une pile de colis. L’air de refroidissement est canalisé à l’intérieur 
de ces tubes où il lèche les colis. En sortie de tube, l’air chaud est collecté par un 
deuxième réseau de gaines et évacué vers l’extérieur. L’aptitude d’un tel système 
à fonctionner en convection naturelle a été vérifiée.

A l’issue de la période de refroidissement par air, le stockage est fermé 
définitivement.
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F I G .  6 . S e c t i o n  d ’u n e  g a l e r i e  d e  s t o c k a g e  C  a v e c  r e f r o i d i s s e m e n t  p a r  a ir .

2.2.2. Stockage en galeries

a) Non ventilées

Dans ce concept, les colis sont déposés horizontalement ou verticalement sur 
la sole brute ou le radier aménagé de galeries de faible section (fig. 5). D peut y 
avoir un ou plusieurs colis en section courante. Les galeries de stockage sont 
disposées de part et d’autre d’une galerie de service rectiligne. Le mode d’exploi
tation du stockage est proche de celui du stockage des déchets alpha en galeries 
de section moyenne. Ce concept implique une emprise verticale très inférieure à 
celle des configurations en bures, ce qui est particulièrement intéressant pour les 
gisements d’accueil en couche de faible puissance.

b) Ventilées

Le stockage comprend plusieurs galeries de stockage desservies par des 
galeries de manutention et des galeries de ventilation. Une structure bétonnée ou 
métallique (fig. 6) est construite sur toute la longueur des galeries de stockage.
Elle comporte en partie basse une canalisation permettant la distribution d’air 
frais tout au long de la galerie. L’air diffuse par des trous calibrés ménagés dans 
le plancher et refroidit les colis; il est ensuite collecté dans la partie supérieure 
des galeries de stockage puis dans une galerie de retour d’air desservant l’ensemble 
du stockage et permettant le rejet à l’extérieur par un puits. Ce système peut 
fonctionner en convection naturelle.

3. LES METHODES DE CREUSEMENT DES CAVITES PROFONDES

Les méthodes de creusement peuvent être très différentes dans les divers 
milieux envisagés.
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3.1. Cas du granite

Les deux types de méthodes envisageables sont décrits ci-après.
1) L ’abattage à l ’explosif est peu contraignant vis-à-vis de la géométrie des 

cavités mais il est susceptible d’entraîner des désordres mécaniques irréversibles 
(effets arrière) dans la roche; ces désordres peuvent être atténués par le recours 
au découpage, généralement à l’explosif ou en employant des méthodes «douces» 
qui nécessitent encore des développements: trous jointifs,'jets haute-pression, etc. 
L’abattage soigné est d’autant plus coûteux et la vitesse d’avancement faible que 
les perturbations infligées à la roche sont réduites.

2) L ’abattage mécanique à pleine section (tunnelier à tête pleine ou à bras 
en galerie; forage remontant — «raise drill» — ou descendant — «blind hole» — 
en bure) permet de garantir l’intégrité de la roche en place; en revanche, ses 
inconvénients relèvent de la géométrie des cavités réalisables, avec, en particulier:

-  une section obligatoirement circulaire et de diamètre limité (10 à 11 m au 
tunnelier à tête pleine; 3,5 à 5 m au tunnelier à bras; 3 à 4 m au «raise drill»);

— un gabarit important des engins interdisant tout virage serré au tunnelier 
à tête pleine et imposant une section de galerie importante en tête des bures.

Si tous les concepts présentés sont compatibles avec l’abattage à l’explosif, 
le recours à une méthode mécanique paraît impossible pour la réalisation de silos 
de stockage de déchets B.

L’emploi d’un tunnelier à tête pleine pour la foration des galeries (stockages B 
et C) exige généralement une adaptation contraignante de leur implantation (tores 
tangents de grands rayons, virages très larges). Le creusement de bures par forage 
remontant est adapté au concept de stockage associé à un refroidissement in situ 
par air impliquant la présence d’une galerie à la base des bures.

3.2. Cas du sel

Ce matériau tendre peut être abattu soit à l’explosif, pour lequel les consé
quences des effets arrière sont probablement moindres que dans le granite, soit 
par abattage mécanique ponctuel; cette dernière méthode, en aucun cas contrai
gnante vis-à-vis de la géométrie des ouvrages, semble préférable pour les excellentes 
conditions de travail offertes et pour la souplesse, le rendement et la disponibilité 
élevée des machines. Par ailleurs, la nature de la roche facilite le forage mécanique 
descendant des bures.

3.3. Cas des argiles et roches métamorphiques

Le mode de creusement et surtout le soutènement dépendent considérable
ment de la roche: caractéristiques élastiques, angle de frottement interne, résistance 
mécanique, et, pour les roches métamorphiques, types d’hétérogénéités.
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FIG. 7. Exemple de manutention des colis de verre THA sans protection biologique dans un 
stockage en galeries.

4. LA MANUTENTION DES COLIS DE DECHETS

Les colis livrés sur le site peuvent être disposés en cavités de stockage sous 
diverses formes de conditionnement:

-  tels quels et traités un par un, option permettant le transport de masses 
unitaires relativement faibles;

— regroupés en palettes de manutention (déchets B) ou paniers (déchets C) 
gerbables ou non, option permettant la réduction du nombre d’opérations au fond 
et réduisant les difficultés de mise en place;
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— regroupés et conditionnés pour les déchets B en caissons parallélépipédiques, 
bétonnés par exemple, option offrant en plus l’avantage d’un remplissage des vides 
résiduels in situ relativement aisé (voir ci-après sous 5).

La descente et le transport au fond de ces colis sont effectués avec ou sans 
protection biologique; cette dernière solution est actuellement plus particulière
ment étudiée, en raison d’une part des possibilités offertes par la télé-opération et 
d’autre part de l’avantage de charges transportées plus faibles. Un chariot de 
levage est utilisé pour les concepts de stockage B et C en galeries de faible et 
moyenne section (fig. 7, cas des déchets de type C); pour le concept de stockage B, 
en galeries de grande section, et pour les concepts de stockage C en galeries avec 
refroidissement in situ par air ou en bures, l’appareil, équipé d’un treuil fixe ou sur 
chariot, doit être adapté à la géométrie des ouvrages. Dans les concepts en silos, 
les difficultés propres liées au gerbage des colis et aux interventions in situ en 
milieu irradiant rendent la manutention plus délicate.

5. LE REMPLISSAGE DES VIDES

5.1. Les matériaux

Selon le type de roche, les fonctions des matériaux de remplissage des vides 
entre colis et roche diffèrent fondamentalement. Outre la conduction thermique, 
leur rôle essentiel dans le sel est d’assurer un confortement mécanique tandis que, 
dans le granite, les roches métamorphiques et, pour une moindre mesure, les argiles, 
ces matériaux constituent une barrière ((ouvragée» assurant l’étanchéité à l’eau, la 
rétention des radioéléments et le contrôle des paramètres physico-chimiques.
Dans le granite, la section déroctée des ouvrages sera donc supérieure à leur 
section utile pour la mise en place des colis, de manière à ce que la barrière 
ouvragée, dite de voisinage, ait une épaisseur compatible avec ses fonctions. La 
qualité du contact remblai/roche et la compacité du matériau revêtent une impor
tance moindre dans les milieux fluants (argile, sel) que dans le granite où aucune 
convergence significative ne peut compenser les défauts de mise en œuvre. En 
milieu granitique, face à l’impossibilité pratique de garantir un remblayage sans 
aucun vide résiduel, un pouvoir gonflant en présence d’eau pourra donc être 
demandé au matériau, dans lequel on incorporera des argiles smectitiques. Le 
gonflement permettra aussi dans une certaine mesure le colmatage des fractures 
toujours présentes dans les granites; il limitera l’effet des pertes de matière par 
fluage ou lessivage. En milieu salin, le remblayage fera probablement appel au sel 
extrait, permettant de reconstituer le milieu naturel. Dans certains cas (argile, 
schistes, granite), un. béton hydrofuge stabilisé constituera une barrière ouvragée 
convenable.
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5.2. Les techniques

La difficulté du remblayage dépend:
— de la géométrie des vides, moins contraignante si les colis de déchets sont 

conditionnés en caissons;
— de l’environnement, irradiant (stockage en galeries ou en silos) ou non 

(cas des galeries de manutention associées au concept en bures).
Dans les concepts de stockage B en galeries de grande section et C en galeries 

avec refroidissement par air, la première phase de remblayage consiste à couler 
gravitairement un matériau de remplissage à l’intérieur du cuvelage puis de 
l’obturer par une dalle de béton; un caisson étanche a ainsi été confectionné in 
situ. Autour de ce caisson, comme autour des colis dans les concepts de stockage B 
en galeries de moyenne section et C en galeries non ventilées, l’espace vide doit 
être rempli.

Plusieurs techniques sont envisagées selon le type de matériau:
1 ) Les barrières à base d’argiles gonflantes doivent faire l’objet d’un com

pactage soigné. La mise en place de briques préfabriquées au jour répond à cette 
contrainte. Une partie de la barrière peut être construite avant l’introduction des 
déchets. Une alternative moins coûteuse mais moins performante consiste en une 
mise en oeuvre «en vrac» mécanique ou pneumatique associée à un damage in situ.

2) En milieu fluant, les matériaux (argile ou sel broyé) peuvent être transportés 
et projetés au fond pneumatiquement.

3) Les bétons de remplissage sont projetés pneumatiquement ou, de préférence 
pompés.

Les concepts en silos et en bures demandent un remplissage d’interstices en 
cavités de stockage sur une très grande hauteur. En milieu granitique, la descente 
de briques d’argile précompactée est réalisée, soit préalablement, soit simultané
ment à celle des colis de déchets. Le remplissage gravitaire par d’autres matériaux 
exige une très grande fluidité du remblai.

6. LE COMPORTEMENT THERMIQUE DU STOCKAGE

Les études conceptuelles ont nécessité de nombreux calculs thermiques afin 
d’évaluer les distributions de température dans les éléments constitutifs du 
stockage et d’en déduire un dimensionnement des cavités. En effet, l’élévation de 
température induite par les déchets ne doit pas excéder les limites admissibles par 
les différentes barrières de confinement, limites au-delà desquelles il y a risques 
de dégradation irréversible, pouvant se traduire par exemple par:

— une perte d’étanchéité, conséquente par exemple à l’altération des proprié
tés gonflantes des barrières ouvragées argileuses;
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TABLEAU III. DIMENSIONNEMENT THERMIQUE DU STOCKAGE

Températures maximales

dans le verre dans le granite
(parement de bure)

Age des déchets3 
lors du scellement 
des cavités

Nombre de piles 
par bure

Entraxe 
des bures

120 ans 6 piles/bure 45 m
env. 120°C env. 100 C

60 ans 1 pile/bure 25 m

80 ans 3 piles/bure 45 m
env. 150°C env. 100°C

30 ans 1 pile/bure 35 m

En années après déchargement du réacteur.

— une diminution du pouvoir de rétention de l’activité; dans le cas des 
verres borosilicatés, celle-ci est liée à un accroissement de la lixiviabilité avec la 
température, et, au-dessus de 450°C, à une recristallisation;

— une fracturation d’origine thermomécanique, intervenant soit en champ 
proche au voisinage des déchets, soit en champ lointain dans l’environnement de 
la formation géologique d’accueil.

A puissance thermique des déchets égale, la faible conductivité thermique de 
la roche dans une formation argileuse entraîne des températures beaucoup plus 
élevées en champ proche — colis et roche — que dans un massif de granite, ce 
dernier étant lui-même plus pénalisant qu’un gisement de sel. La conductivité du 
matériau de remplissage interposé entre les colis et la roche a elle aussi une 
influence significative sur l’élévation de température des déchets et de la roche; 
en massif granitique, la température maximale atteinte par les colis de déchets 
coques et embouts augmente d’environ 10°C quand la conductivité de la barrière 
ouvragée passe de 1,5 à 1 W-m-1 -°C-1. Enfin, le comportement thermique du 
stockage en champ proche dépend considérablement de l’énergie calorifique 
dégagée dans les cavités; pour chaque type de déchet exothermique, celle-ci est 
déterminée par le volume de déchet contenu dans la section courante des ouvrages 
et par l’âge de ce déchet lors du scellement des cavités de stockage. Pratiquement, 
l’âge à l’enfouissement n’est paramétré de manière significative que pour les 
déchets de très haute activité (catégorie C); en effet, l’enfouissement des déchets B, 
immédiatement après leur production, n’entraînera généralement pas d’effet 
thermique rédhibitoire.
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En massif granitique, compte tenu de l’influence des paramètres précédents, 
réchauffement maximal des déchets coques et embouts par rapport à la 
température initiale de la roche est de l’ordre de:

— 10°C à 20°C en galerie de section faible ou moyenne,
— 40°C à 50°C en galerie de grande section pour une conductivité thermique 

des barrières ouvragées de l’ordre de 1,5 W-m-1. °C-1, et jusqu’à 75°C dans les 
cas les plus défavorables (À = 0,5 W-m-1. °C-1),

— 50°C à 100°C en silos.
Celui des boues bitumées en galerie varie entre 10°C et 30°C selon la section 

utile de stockage. Les concepts en silos sont en général très pénalisants vis-à-vis 
de la tenue des bitumes à la température; une température de 50°C est très 
souvent atteinte, voire largement dépassée.

Dans un stockage de verres THA en bures, les paramètres géométriques 
décrits par la figure 4 définissent la dilution spatiale de la puissance thermique 
dégagée. En massif granitique, les températures maximales atteintes respective
ment par le verre et la roche varient avec la géométrie des ouvrages et l’âge du 
déchet à l’enfouissement comme indiqué au tableau III.

Des résultats similaires sont obtenus pour les concepts de stockage C en 
galeries.

Plus un point est distant du déchet, plus sa température maximale est faible 
et atteinte tardivement. A 250 mètres au-dessus du centre de stockage, réchauffe
ment maximal, d’environ 7°C, n’est atteint que seize siècles après l’enfouissement.

A géométrie et âge à l’enfouissement comparables, l’augmentation de tempéra
ture du verre stocké en milieu salin est inférieure de 10°C à 30°C au cas du granite 
selon la nature des matériaux de remplissage; elle devient supérieure de l’ordre de 
20°C à 30°C pour un stockage en formation argileuse.

A partir des distributions de températures qui ont été calculées, plusieurs 
séries de calculs mécaniques ont été effectuées. Il a ainsi été vérifié qu’une 
température de 120°C atteinte dans un granite homogène en parement de cavités 
de stockage n’y entraîne aucune création de fissure au voisinage des colis de 
déchets.

7. EVALUATION DES COUTS DE STOCKAGE

Pour les déchets B, une évaluation comparative du coût de réalisation des 
différents concepts de stockage a été effectuée. Dans le cas des déchets C, le CEA 
a mené une optimisation technico-économique de la stratégie de gestion prenant 
en compte le comportement thermique du stockage; ainsi, c’est l’ensemble du 
coût de gestion des déchets C qui a été évalué pour divers scénarios, à savoir non 
seulement le coût du stockage géologique, mais aussi celui qu’implique la phase 
d’entreposage préalable, au jour ou in situ, nécessaire à une décroissance thermique 
suffisante des déchets. Les évaluations présentées concernent l’enfouissement en 
milieu granitique.
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7.1. Stockage des déchets de catégorie B

Pour minimiser les investissements initiaux, on s’oriente vers un démarrage 
modulaire du stockage, supposant la coexistence de zones de création des cavités 
et de zones d’exploitation nucléaire. L’investissement initial des concepts de 
stockage comprend les infrastructures souterraines, les puits équipés, une première 
tranche de cavités de stockage, dimensionnée si possible pour quatre années 
d’exploitation et les bâtiments de surface. Parmi ces derniers, les installations 
traitant au jour les colis de déchets représentent entre 25% et 40% de l’investisse
ment. Les concepts en galeries de moyenne section entraînent l’investissement de 
départ le plus faible; celui des concepts en silos lui est supérieur de 20% à 25% 
pour une manutention avec pont tournant et de 55% pour une manutention en 
structures alvéolaires. Enfin, le concept d’entreposage et stockage en galeries de 
grande section implique un investissement initial supérieur de 10% à celui des 
concepts de stockage en galeries de moyenne section.

Les coûts d’exploitation couvrent toutes les dépenses sur le site liées directe
ment ou indirectement à la mise en stockage des déchets et au creusement des 
nouvelles tranches. Ils sont du même ordre pour les concepts en galeries de 
section moyenne et les concepts en silos non alvéolés; ils représentent annuelle
ment en monnaie constante environ 18% du montant de l’investissement initial 
du concept en galeries de section moyenne. Ces coûts sont augmentés de 85% 
pour le concept en silos alvéolés, et de 20 à 25% pour le concept d’entreposage 
et de stockage en galerie de grande section.

7.2. Gestion des déchets de catégorie C

L’important dégagement thermique de ces déchets a conduit, en fonction des 
températures maximales admissibles par la roche d’accueil et les barrières ouvragées, 
à proposer différents scénarios de gestion visant à optimiser l’emprise en sous-sol 
des stockages et leur coût. Ces modes de gestion incluent une phase plus ou moins 
longue de décroissance thermique des déchets dans des entreposages de surface, 
suivie éventuellement d’une période de refroidissement par air des colis en 
profondeur avant la fermeture définitive du stockage.

L’évaluation du coût réel de la gestion des déchets de très haute activité 
est rendue très difficile par l’échelle de temps concernée. Le coût de gestion 
calculé en monnaie constante est en effet minimal si le déchet type REP/UP3 est 
enfoui à un âge théorique compris entre 80 et 120 années après le déchargement 
du réacteur. Les stratégies supposant une phase de décroissance thermique in situ 
en stockage ventilé permettent une économie de l’ordre de 10% par rapport aux 
scénarios associés à un entreposage de même durée en surface. Cependant, ce 
résultat doit être pondéré par les incertitudes liées au mode d’exploitation et de 
maintenance de ces entreposages in situ ou au jour, sur de très longues périodes; 
par ailleurs, le mode de financement du stockage et l’ampleur des investissements
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à réaliser peut conduire à privilégier une stratégie de gestion où le refroidissement 
des verres s’effectue en surface et pour laquelle la réalisation du stockage géologique 
est éloignée dans le temps.

Les dépenses de transport, de manutention, de surveillance et de maintenance 
des installations entrent pour une part importante dans le coût global de la gestion 
des déchets: entre 35% et 70% selon la durée de la phase d’entreposage. L’ensemble 
de ces coûts est très sensible aux températures admissibles par les barrières de 
confinement, compte tenu de leur incidence sur le dimensionnement du stockage.

CONCLUSIONS

Différents concepts de stockage des déchets de catégorie B et C ont été 
envisagés. Les études effectuées démontrent la faisabilité technique de ces 
concepts dans les divers milieux considérés. Elles soulignent l’influence prépondé
rante du dégagement thermique des déchets de très haute activité sur le choix 
d’une stratégie de gestion de ces déchets et sur la conception de leur stockage 
géologique.

Parmi les concepts examinés, certains font l’objet aujourd’hui d’une étude 
conceptuelle approfondie. Pour les déchets B, les configurations de stockage en 
galeries de moyenne section sont développées préférentiellement aux concepts 
en silos; en effet, ces derniers apparaissent moins favorables sur le plan thermique 
et sur certains aspects relevant de l’exploitation, alors qu’ils n’apportent aucun 
avantage économique significatif. Les concepts de stockage C en bures et en 
galeries se complètent pour répondre à une large gamme de contraintes différentes 
liées à la formation géologique ou aux procédés de remplissage des vides.

En fonction du milieu d’accueil, de nombreux développements sont encore 
nécessaires pour définir le mode de stockage, qu’il s’agisse par exemple des 
barrières ouvragées, des procédés de creusement, de remblayage et de téléopération.



DISCUSSION

(Summary o f discussion held on the papers in Session IIIc)

In response to a question on Paper IAEA-SM-289/38, it was mentioned that 
the value of the thermal conductivity of the Boom clay determined by the in situ 
heater test is indeed more than 50% higher than the value obtained before from 
classic laboratory determinations on samples. The latter determinations were 
done on small samples (and thus would be very sensitive to scale effects) and in 
an incompletely closed system, which could not prevent changes in the samples 
during the determinations. However, the main cause of the differences is linked 
to the fact that the in situ heater test allowed a better definition of the geometrical 
conditions of the source to be taken into account in the calculations and minimized 
the scale effects upon the experiment.
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Abstract

SAFETY ASSESSMENT OF A CONCEPTUAL DESIGN OF A FACILITY FOR GEOLOGICAL 
DISPOSAL OF USED CANDU NUCLEAR FUEL IN THE CANADIAN SHIELD.

A preliminary safety assessment of a facility for disposal of used CANDU fuel, without 
fissile material or fission product separation, is presented. This study is part of the concept 
assessment phase of the Canadian Nuclear Fuel Waste Management Program (CNFWMP). The 
assessment provides an analysis of all potential hazards commensurate with the level of detail 
currently available for a reference conceptual design. Evaluations have been made of the 
radiological impacts of normal and abnormal conditions at such a facility during the pre-closure 
(operational) phase of the CNFWMP. Events which may lead to abnormal conditions for each 
important step in the handling sequence have been reviewed and assessed. The handling 
sequence, according to the reference design, includes surface handling, surface to underground 
transfer, the underground transfer station, underground transportation and emplacement 
operations. The design and safety features pertaining to each step in the sequence are discussed 
to highlight the overall approach to safety. Safety assessments have been performed for 
postulated accident conditions arising as a result of extreme natural phenomena, equipment 
failures or operator errors. Consequences of an accidental dropping of a container down the 
access shaft, a handling accident in the fuel immobilization building coincident with an extreme 
meteorological event and loss of site power, aircraft crashes, and effects of floods and earth
quakes have been analysed. The results indicate low overall risk for each postulated accident 
sequence (i.e. the probabilities and consequences are small). On the basis of the results of 
this assessment, it is concluded that the operational activities during the pre-closure phase can 
be conducted in a manner such that the radiological impacts to the public or the environment 
would be no greater than those for an existing licensed nuclear facility. 1

1. INTRODUCTION

A preliminary safety assessment of a disposal facility for the Canadian Nuclear 
Fuel Waste Management Concept is presented here. As part of the concept assess
ment phase for the Canadian Nuclear Fuel Waste Management Program (CNFWMP), 
two scenarios are being considered for the final disposal of used CANDU fuel.
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Post-Closure 
Assessment Phase: 
Long Term Safety

FIG. 1. Scope o f pre-closure phase safety studies.

Immobilization of used fuel without fissile material or fission product separations, 
and subsequent disposal in deep geological formations is one option. Immobili
zation of fission products separated from the valuable fissile materials, followed 
by disposal in geological formations is another option. The decision on implemen
tation of a specific scenario will be made only after satisfactory completion of the 
concept assessment phase. This paper deals with the nuclear safety aspects related 
to the first scenario, namely immobilization of intact used CANDU fuel without 
separation of fissile materials. The main purpose here is to provide sufficiently 
detailed information, at this stage in the evolution of the concept, to permit an
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assessment of the overall nuclear safety implications which may arise from the 
establishment of such a facility at a chosen site.

The scope of the pre-closure (operational) phase safety studies is shown in 
Fig. 1. The division between pre- and post-closure periods is taken to be the point 
at which operation of surface facilities has ceased, the facilities have been decom
missioned and the underground vaults and shafts backfilled and sealed. The post
closure assessment, which deals with the potential longer term impacts of the 
buried wastes on the biosphere, is not within the scope of this study.

This assessment focuses on the principal hazards associated with the facility 
during the operational phase, and the role of safety features and engineered barriers 
in mitigating them. Safety aspects of handling, intermediate storage and emplace
ment in the repository for final disposal are discussed. Accidents with the potential 
for releases of radioactivity to the environment are identified and analysed to 
evaluate the probabilities and consequences of such occurrences. The assess
ment provides an analysis of the potential hazards commensurate with the level 
of detail available for the conceptual design and the reference site. For information 
that is important for assessing safety but is not presently available, the basis and 
criteria to be used to develop the required information are identified where 
appropriate.

2. DESCRIPTION OF FACILITIES

The description of facilities is based on conceptual design studies reported 
in greater detail elsewhere [1-3]. The purpose of the fuel disposal facility is to 
dispose of used CANDU nuclear fuel. Specifically, the objectives are to receive 
used fuel from CANDU stations, package and immobilize the fuel, provide a 
steady feed of immobilized fuel containers to the underground vault, and to 
provide all required services to make the facility self-sufficient. The disposal 
facility includes both the underground and surface facilities.

The reference facility calls for a full nominal production rate of 4050 
immobilized fuel containers per year during the first 9 years of operation and 
8100 containers per year during the remaining 26 years of operation. A cumulative 
total of approximately 250 000 immobilized fuel containers holding 17.7 X 106 
fuel bundles will be produced and emplaced in the disposal facility. This corre
sponds to a disposal of 334000 Mg U from which 16 X 1012 kW h of electricity 
will have been generated.

The reference site layout for the proposed facility is shown in Fig. 2. The 
facility will occupy a land area of approximately 27 km2, including approximately 
7 km2 overlying the vault and approximately 2 km2 for the surface facilities. The 
vault will have a width of 1700 m and a length of 4100 m and the surface facilities 
will cover an area adjacent to the vault. A land control zone of 1000 m width 
(18 km2) has been assumed to surround the land over the vault and surface 
facilities area.



578 NATHWANI

3.7 km

Ventilation Stacks

/ \
О О

1

Area: 7 km*

\
Vault
Perimeter

/

■1000 m_ l
(Exclusion Zone)

□  FIB

Surface Facilities 
Area: 1.7 km*i  I  « 1 C « .  1 . /  M M  I

\ I________________ !

-1700 m -

\
Property
Boundary

/

FIG. 2. General site layout o f fuel disposal centre (adapted from [2\¡.

The major surface facilities shown on the site plan (Fig. 3) include the fuel 
immobilization building, the waste and service shaft headframes and associated 
facilities, active waste treatment buildings and auxiliary facilities. The surface 
facilities, divided into ‘active’ and ‘inactive’ areas, allow appropriate segregation 
of handling of radioactive and non-radioactive materials. Additionally, such 
division provides for effective radiation protection practices to be implemented 
during operations.

2.1. Underground vault and associated facilities

The disposal vault will be located at a single level, at an approximate depth 
of 500-1000 m, in crystalline rock and divided into large operation units or panels.
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The panels will be divided into a system of rooms for emplacement of used fuel 
containers.

Access will be via three shafts (service shaft, active waste shaft and downcast 
ventilation shaft) located at one end of the vault, 200-300 m outside the vault 
perimeter. The shafts and rooms will be connected by five main tunnels or drifts 
running the length of the vault and a series of panel drifts running from the main 
drifts to the rooms. The shafts and drifts accommodate the movement of used 
fuel containers, excavated rock and backfill material, ventilation and auxiliary 
vault services. Figure 4 shows the layout of the underground facilities [2].

Nearest to the disposal vault will be the waste shaft, which will be equipped 
with a cage for lowering fuel containers to the vault for emplacement. The fuel 
containers will be transferred from the immobilization plant to storage in the 
waste headframe building. The process of handling from the storage area to final 
emplacement can be divided into the following major activities:

(a) Transfer of containers from storage to waste shaft
(b) Loading of containers into cage hoist
(c) Lowering of cage hoist to underground level
(d) Unloading of containers from cage hoist
(e) Loading of containers on to underground transport vehicle
(f) Transportation of containers to rooms for emplacement
(g) Unloading of containers from transport vehicle
(h) Emplacement.

2.2. Emplacement and backfilling

Two containers at a time will be transported from the underground transfer 
station to the emplacement room in a manned diesel powered transporter. The 
containers will be shielded during transportation. The transporter will be backed 
into the emplacement room and the containers will be unloaded and placed upon 
a backfill pad. The operator will be shielded from the exposed containers by 
the transporter flask and by additional shielding around the cab.

Four containers will be placed across the room, at a centre to centre separation 
of 1.5 m, on the 1.0 m thick backfill pad. The space around the containers and to a 
height of 1.0 m above the containers will be backfilled immediately following 
emplacement. The emplacement room and container geometry are shown in 
Fig. 5 [4]. Each room will hold 300 containers and there will be 52 rooms per 
panel, arranged 26 on either side of the panel drift; each complete panel will there
fore contain 15 600 containers. There will be 18 panels for the entire underground 
vault.

Specifications are also being developed for concept assessment engineering 
studies which include an array of excavated rooms in which 5 m deep and 1.2 m 
diameter boreholes will be drilled into the floors. The containers will be emplaced
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in the boreholes, which will be lined with buffer (i.e. a compacted clay-sand 
mixture), and then sealed with more buffer to the level of the room floor. When 
all emplacement boreholes are filled within a room, the room will be backfilled 
and sealed with a pressure resistant bulkhead. After waste emplacement has been 
completed, the vault will be closed by backfilling and sealing of the access tunnels 
and shafts, and the surface piant decommissioned [5 ].

The reference used fuel container, the Ontario Hydro designed packed 
particulate container (TEC-II), is an enclosed cylindrical vessel of all-welded 
construction with an internal diameter of 620 mm, a maximum outside diameter 
(at the base) of 633 mm and an overall height of 2300 mm [6]. The container 
wall and top end plate are each 4.00 mm thick. The bottom end plate thickness 
is 6.00 mm. All shell material is ASME SB-265 grade titanium (Fig. 6).

The TEC-II container holds 72 CANDU used fuel bundles. After 72 bundles 
have been transferred to the container, a particulate or granular material (such as 
glass beads) will be poured and compacted, by vibrational means, around the
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bundles and into all remaining voids. The top end plate will then be pressed into 
place and welded to the container shell. The total package mass is 2810 kg. All 
fuel bundles shall be remotely identified and logged to comply with safeguard 
standards of the International Atomic Energy Agency.

3. SAFETY ASSESSMENT

3.1. General

The objective of this analysis is to assess and identify abnormal operating 
conditions and accidents that have the potential for releasing radioactivity which 
could result in exposure of the public to radiation.

3.1.1. Methodology

An outline of the methodology used in the pre-closure phase safety assessment 
is shown in Fig. 7.

Top Lid, 4 mm Thickness
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The potential hazards that may lead to an accidental release of radioactivity 
can be classified under three general categories:

(a) Natural events, such as earthquakes, floods and tornadoes;
(b) External man-made events, such as aircraft impact, explosions and collisions 

involving shipping casks;
(c) Potential failures of the system and equipment.

Events which are assessed to be credible and have some potential for release 
of radioactivity to the environment are analysed to enable their significance for 
public safety to be established. For such events, analysis is performed:

-  To identify the radioactive material inventory likely to be involved in the 
accident;

-  To identify the types and quantities of radionuclides likely to be released 
to the environment;

— To establish the mechanism(s) by which the radioactivity is released to the 
environment;

— To assess the frequency of the event and the radiological consequences, 
taking into account safety features which will minimize releases, thereby 
limiting the consequences of release.

The important operational steps pertaining to the analysis of safety during the 
pre-closure phase are shown in Fig. 1.

This paper focuses on the radiological impacts of abnormal conditions and 
postulated accidents at the fuel disposal facility, which includes all handling, 
immobilization, emplacement and vault closure operations. All aspects of 
‘safety in transportation’ and the detailed characteristics of radionuclides in used 
CANDU fuel are described elsewhere [ 1 ].

3.1.2. Safety requirements

The surface facilities for the pre-closure phase of the CNFWMP are fixed 
facilities similar to those of a currently licensed nuclear facility. Specific guidelines 
for the operational aspects of a fuel disposal facility are currently under develop
ment in Canada [7]. However, the established guidelines for currently operating 
nuclear facilities provide a perspective forjudging the acceptability of radiological 
consequences arising from an accidental release from a disposal facility. For 
accident conditions (where exposures are of limited duration), the annual dose 
limit of 5 mSv is recommended by the International Commission on Radiological 
Protection (ICRP) for individual members of the public. The dose limit specified 
by the Canadian Atomic Energy Control Board (AECB) for an accident ( ‘serious 
process failure’) at a nuclear generating station, with a frequency criterion of one 
event in three years, is also 5 mSv [8]. The recent study by the Nuclear Energy Agency 
of the OECD [9] on the development of criteria for waste disposal proposes a risk
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objective of 5 X 10~5 per year, corresponding to the ICRP recommended annual 
dose limit of 5 mSv per year, with a probability of health effects arising from this 
dose of 1СП2 Sv-1 for exposures of limited duration.

3.2. Safety in handling, process operations and storage

The inherent safety features which represent barriers to release of radio
activity during the pre-closure phase activities can be characterized as follows:

(a) The first barrier is the fuel itself. Uranium dioxide (U02) is a ceramic with 
a high melting point and is chemically inert in water.

(b) Each fuel element is sheathed with a zirconium alloy which forms the second 
barrier to fission product release. The zirconium sheath is corrosion resistant, 
sealed by vacuum welding techniques, and designed to withstand stresses 
resulting from U02 expansion and fission product gas pressure as well as 
external hydraulic pressures and mechanical loads during handling.

(c) The fuel immobilization facility provides another barrier to any release 
of radioactivity. All operations involving the handling of used fuel and its 
immobilization will be performed in a controlled environment. Any releases 
during the immobilization operations arising from fuel sheath damage will 
be contained by the sealed cells.

(d) The disposal container, manufactured from a corrosion resistant alloy material, 
is another barrier designed to withstand, without failure, severe adverse 
environmental conditions such as high pressures and temperatures.

There are several additional barriers, such as the buffer material, a stable 
geological formation and a land control zone around the surface facilities, which 
limit the immediate consequences of any extreme event in the vault during the 
operational phase.

In addition to the multibarrier approach to safety, the principles of 
redundancy, diversity and independence will be incorporated in a prudent manner 
in the design to further decrease the probability of occurrence of an event which 
may pose a potential hazard. These same design principles also help mitigate the 
consequences if an event does occur which breaches one of the barriers to release of 
radioactivity. Events which may lead to abnormal conditions for each important 
step in the handling sequence have been reviewed and assessed [ 1 ]. The roles of 
the design and safety features pertaining to surface handling and surface to under
ground transfer will be discussed here to highlight the overall approach to safety.

3.2.1. Surface handling

3.2.1.1. Normal operating conditions: Shaft area

The control room at the shaft station will be completely enclosed by 0.3 m 
thick concrete walls. Observation windows with shielding glass will enable the
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operator to view the entire roller conveyor and cage loading operation. The 
mechanical drives for the roller conveyor and the hydraulic power pack for the 
hydraulic ram will be located separately in a room situated underneath the main 
level, thus minimizing the requirements for shielding during maintenance 
operations.

Only a single container will be located at any one time in the shaft loading 
room. The room will be isolated from the conveyor storage by a sliding door, 
which will close after a container is transferred for loading into the cage. This 
room will not be accessible to personnel during normal operation. The cage 
loading operation will be supervised through a TV camera just above the hydraulic 
ram. An observation window on the shaft side will be located in the control room 
for a view of this area.

The hydraulic ram will include built-in safety circuits, so that it can be 
operated only when the cage hoist is correctly levelled at the surface.

An electrically operated safety door will be provided at the entrance to the 
shaft. The safety bar will be mechanically raised by the cage itself. The shaft 
safety door and the cage door will be opened only when the cage is correctly 
located at the surface. This is to ensure against a container being dropped into 
the shaft in the absence of the cage. The hydraulic ram will also be capable of 
pulling the container out of the cage and transferring it back into conveyor storage.

3.2.1.2. Abnormal conditions

The design is reviewed with a view to identifying consequences of abnormal 
conditions. There is a potential for radiological impacts to members of the public 
only if the conditions result in loss of integrity of the fuel container.

Crane

(a) Loss of motion

The crane will have two motors for each motion, one geared for rapid move
ment and one geared for creep. It will be possible to lower the container, or bring 
the crane out of the storage area on one motor, if the other motor fails. In the 
event that two motors fail, the instrumentation logic is such that the containers 
will remain positively engaged and motionless.

The crane will be remotely controlled, with control signals transferred to 
switching gear on the crane. Failure of the control system can be overcome by 
manual operation of the controls. Failure of the switching gear, requiring mainte
nance, implies no additional consequences with respect to the integrity of the 
container.
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(b) Loss of hoist control

The load position will be controlled by cable drum position encoders, backed 
up by limit switches. Raising the load too high will be prevented by a separate 
mechanical limit switch that will cut power to the hoist motors.

(c) Loss of grapple control

The grapple is air operated, and the air supply will have a reservoir large 
enough for several release operations to be performed in the event that the 
compressor fails. The compressor and controls will be mounted on the crane 
bridge, and will be accessible for repair. To prevent inadvertent release of the 
load, the grapple cylinders will not release the used fuel container as long as there 
is any vertical force on the jaws. Duplicated sensors will indicate if the jaws are 
properly located on a container. If the grapple fails to release, the container can 
be lowered on to the conveyor. The design of the crane is such that loss of motion, 
hoist control or grapple control will not result in any release of radioactivity from 
the used fuel container.

Hydraulic ram

(a) Loss of motion

The controls and power system for the ram, located in the mechanical room, 
provide the capability for repairs or manual override without radiation exposure.

(b) Loss of control

The interlocking switches and position sensors will be duplicated, and an 
alarm will be given upon failure of one of two sensors. Solid state programmable 
logic controllers will be used to control the interlocks of loading ram and cage. 
The forces generated by the ram or container will not be sufficient for a container 
to break through either the shaft safety door or the safety bar into the shaft, 
so neither the ram nor a container can be pushed into the shaft in the absence 
of the cage. This design concept ensures that inappropriate operation of the 
hydraulic ram will not result in loss of integrity of the used fuel container.

Shaft safety door

(a) Loss of motion

The controls and power system for the shaft safety door operations, located 
in a separate room, will allow repairs or manual override to be performed without 
radiation exposure of personnel.
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(b) Loss of control

The control system for the door will be part of the loading ram and cage 
control system. The door will be unable to exert enough force to damage the 
container.

Safety bar

The safety bar is a passive mechanical barrier, and it will be raised by a 
projection on the cage as it enters the loading position. The ram does not have 
enough force to break the bar, and therefore the possibility of failures is excluded.

3.2.2. Surface to underground transfer

3.2.2.1. Normal operating conditions

The cage will be provided with a door which can be opened only when the 
hoist is correctly located at the surface and underground shaft stations. The roof 
of the cage will be protected by an 8 cm thick steel plate which reduces the 
radiation fields above the cage to less than 0.01 mSv/h. Thus, normal maintenance 
could be performed above the cage in the presence of a container. The floor of 
the cage will include locators to hold one container in place when the cage is 
lowered.

The loading and unloading of the cage will be remotely controlled, and 
therefore no personnel will be exposed to radiation during normal operation of 
the cage hoist.

3.2.2.2. Abnormal operating conditions 

Cage and hoist

The shaft safety door and safety bar together will make it improbable that 
the ram can inadvertently push a container into the shaft in the absence of the 
cage. These two mechanically independent systems reduce the likelihood of 
simultaneous failure of both systems.

(a) Loss of motion

The cage will be raised and lowered by a remote motor/brake. Loss of 
motion might arise from motor failure, cable damage or damage to the cage guides. 
Maintenance which involves close approach to the cage may require additional 
temporary shielding.
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(b) Loss of control

Most hoist accidents result from loss of control, leading to rapid movement 
of the cage. The cage position will be known from hoist drum position encoders 
and from fixed sensors at each station. The use of duplicated sensors and solid 
state equipment further reduces the probability of the control system failing.
The hoisting machinery will be of conventional design, with duplicated braking 
systems powered by different sources.

(c) Cable failure

The likelihood of cable failure is reduced by incorporating a high factor 
of safety in its design. In addition, its stranded nature provides a high degree of 
structural redundancy. Planned cable inspections will identify any serious 
degradation prior to failure. Lined induction coils fitted around the cables at the 
headframe provide an additional means of verifying integrity along the cable at 
all times. The cage will be fitted with overspeed brakes, capable of stopping the 
cage even if the cables break.

After a review of the entire handling sequence [ 1 ], it is concluded that the 
safety design features will limit the radiological consequences of normal and 
abnormal operating conditions during surface handling, transfer to the under
ground vault and emplacement of the containers to a low level. The consequences, 
if any, to maintenance personnel will be kept within established regulatory limits 
by practices consistent with the basic requirements for radiation protection.

No significant pathways for adverse radiological impacts to members of the 
public have been identified for normal or abnormal operating conditions at the 
fuel disposal facility. Thus, the radiological consequences for the public will be 
within acceptable criteria for operation of a nuclear facility.

3.3. Radiological impact of postulated accidents

Analyses have been performed for the following postulated accidents to 
enable their significance for public safety to be established:

(a) Accidental dropping of an immobilized fuel container down the access shaft 
on to another fuel container at the bottom of the access shaft.

(b) A handling accident in the fuel immobilization building which results in a 
rupture of fuel bundles. This accident is postulated to occur during an 
extreme meteorological event (lightning, thunderstorms and high winds), 
with coincident loss of power to the site, such that the ventilation and air 
treatment facilities, designed to mitigate adverse consequences, are not 
available.
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(c) Effects of extreme natural phenomena, such as floods, earthquakes and 
tornadoes. The impacts of fires of external origin, such as lightning induced 
forest fires, as well as the potential for a mine ‘cave-in’ and its probable 
consequences, are also treated.

(d) External man-made events, such as aircraft crashes and explosions.

3.3.1. Accidental dropping o f  fuel container down access shaft

A worst case container handling accident which involves the dropping of a 
fuel container down the access shaft on to another fuel container at the bottom 
of the access shaft is postulated. Should such a drop occur near the surface, 
allowing the container to drop through the major portion of the access shaft 
(approximately 1000 m), the container would rupture and cause damage to the 
fuel elements. Such an accident, although highly unlikely given the design concept, 
could occur if the access shaft hoist cable broke and the emergency brake assembly 
failed. It could also occur as a result of associated mechanical failures of the 
grapple or other hoisting equipment.

The radiological consequences of the accident depend on the inventory of 
radionuclides available for release and the pathways which govern the potential 
for exposures.

The airborne pathway for gaseous radionuclides would constitute a primary 
source of potential exposure to a member of the public. The maximum total 
radiation dose to a hypothetical individual at the site boundary resulting from 
the entire release ( 100% failure of fuel elements in both the containers) of the 
total gaseous inventory (144 bundles) is conservatively estimated to be 0.04 mSv 
(effective whole body dose equivalent). The external dose equivalent (skin dose) 
for this scenario is estimated to be 0.083 mSv.

3.3.2. Accident in fuel immobilization building coupled with extreme 
meteorological event

The hypothetical accident at the fuel disposal facility that would release 
the maximum amount of airborne radioactivity is the dropping during handling 
of a full fuel module on to another (192 bundles), with subsequent damage to 
all the fuel elements. This accident is postulated to occur during an extreme 
meteorological event (lightning, thunderstorms and high winds), causing a loss of 
power to the site such that loss of ventilation and air treatment facilities result 
in loss of vacuum and protective gas in the hot cells.

Several other mishaps during the immobilization process are possible: 
damage to cladding during handling, mechanical damage due to incorrect operation 
of the rams, maloperation of process systems, and loss of vacuum and protective 
gas in the hot cells. The releases of airborne radioactivity as a result of these
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mishaps are not expected to be greater than that caused by the postulated accident 
described above.

The probability of an overhead crane dropping its load (a fuel module), as 
established from a survey of industry statistics, is approximately 3 X 10-6 to 
5 X 1СГ6 per lift [9 ]. The bundle loading operation is expected to handle 
30 modules per day; this is equivalent to 6100 lifts per year. On the basis of the 
industry statistic, the probability of dropping a module is approximately 
3.0 X КГ2 per year.

The radiological consequences of a full fuel module being dropped on to 
another in the immobilization building, with coincident disabling of all safety. 
design features, lead to a maximum total effective dose equivalent (whole body) 
to a hypothetical individual of 0.06 mSv. The external dose equivalent (skin) 
is estimated to be 0.11 mSv. Additionally, the probability of occurrence of such 
a scenario is estimated to be below 10 '4 per year. The postulated releases therefore 
do not constitute an unacceptable radiological hazard, irrespective of the extent 
of damage to the containers.

3.3.3. Effects o f  ex treme natural phenomena

3.3.3.1. Flooding

Since the factors which govern the effects of extreme natural phenomena 
are unique for each site, a detailed analysis of probabilities or consequences of 
occurrence has not been undertaken at this stage. However, the general con
siderations for establishing the design bases have been assessed [ 1 ] with a view to 
eliminating sites where the likelihood of a flood is greater than 1O-2 (or 1 event 
in 100 years). A site for a future disposal facility will be determined only after 
a careful examination of the past and predicted future potential for floods, thus 
minimizing the likelihood of flooding of the vault via the access shaft during the 
operational phase.

A highly unlikely event is the simultaneous flooding of the underground 
vault and physical damage to the containers as a result of an earthquake, a dropping 
accident, or a ‘rock burst’ during the pre-closure operational phase. It was concluded 
that if such a highly unlikely accident were to occur, it would not result in criticality 
[ 1 ]. The radiological consequences, if any, for the public would be well within the 
accepted criteria for operation of a nuclear facility. The likelihood of such an 
event is estimated to be lower than КГ3.

3.3.3.2. Earthquakes

An important part of the information for determining the design basis 
earthquake is a complete set of historical earthquake data. The cumulative known
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historical seismicity in the Ontario Shield and surrounding regions for the period 
1534-1979 has been documented [3].

The facilities at the fuel disposal centre will be designed to withstand the 
design basis earthquake, which covers the range of seismic events credible at a 
specific site and consistent with the characterization of seismicity for the reference 
environment in the Precambrian Shield region of Ontario. This is intended to 
provide assurances that the integrity of the containers and facilities for storage 
of fuel will be maintained under earthquake conditions. Therefore, the consequence 
of release of radioactive material as a result of seismic events is not addressed at 
this stage in the evolution of the concept.

3.3.3.3. Structural collapse of vault (‘cave-in’)

From the results of the thermal and stress analyses [10-12] it was concluded 
that no overall structural collapse of the vault is expected. The assessment covered 
the first 100 years after waste emplacement. It was shown that temperatures 
and stresses generally increase with time, reaching peak values around 50 years 
after emplacement, and that the maximum temperature rise does not exceed 100°C. 
Further, it was shown that the room and pillar arrangement is stable throughout 
the thermal cycle to 20 000 years or more after emplacement.

Emplacement of backfill within the annulus between the container and the 
borehole periphery provides a certain degree of protection to the container from 
the consequences of any rock failures. Considering the container emplacement 
room layout and container geometry (Fig. 5), it is concluded that in the event of 
a catastrophic structural collapse (mine ‘cave-in’), any release of radioactivity 
from immobilized used fuel containers at approximately 500-1000 m depth will 
not result in a significant airborne source of radioactivity at the surface. The 
radiological consequences are bounded by postulated accidents for the surface 
facilities.

3.3.4. Man-made external events

3.3.4.1. Aircraft crashes

An assessment of the probability of aircraft crashes on the Ontario Hydro 
Pickering nuclear generating station (eight units of 516 MW(e) capacity), close 
to a large urban centre being served by a major international airport, had shown 
that the probability of a strike ranges from 1.6 X 10_6/year (small aircraft) to
5.4 X 10_7/year (large aircraft, heavier than 12 500 lb (5670 kg)). The probability 
of a strike on a critical target, such as the control room or used fuel bay, based 
on data specific to the site, was estimated as 1.1 X 10“7/year [13]. In comparison, 
the estimated probability of an aircraft striking a nuclear power plant (target 
area 0.137 miles2 (0.355 km2)) beyond 8 km from an airport, based on an average
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density of aircraft operations in the United States of America, ranges from
1.4 X 10"5/year (small aircraft) to 4.6 X 10_7/year (large aircraft, heavier than 
12 500 lb). A more detailed examination shows that the impact probability P is 
inversely proportional to the square of the distance r between the target and the 
airport [14].

The fuel disposal facility, in all likelihood, will not be located near a large 
urban centre and, particularly, not close to a major airport. It is therefore judged 
that the probability of an aircraft striking the fuel disposal facility is not signifi
cantly higher than 2 X 10~7/year. This probability is sufficiently low that a 
detailed assessment of the radiological consequences of such an impact has not 
been undertaken.

However, an upper bound assessment of the consequences of an aircraft 
striking the active waste headframe building has been considered. The building 
consists of a headframe and shaft, a container loading cell and a storage cell 
which receives immobilized fuel containers for dispatch to the vault. The building 
is 30 m wide, 62 m long and 30 m high. The tallest structure at a site generally 
presents the largest shadow area. This increases the probability of a strike on 
this critical structure with its large inventory of radioactivity. It is conservatively 
assumed that the superstructure affords no protection and the aircraft penetrates 
the building. The fire from the fuel inventory of the aircraft is assumed to bum 
in close proximity to the fuel containers in the headframe building. No mitigating 
actions are assumed. The source term for the radiological assessment includes the 
potential release of volatile fission products as a result of the fire. The maximum 
hypothetical dose to an individual, estimated on the basis of airborne gaseous 
release of radioactivity, from such a catastrophic event, including an extended 
fire, ranges from approximately 3.3 to 3.6 mSv (effective whole body dose 
equivalent). The probability of this event is estimated as 1.1 X 10_7/year.

3.3.4.2. Fires or explosions

The design requirements for the plant [ 1 ] identify fire prevention, detection 
and extinguishment capabilities as integral to overall safe operation. It is judged 
that the design provisions will limit the consequences of any credible fire or 
explosion hazards to a localized area of the plant, with no significant radiological 
impacts to members of the public.

Fires of external origin (e.g. lightning induced forest fires) are a credible 
phenomenon and may pose a hazard to a disposal centre. Forest fire susceptibility 
has been evaluated on the basis of a fire weather index, which is a numerical rating 
of forest fuel availability, combustion characteristics and weather conditions in 
the generic environmental assessment study [15]. A reasonable estimate of fire 
frequency on the Canadian Precam brian Shield is about one fire every 100 years. 
Average fire statistics for Ontario during the fire suppression period (1925-1978)
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indicate that there are 1000-2000 fires annually, burning an area of 
30000-180000 ha [16].

The consequences of fires of external origin can in part be mitigated by 
plant design, and by precautionary measures, such as reducing the amount of 
combustibles in the vicinity of the plant. The plant design will incorporate 
features to prevent smoke or heat from fires of external origin from impairing 
the accomplishment of necessary safety functions. For example, the ventilation 
systems will be designed to prevent such smoke or heat from affecting one of 
its important functions, that of preventing the spread of airborne radioactive 
particles. This may be accomplished by isolation of the ventilation systems from 
the outside air by dampers, with alternative systems being relied on to perform 
the ventilation system functions. This may also be accomplished by separating 
the inlet and exhaust hoods of one ventilation system serving one area (zone IV) 
from the inlet and exhaust hoods serving other areas (zones I, II and III).

In summary, it is judged that a combination of precautionary measures and 
plant design will mitigate the radiological consequences, if any, of a fire of 
external origin to an acceptable level.

4. CONCLUSIONS

A preliminary assessment of a conceptual design for the pre-closure phase of 
the Canadian Nuclear Fuel Waste Management Program has shown that radiological 
consequences of accidents and abnormal conditions will be within acceptable 
limits.

Analysis and detailed discussion of the design safety features of the proposed 
concept have shown that abnormal operating conditions and postulated accidents 
during handling, storage, immobilization and emplacement would not result in 
unacceptable radiological consequences. Additionally, it has been shown that 
the probabilities of events serious enough to jeopardize the integrity of the 
containers are extremely low.

Overall, a facility similar to the concept described here can be operated 
safely during the pre-closure phase.
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Abstract

SAFETY EVALUATION METHODOLOGIES FOR UNDERGROUND DISPOSAL OF 
RADIOACTIVE WASTE: EFFECTIVE PARAMETERS FOR EVALUATION OF 
RADIONUCLIDE MIGRATION.

Migration of radionuclides is one of the most important factors to be considered when 
carrying out safety analyses of a repository for radioactive waste in a wet geological formation. 
This is particularly important in Japan, where there is a high precipitation rate. The safety 
evaluation methodologies for underground disposal are generally developed independently 
for shallow land burial of low level waste and deep underground disposal of high level waste.
For environmental safety assessment it is desirable to combine both methodologies in order 
to establish a generalized and consistent technology and ensure that the back end of the nuclear 
fuel cycle is safe. The paper describes some new results and parameters for radionuclide migra
tion from a generic study of shallow land burial and of geological disposal. The possibility of 
using both safety evaluation methodologies for assessments of shallow land burial and geological 
disposal is also discussed. 1

1. SHALLOW LAND BURIAL: ANALYSIS OF RADIONUCLIDE MIGRATION
IN UNDISTURBED SOIL

1.1. Introduction

The Japan Atomic Energy Research Institute (JAERI) has conducted a 
Simulation Test Program for Environmental Radionuclide Migration aimed at 
developing a methodology for the safety assessment of shallow land burial of 
low level waste. In this programme radionuclide migration tests are performed 
under natural soil layer conditions. The test facility was constructed in 1982 and 
the aerated zone and aquifer test apparatus were installed in 1983. This paper 
describes preliminary results of the radionuclide migration test in a sandy 
soil layer.
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Radioactive solution
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FIG. 1. Aerated zone apparatus (dimensions in centimetres).

FIG. 2. Concentrations o f  radionuclides in effluent (1 Ci = 37 GBq).
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FIG. 3. Distribution o f  radionuclides in aerated soil layer. Flow velocity o f  radioactive 
solution: 5.9 L/h (1 Ci = 37 GBqj.

1.2. Experiment

A diagram of the aerated zone apparatus is shown in Fig. 1. In this apparatus, 
undisturbed aerated soil from above the groundwater-level was used as the soil 
column. An aqueous solution containing 60Co, 8sSr and 137Cs, each at a concentra
tion of 3 nCi/cm3 (111 Bq/cm3), was passed through the aerated soil layer at a 
controlled temperature. The flow rate of the solution was 5.9 L/h. The total 
volume passed was 660 L and the duration of the experiment was 5 d. One litre 
of effluent was sampled every 3 h and its radioactivity was measured. After the 
flow test the soil column was disassembled and the distribution of nuclides in the 
column was measured with a germanium detector.

1.3. Results and discussion

Figure 2 shows typical plots of concentration against effluent volume for the 
three radionuclides. The effluent concentration of 85Sr was less than or equal to 
the detection limit (of the order of 1СГ7 juCi/cm3 (3.7 mBq/cm3)) but those of 
60Co and 137Cs could be measured to be of the order of 1СГ5 pCi/crn3 (0.37 Bq/cm3). 
The results indicate that the aerated soil layer has a large retardation capacity for 
the radionuclides studied. The concentration distribution patterns are shown in 
Fig. 3. The results can be generalized to physico-chemical conditions other than 
those prevailing in the experiment because of the common nature of the elements 
used.
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FIG. 4. Vertical distribution o f  radionuclides in centre line o f column (I Ci = 37 GBq).

The axial concentration profiles of all three nuclides are similar down 
to about 2 cm depth (Fig. 3), at which point the concentrations begin to fall from 
about 1СГ3 pCi/cm3 (37 Bq/cm3). The 8sSr front is much more abrupt 
(changing to below 1СГ4 juCi/cm3 (3.7 Bq/cm3) in less than 17 cm), while 60Co 
and 137Cs show attenuated profiles (passing below 10-4 juCi/cm3 at more than 
70 cm).

Comparison of these results with those of earlier experiments using sieved 
and cleaned sand showed that there is no significant difference in 85Sr migration.
On the other hand, 60Co and 137Cs reached greater depths in this experiment.
From the relationship between concentration and vertical migration depth, 
shown in Fig. 4, no difference between the three nuclides was seen above a concentra
tion of 10-3 pCi/g. Below 10~3 pCi/g there exists a clear difference between the 
relationship for 85Sr and those for 60Co and 137Cs. These results can be explained 
as follows.

Strontium-85, dissolved asSr2+ in the neutral solution, was retained in the 
soil by ion exchange with Ca2+. On the other hand, 60Co and 137Cs are not thought 
to be retained in soil by such a simple mechanism. That is, 60Co partially 
hydrolysed to form the hydroxide, which does not take part in ion exchange. Such 
a hydroxide can move easily downwards; this explains the appreciably greater 
penetration of this nuclide.
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In the case of 137Cs it seems that silt played an important role in retardation. 
That is, I37Cs was apt to be adsorbed on silt (clay minerals), and this silt moved 
downwards swiftly [ 1 ]. Therefore, the migration behaviour of 137Cs seems to be 
similar to that of 60Co.

In Fig. 4 broken lines indicate the values calculated from an equation that 
takes account of ion exchange [2]. Migration of 60Co and 137Cs cannot be explained 
by this equation since the migration depths of these nuclides at low concentrations 
are larger than the calculated values.

Ohnuki et al. proposed a ‘superposition model’ [3] for treating particulate 
migration. Their equation is:

C¡ is the concentration of the ion or particulate in water (Ci/cm3), 
t is time (s),
Pj is the probability of the ionic nuclide (i = 1) and the particulate 

( i>2)  occurring in a particular proportion (dimensionless),
Rj is the retardation factor (dimensionless),
D is the dispersion coefficient (m2/s),
V is the water velocity (m/s),
Sj is the probability of trapping the nuclide or particulate (dimensionless).

By use of this equation the migration of nuclides was calculated by assuming 
P! = 0.99 and P2 = 0.01. The calculation method for ionized 60Co and 137Cs was 
the same as that for the equation assuming ion exchange. The migration of 
particulates was calculated by assuming R = 5.0, S = 0.05 for 60Co and R = 20,
S = 0.10 and R = 5.0, S = 0.05 for 137Cs. As shown in Fig. 4, the migration of 
60Co and 137Cs can be better estimated by considering the particulates.

2. DEEP UNDERGROUND BURIAL: SIMPLIFIED MODEL WITH A NEW 
PARAMETER TO EVALUATE BARRIERS IN THE NEAR FIELD

2.1. Introduction

It is planned to dispose of vitrified high level waste deep underground in 
Japan. A formal decision has not been made yet about the engineered disposal 
system and site. Once it is made, however, the most important characteristics of 
the engineered system, which constitutes the engineered barrier in â multibarrier

n

( 1)
i = l

where
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system, should be identified using overall systems analysis, and development 
targets should be made clear. The most important characteristics of the barrier 
in the near field should also be identified. For this reason the relative performance 
of several near field barrier systems has been analysed in a rough estimation study 
of nuclide release using extremely simplified models. The desirable characteristics 
of natural barriers in site selection were also considered.

The following modelling assumptions were made:

(a) Nuclide migration occurs by diffusion only, because of the extremely 
low water flow rate in the vicinity of the repository.

(b) The time span for assessment is divided into an early period (short term, less 
than 1000 years) and the long term (more than 1000 years). For both 
periods assessments were made of the total system for both the expected 
base case and for extreme scenarios.

The input data for calculation were collected from our experiments and published 
data.

2.2. Disposal system concept

2.2.1. R epository site

The function of deep geological disposal of high level waste is to isolate the 
waste from man and to prevent nuclides from migrating in groundwater to the 
biosphere. The most important parameters describing groundwater flow are 
hydraulic conductivity and hydraulic gradient. In granites, such as those

Hydraulic conductivity (cm/s) 
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FIG. 5. Variation o f hydraulic conductivity with depth at one research site.
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considered for disposal sites in Japan, the hydraulic conductivity is high near the 
surface because of many wide fractures and crush zones. Deep underground it is 
low because of closure of apertures due to lithopressure.

Figure 5 shows the correlation between hydraulic conductivity and depth 
for the granitic rock mass in western Japan [4]. The hydraulic gradient at the 
surface is small qwing to flow in a less permeable zone. This zone does not 
much affect groundwater flow deep underground.

2.2.2. Modelling o f  near field

The near field consists of vitrified waste, the container, buffer material and 
the intact rock mass. The conceptual model for nuclide migration is shown in 
Fig. 6. Fractured zones surrounding the near field are assumed to act as fast 
migration pathways for nuclides.

The nuclides are classified into three groups according to their behaviour 
when leached from glass [5], as shown schematically in Fig. 7:

— Group I: nuclides that are leached with the same speed as the glass material;
— Group II: nuclides that remain in layers on the glass surface and form sheet 

silicates;
— Group III: nuclides that gradually form insoluble compounds on the surface 

layer.

In this evaluation, Group III nuclides are included in Group I for simplicity. The 
source of Group I nuclides is assumed to be within the glass matrix, while 
Group II nuclides are released from the surface layer.

2.3. Equations

As mentioned above, nuclide migration is assumed to occur through the 
engineered barrier and the intact rock, and subsequently into the fractured media. 
An evaluation of migration was carried out by use of the following methods.

2.3.1. Nuclide migration by diffusion under steady state conditions

If radioactive decay is ignored, the quantity of diffused nuclide can be 
expressed as:

Q = (D/R)S(C/X) (2)

where

Q is the release rate of the radionuclide passing through a barrier (Ci/s),
D is the surface diffusion coefficient (m2/s),
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R is the retardation factor (dimensionless),
S is the estimated cross-section for diffusion through the barrier (m2),
C is the concentration of the nuclide at the inner boundary of the barrier 

(Ci/m3),
X is the barrier thickness (m).

This equation holds true for the assumption that no free aqueous diffusion 
occurs, which is reasonable in the unbreached near field barrier. The definition of 
surface diffusion here is not that of atomic or molecular diffusion in a solid but 
of diffusion in the aqueous phase at the grain boundary of a rock mass.

The apparent overall diffusion coefficient De in a multibarrier system can be 
expressed as:

where i is the number of barriers.

2.3.2. Distribution o f  nuclides under non-steady state conditions

For radionuclides migrating through a barrier by surface diffusion alone, 
the nuclide concentration C(x, t) can be calculated from:

2.3.3. Nuclide migration by water flow

If one barrier is saturated at the inner boundary concentration, the rate of 
nuclide migration by water flow can be calculated from:

(3)

C(x, t) = C0 exp(-Xt) erfc{x/2[(D/R)t]1/2} (4)

where

C(x, t) is the concentration in Ci/m3,
C0 is the initial concentration at the inner boundary (Ci/m3),
X is the decay constant (s-1),
X is the distance (m),
t is time (s).

Qv = (V/R) SC = (GK/R)SC (5)



606 MURAOKA et al.

where

Qv is the rate of nuclide migration in Ci/s,
V is the average velocity of groundwater flow (m/s),
G is the hydraulic gradient (dimensionless),
К is the hydraulic conductivity (m/s).

From Eqs (2) and (5), if D/X >  GK then nuclide migration by diffusion 
is faster than that by water flow.

2.4. Selection of parameters

2.4.1. Source term

The concentrations of nuclides in vitrified high level waste were calculated 
using the ORIGEN II code. It was assumed that the volume of vitrified waste 
was 0.112m 3 (for 1 t of spent fuel) and that the burnup rate was 33 000 MW d/t U. 
The resulting concentrations were: for I37Cs, 1 X 106 Ci/m3 (3.7 X 1016 Bq/m3); 
for 90Sr, 7 X 10s Ci/m3 (2.59 X 1016 Bq/m3); and for "Тс, 1 X 102 Ci/m3 
(3.7 X 1012 Bq/m3).

The concentrations of Am, Pu and Np in solution were estimated from 
saturation data measured at pH = 7 in a mixture with glass by Rai et al. [6]. The 
specific activities 1000 years after disposal under these conditions were calculated 
to be: for Am, 2 X 1СГ6 Ci/m3 (74 kBq/m3); for Pu, 3 X 1(TS Ci/m3(l .11 MBq/m3); 
and for Np, 5 X 1СГ5 Ci/m3 (1.85 MBq/m3).

2.4.2. Other parameters

The near field barrier was divided into four compartments, through which 
the radionuclides could migrate successively. The input data used in the 
performance evaluation are shown in Table I [5, 7-13]. Most of the directly 
relevant data are from our laboratory and in situ tests.

2.5. Evaluation of potential nuclide release to fractured rock mass

If all the barriers except the container are intact, the amount of long lived 
nuclides released from containment can be calculated from (2) and (3). The 
relative performance of each barrier is represented by the term RX/DS (Table I).

For short lived nuclides, the distance that the nuclides have migrated from 
the surface of the container in time t depends highly on the decay factor used in 
Eq. [4]. Figure 8 shows the curve of maximum concentration in the buffer mass.
At the outer surface of the 25 cm thick barrier, the residual concentration does 
not exceed 10_s times the initial concentration at the glass surface.
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TABLE I. RELATIVE PERFORMANCE OF BARRIERS

Parameter Glass Canister + Buffer Rock
overpack

D (m2/s) 3 X 10‘ 19 1 X 10'9 VI X o о 3 X 10'-12

R Tc: Others: Tc: Others:
1 1 1 102 1 102

X (m) 10'6 5 X K f2 2.5 X 1СГ1 10

S (m2) 1 1 X 10'4 1 1

RX/DS (s/m3) Tc: Others: Tc: Others:
3 X 1012 5 X 10u 5 X 108 SX 1010 3 X 1012 3 X 1014

F I G .  8 .  M a x i m u m  n u c l i d e  c o n c e n t r a t i o n  i n  b u f f e r  m a s s .

The results of the sample calculation are presented below for two time 
periods:

(a) Period within container lifetime (<1000 years)

Under expected conditions, no release of 137Cs and 90Sr is anticipated; they 
will decay fully within this period. In the extreme scenarios it was assumed that 
cracks totalling 1 cm2 in cross-sectional area opened in the container. In this case 
90Sr and 137Cs decay fully while they diffuse in the buffer. The release rate of
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"Te from the container is calculated from Eqs (2) and (3) to be 
Q = 5 X КГ4 Ci/a (18.5 MBq/a). This value is 2.5 X 1СГ5 times the concentration 
in the source glass. Since diffusion in the intact rock mass is so slow, C(x, t)/C0 
at 1000 years is extremely low. Equation (4) indicates that it would take about 
50 000 years until C(x, t)/C0 reached 10"3. Because of their low solubilities and 
high rates of retardation, releases of Am, Np and Pu are calculated to be 
negligible.

(b) Period after possible container failure (>1000 years)

Loss of the container barrier is assumed to occur 1000 years after disposal, 
by which time Sr and Cs will have decayed. Beyond the container lifetime, the 
release rate of long lived nuclides is calculated by neglecting the performance of 
the container and the intact rock mass. The results are as follows:

"T c : Q = 1 X КГ3 Ci/a (37 MBq/a)
Am : Q = 1 X 10“9 Ci/a (37 Bq/a)
Pu : Q = 2  X КГ8 Ci/a (740 Bq/a)
Np : Q = 3 X 10"8 Ci/a (1.11 kBq/a).

The release rates of Am, Pu and Np are low because of their low solubilities 
at the glass surface and high rates of retardation in the buffer. The release of 99Tc 
should be controlled by selecting a buffer material with high retardation or a rock 
formation with reducing conditions.

2.6. Discussion

The simplified generic performance assessments suggest that a properly 
designed repository (around which groundwater movement is extremely low) 
cannot confíne radionuclides completely to the near field up to at least 
50 000 years. By selection of a site having favourable hydrological properties, 
the nuclides released from the repository can be retarded long enough for radio
active decay to reduce their concentrations to negligible levels. The waste glass 
is important in that it confines highly soluble nuclides when other barriers fail.
For poorly soluble nuclides, precipitates are formed on the glass surface.

This paper has summarized the results calculated from a simple model in 
order to gain a rough estimate of multibarrier system performance in the near 
field. It is important also to carry out field tests simulating the real disposal 
environment to obtain detailed information for safety assessments of geological 
disposal.

3. CONCLUSION

To evaluate the performance of a repository in the improbable event that 
the groundwater flow rate increases or that migration occurs near the land surface
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owing to high hydraulic pressures, it is necessary to use a new parameter to 
describe the particulate migration mechanism. This parameter can be determined 
from the safety evaluation of shallow land burial sites. The new model is also 
applicable for the evaluation of long lived colloidal nuclide migration in the 
overburden of the rock mass. Further, it is useful to apply the indices obtained 
from such research into high level waste disposal for the safety evaluation of 
shallow land burial scenarios where water flow can be neglected. Thus, it is 
clearly important to exchange knowledge of the safety evaluation methodologies 
for shallow land burial and for geological disposal.
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Abstract

CONCEPT AND SAFETY ASSESSMENT FOR FINAL DISPOSAL OF SPENT NUCLEAR 
FUEL IN FINLAND.

The current obligations and long term plans for management of spent nuclear fuel are 
presented. The use of safety analysis in repository development and site selection is discussed 
on the basis of the analyses performed. The general principle for final disposal of spent fuel 
in Finland is a multibarrier system. The spent fuel assemblies are assumed to be enclosed 
in copper canisters which will be emplaced in boreholes in the floors of disposal tunnels and 
surrounded by buffer material. The final repository is assumed to be built at a depth of 
500 m in the bedrock. Safety analysis, based on system models consisting of repository, 
geosphere and biosphere modules, was carried out employing the scenario technique. The choice 
of scenarios was based on a comprehensive analysis of anticipated situations as well as disturbed 
evolution and disruptive events with low probabilities. The conservative analyses indicate that 
the disposal concept easily meets the safety objectives proposed by international organizations. 
Owing to the high safety margins optimization of the engineered barrier system can be considered 
in the future. 1

1. INTRODUCTION

The objectives and time schedule for spent fuel management and R&D work 
in Finland were presented in the decision in principle made by the Government 
in 1983 [ 1 ]. The same objectives are included in the operating licences of the 
nuclear power plants. The producer of nuclear waste is responsible for its manage
ment, including final disposal. The power company has to study the possibilities 
of delivering the spent fuel irretrievably abroad; so long as agreements for such 
arrangements do not exist, provisions should be made for final disposal in Finland.

The objectives and time schedule for the spent fuel repository development 
procedure are presented in Fig. 1. An interim wet storage facility for spent fuel
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P o w e r  C o m p a n y  L i m i t e d  ( T V O j .

at the Olkiluoto power plant site is under construction and will be commissioned 
in 1987. Its capacity in the first phase will be about 1000 t U. According to the 
schedule for the final disposal studies, a site should be selected by the end of 
2000 and the repository commissioned in 2020 [2].

The R&D work is concentrated on the direct disposal of spent fuel since 
reprocessing and waste management services are not available yet. It is necessary 
to have a spent fuel management plan which can be realized by domestic means, 
independent of the international situation.

In accordance with the power company’s programme the technical plans 
for spent fuel management were revised and updated by the end of 1985 [2].
The updated feasibility study contains plans for the disposal technique, cost 
estimates, and a comprehensive safety analysis which covers normal and abnormal 
conditions [3, 4]. Results of a simultaneous site screening process to select 
potential areas for field investigations [5, 6] and the programme for site investi
gations were presented in 1985 [7]. The site investigations are discussed in a 
separate paper at this Symposium [8]. The earlier feasibility study on the final 
disposal of spent fuel in the Finnish bedrock was completed in 1982 [9]. The 
results formed a basis for the R&D programme carried out in 1983-1985.

2. CHOICE OF DISPOSAL CONCEPT

The main factors affecting the choice of the concept for final disposal of 
spent fuel were:

-  Ability of present technology to realize the concept;
-  Good safety characteristics, including tolerance to disruptive effects;
-  Reasonable costs, with an acceptable uncertainty range.
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ENCAPSULATION

F I G .  2 .  O v e r a l l  l a y o u t  o f  t h e  e n c a p s u l a t i o n  a n d  d i s p o s a l  f a c i l i t i e s  f o r  s p e n t  n u c l e a r  f u e l .

F I G .  3 .  E n g i n e e r e d  b a r r i e r s  o f  t h e  d i s p o s a l  s y s t e m  ( a c c o r d i n g  t o  t h e  K B S - 3  p l a n  [10],). 
D i m e n s i o n s  a r e  in  m i l l i m e t r e s .
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The final design and optimization of the system will be made later when 
the characteristics of the repository site are known well enough.

The present disposal concept is based on a system of multiple barriers, both 
engineered and natural, such as fuel matrix, cladding of the fuel rod, canister, 
compacted bentonite and the bedrock itself. These barriers isolate the spent fuel 
from the biosphere to a degree high enough to reduce the effects on the environ
ment below an acceptable level. The disposal system is based on the Swedish 
KBS-3 concept. Spent fuel is encapsulated in copper canisters which are emplaced 
in boreholes drilled in the floors of tunnels that are constructed at a depth of 
500 m in crystalline rock of good quality [10].

A plan for a layout of the repository and encapsulation facilities is shown in 
Fig. 2. According to the preliminary design the encapsulation plant is situated 
above the final repository. The encapsulation facilities have been designed for 
Finnish conditions [11], and the plans for shafts, tunnels and repository facilities 
revised for these conditions. The repository has been designed to hold 900 canisters.

The barriers influencing the performance of the near field of the repository 
system are presented in more detail in Fig. 3. The annulus between the canister 
and the rock walls of the boreholes will be filled with highly compacted bentonite. 
During closure the tunnels will be backfilled with a mixture of sand and bentonite. 
Each canister, made of pure copper and having a wall thickness of 10 cm, holds 
eight BWR fuel assemblies. Voids inside the canister are filled with lead.

3. PRINCIPLES OF SAFETY ASSESSMENT

A comprehensive safety assessment includes the survey of release scenarios, 
the estimation of probabilities for these scenarios, the estimation of environmental 
consequences, and finally the combination of probabilities and consequences 
as well as the overall assessment of the risk estimates in the light of performance 
criteria.

The aim of the safety analysis performed during 1984-1985 was to show 
the feasibility of the disposal concept in view of the safety and radiation 
protection objectives currently contemplated both internationally and nationally. 
Since the reference site (Olkiluoto) is a typical Finnish bedrock formation, the 
results of the analysis give a representative estimate of the radiological consequences 
of final disposal, irrespective of the actual location of the repository. The basic 
principle adopted for the analysis was to employ conservative assumptions, models 
and data in each stage to ensure that the results obtained will represent with high 
probability upper estimates for individual dose rates and health risks. An earlier 
safety analysis [12, 13] performed for the same reference site estimated such 
low collective doses that updating of the estimates was considered unnecessary 
for the concept feasibility study.
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TABLE I. CLASSIFICATION OF PHENOMENA OF POTENTIAL 
SIGNIFICANCE FOR SPENT FUEL DISPOSAL IN FINNISH BEDROCK

(a) Catastrophic events and human activities with negligible probabilities and/or consequences 
dominated by factors not related to the repository:

-  Slow geological processes forming new tectonic structures (orogenesis, continental drift)
-  Volcanism
-  Meteorite impact
-  Criticality in the repository
-  Intentional human intrusion (war, sabotage, waste recovery).

(b) Human activities with low probabilities and/or which can be prevented by proper quality 
control and surveillance:

-  Failure in site selection or in excavation, operation or sealing of the repository
-  Inadvertent human intrusion, (excluding exploratory drilling).

(c) Expected natural events and human activities which have no or insignificant influence 
on the release barriers:

-  Glacial phenomena (excluding block movements and earthquakes due to post-glacial 
uplift)

-  Seismicity in the prevailing geological conditions
-  Erosion
-  Slow land uplift
-  Sea-level changes
-  Increase of the C02 content in the atmosphere
-  Acid deposition
-  Mineralogical changes
-  Changes in the groundwater and biosphere conditions due to human activities.

(d) Natural events and human activities which might considerably impair the performance 
of the disposal system:

-  Block movements due to post-glacial uplift
-  Earthquakes due to post-glacial uplift
-  A new fault intersecting the repository
-  A new rock displacement intersecting a disposal hole
-  Human intrusion due to exploratory drilling.

According to the guidance given by the International Atomic Energy Agency 
[14, 15] disposal system development comprises several consecutive phases, each 
including safety evaluations. The generic safety study performed for the concept 
feasibility phase is likely to be the last of its kind in Finland. During the sub
sequent site selection process site specific safety analyses will be made. Assess
ment of the sites and optimization of the disposal concept will require more 
realistic safety analysis methods and evaluation of collective dose commitments.
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The safety analysis [3, 4] was performed employing the scenario technique. 
Three types of scenario were considered. The basic scenario provides a conserva
tive estimate of the maximum individual dose under the anticipated conditions. 
Two different types of scenario representing abnormal conditions of the disposal 
system were analysed to study the safety margins of the disposal concept. The 
disturbed evolution scenarios, in each of which one of the main barriers was 
assumed to be severely impaired, illustrate the sensitivity of the multibarrier 
system. The probabilistic analysis of disruptive events covers natural processes 
and events as well as human activities which might considerably influence the 
performance of the disposal system.

The survey of phenomena relevant to spent fuel disposal in bedrock was 
based on a check-list provided by IAEA expert groups [14]. The phenomena were 
evaluated and also quantitatively assessed whenever possible. The consequent 
classification of the phenomena according to their significance under the 
circumstances prevailing in the Finnish bedrock is presented in Table I.

4. ANTICIPATED CONDITIONS

Under anticipated conditions prevailing in a deep underground repository, 
the most likely release scenario involves leaching into radioactive material and 
radionuclide transport by groundwater into the biosphere. Estimation of 
consequences necessitates the use of predictive models, illustrated in Fig. 4. The 
set of models covers the analysis of groundwater flow, the behaviour of waste 
products and engineered barriers in the repository, radionuclide transport within 
the rock, the movement of radionuclides in various parts of the biosphere, and 
finally the estimation of radiation doses to man via different exposure pathways.

The characteristics of the rock and the environment employed in the analysis 
were largely deduced from the data available from the Olkiluoto nuclear power 
plant site, a reference site for this concept feasibility study. When necessary more 
generic information was employed from elsewhere in Finland or from the literature. 
In addition to the direct measurements of the characteristics of rock or ground- 
water, theoretical predictions of the geochemical conditions prevailing deep 
underground were made, taking into account the disturbances induced by the 
waste and construction.

As regards the characteristics of the engineered barriers, a great deal of 
information was available from the Swedish studies [10]. However, quite extensive 
additional laboratory experiments have been performed in Finnish research 
institutes; for example, on canister corrosion, geochemical conditions in the 
repository and the behaviour of bentonite.

In making the final choice of parameter values applied in the safety analysis, 
conservative assumptions were made to ensure that results obtained from the 
models overestimated with great likelihood the real environmental impact.
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CONDm ONS

•  IN THE 
REPOSITORY

•  IN THE 
BEDROCK

•  IN THE 
BIOSPHERE

F I G .  4 .  P r i n c i p l e  o f  s a f e t y  a n a l y s i s  o f  f i n a l  d i s p o s a l .

Examples of these assumptions are a shorter lifetime for the copper canisters 
than predicted in the most likely conditions, limited matrix diffusion in the rock, 
and large flow rates in the vicinity of disposal holes and tunnels. A summary of 
the most important input assumptions employed in the basic scenario describing 
the anticipated behaviour of the disposal system is given in Table II.

The primary result given by the model system for consequence analysis is 
the individual dose rate via different exposure pathways as a function of time.
The highest exposure to a small hypothetical group of persons was caused through 
drinking water from a well assumed to be in the groundwater discharge area.
Other exposure environments considered (local lake, Baltic Sea, ocean) are 
expected to apply to increasingly large populations, but at the same time the 
individual dose rate levels decrease. The resulting maximum annual dose to the 
most exposed persons would be 2 X 10-7 Sv via lake pathways and 4 X 1 0-6 Sv 
via well pathways in the local area, and 6 X 10-12 Sv in the Baltic Sea region.

In this analysis the collective doses were not calculated. The results and 
conclusions of the previous study show that the ratio between the collective doses 
due to the disposed waste and the collective doses due to the natural background
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radiation is less than 10 '6 in a sea environment and less than 10~10 in an ocean 
environment [12, 13]. During the times corresponding to the highest exposure 
in a lake environment the ratio is still less than 1 O'4.

5. DISTURBED EVOLUTION AND DISRUPTIVE EVENTS

5.1. Disturbed evolution

Three disturbed evolution scenarios were analysed, each representing a loss 
of performance in one of the main barriers of the disposal system:

EFFECT OF NATURAL BACKGROUND

BASIC DISTURBED EVOLUTION DISRUPTIVE
SCENARIO SCENARIOS EVENT

SCENARIOS

F I G .  5 .  S u m m a r y  o f  t h e  m a x i m u m  h e a l t h  r i s k s  v ia  d i f f e r e n t  p a t h w a y s  f o r  d i f f e r e n t  t y p e s  o f  

s c e n a r i o  c a l c u l a t e d  in  t h e  s a f e t y  a n a l y s i s  f o r  s p e n t  n u c l e a r  f u e l  d i s p o s a l .  F o r  d i s t u r b e d  

e v o l u t i o n  s c e n a r i o s  t h e  p r o b a b i l i t i e s  a r e  c o n s e r v a t i v e l y  a s s u m e d  t o  b e  u n i t y ;  f o r  d i s r u p t i v e  

e v e n t  s c e n a r i o s  t h e  p r o b a b i l i t i e s  a r e  e s t i m a t e d  a n d  t a k e n  i n t o  a c c o u n t .
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(a) Initial failure of the canister caused leaching of the canister contents to 
start almost immediately after the sealing of the repository.

(b) Oxidizing conditions were assumed to prevail in the entire repository area 
and everywhere in the geosphere.

(c) A new intensive exposure pathway in the biosphere was created by increased 
human consumption of Crustacea.

The main features of scenarios (a) and (b) are presented in Table II.
The consequences of the disturbed evolution scenarios are dominated by the 

case where oxidizing conditions were assumed to prevail -  contrary to present 
understanding — everywhere in the geosphere. The resulting maximum annual 
dose to the most exposed persons would be 4 X 10-7 Sv via lake pathways and 
1 X 10-4 Sv via well pathways in the local area, and 4 X 10"12 Sv in the Baltic 
Sea region.

In the case of initial canister failure the rates of release of radionuclides 
from the repository are restricted by the leach rate of the fuel matrix and by 
the low solubility of the nuclides in the reducing groundwater conditions. Hence 
the maximum exposures per canister are increased by a factor of less than two 
when compared with the basic scenario.

Regarding the Crustacea pathway in the third disturbed evolution scenario, it was 
found that the dose conversion factors for the most important nuclides released 
into the biosphere do not exceed the dose conversion factors via the fish path
ways. Therefore, the resulting doses do not notably differ from the corresponding 
doses in the basic scenario in spite of the assumed vast consumption of Crustacea.

The nature of the disturbed evolution scenarios is such that it is very 
difficult to estimate the probabilities of their occurrence. In Fig. 5 the risks due 
to the disturbed evolution scenarios are presented as if their probabilities would 
be unity. This is, of course, an extremely conservative assumption. Consequently, 
much larger safety margins to the objectives presented in Refs [16, 17) actually 
apply to these scenarios.

5.2. Disruptive events

The two disruptive event scenarios evaluated in detail in the safety analysis
were:

(a) Major block movements in the bedrock due to post-glacial uplift
(b) Human intrusion due to exploratory drilling.

Several major faults, formed in connection with the déglaciation about 
10 000 years ago, have been observed in northern Finland, Sweden and Canada. 
The total length of the known neotectonic faults in northern Fennoscandia is 
about 600 km. The vertical displacement across the faults varies usually between 
0 and 10 m, the greatest being 35 m. It seems that the block movements have
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largely occurred along existing weakness zones in the bedrock. However, 
exceptional cases of fracturing through unaltered rock have been found in several 
places [18].

In the safety analysis the probability of block movements was estimated 
by assuming conservatively that the frequency of formation of new faults in 
connection with a future glaciation would be 100 times the frequency of the 
known neotectonic faulting in northern Fennoscandia. The probability of a block 
movement per unit area inside a rock block surrounded by old fracture zones was 
assumed to be one-tenth of the average block movement probability per unit area 
in the bedrock.

The total probability of a post-glacial block movement intersecting the 
repository was calculated to be about 3 X 10"3 per glaciation. The expected 
number of damaged canisters was estimated by performing a structural analysis 
taking into consideration the structure and size distribution of the block displace
ments. This resulting expectation value is no more than 1 X 1СГ3 canister per 
glaciation.

The consequences of a major block movement intersecting the repository 
were estimated by analysing a case where a block movement equal to the largest 
known post-glacial movement with a vertical displacement of 35 m would 
intersect the repository. The movement could take place at the earliest about 
30 000 years from the present during the first interstadial period of the next 
glaciation. In the repository design analysed, the maximum number of disposal 
canisters that could be damaged by a large block movement is 60. Besides 
damaging disposal canisters, the movement removes buffer material around the 
canisters, increases groundwater flow through the repository and speeds up 
groundwater as well as radionuclide migration into the biosphere. The main 
features of the block movement scenario analysed are summarized in Table II.

The maximum radiological detriment due to block movement appears in 
the biosphere about 3 million years after the initial event. The maximum annual 
dose due to the large block movement damaging 60 disposal canisters containing 
84 t of spent fuel was estimated to be 1 X 10-3 Sv via well pathways, 6 X 10-6 Sv 
via lake pathways and 3 X 10-10 Sv in the Baltic Sea region. The dose rate via 
well pathways would hence be less than half the mean exposure due to the natural 
background radiation in Finland.

The health risk due to post-glacial block movements was estimated by taking 
into consideration the probability as well as the consequences of block movements 
with different characteristics. The consequent health risks to the most exposed 
persons are indicated in Fig. 5. The estimated health risks due to post-glacial 
movements are of the order of 1% of the estimated health risks in the basic scenario.

The probability of an inadvertent hit on a disposal canister by exploratory 
drilling was estimated to be 2 X 10 '8 a-1. External exposure due to handling of 
the drill core was estimated to be at most 4 X 10-2 Sv if drilling is assumed to 
be possible 100 years after the sealing of the repository. The consequent health 
risk is then 7 X 10-12 a-1.
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6. DISCUSSION OF RESULTS

The currently recommended form of expressing the long term safety objectives 
for waste disposal employs the concept of individual health risk [16, 17]. The 
impact indicators utilized in this study include individual dose rate and the health 
risk. A conversion factor of 10~2 between the radiation dose in sieverts and the 
risk of death due to cancer was used. For disruptive event scenarios the 
probability of occurrence was taken into account in estimating the health risks.

In the initial canister failure scenario (Table II, Fig. 5) the results are 
expressed per failed canister. The minor significance of the long canister integrity 
time is indicated by the fact that even if all the canisters (890) are assumed to fail 
initially, the maximum individual dose is only about 50% larger than in the basic 
scenario. The second disturbed evolution scenario, where oxidizing conditions are 
assumed to prevail everywhere in the geosphere, seems to dominate the overall 
health risk. However, the probability of occurrence was assumed to be unity.
The altered dietary habits assumed in the third disturbed evolution scenario do 
not affect the radiation dose at all, because the dominant radionuclides are not 
sensitive to the changes made in the exposure scenarios. Among the disruptive 
events block movement caused by post-glacial uplift is the dominant risk 
contributor. However, the health risk caused by this type of disruptive event 
is only one-hundredth of the risk due to the anticipated conditions described by 
the basic scenario.

The health risks of all the considered scenarios, both individually and when 
summed, are below the proposed risk limit of 10_s a-1 [16, 17].

7. CONCLUSIONS ,

The conservative safety analyses completed in 1985 and 1982 have proven 
the feasibility of the main concept for the final disposal of spent nuclear fuel.
The previous sensitivity analysis [12, 13] and the comprehensive safety analysis 
[3, 4] covering anticipated conditions as well as disturbed evolution and disruptive 
events in the barrier system have indicated that the concept meets the proposed 
radiological safety objectives [16, 17].

The results obtained in the conservative analyses show clear safety margins.
If more realistic models and data were employed, these margins would become 
even larger. Consequently, it seems that optimization of the engineered barriers 
will be possible when the site selection procedure has led to investigation of the 
final site candidates in the 1990s.
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Abstract

APPLICATION OF A WASTE DISPOSAL SITE INVESTIGATION PROGRAMME BASED 
ON SAFETY ANALYSIS.

Presented is the procedure which led to the definition of a site investigation programme 
for a low and intermediate level waste repository in Switzerland. The potential site at 
Oberbauenstock is used as an example. On the basis of site specific data collected for past 
tunnelling projects, a repository safety analysis was carried out for the feasibility study, Projekt 
Gewähr 1985. The input data were chosen from the conservative ends of the possible ranges. 
The effect of using the total ranges was qualitatively estimated. With the results from the 
long term safety analysis, the most relevant parameters were defined: the lower boundary of 
the host rock, the hydraulic properties of the host rock (shear zones and rock matrix) and the 
hydraulic properties of the decompressed zone around the caverns and tunnels. The require
ments for measuring these parameters were compared with the available techniques for site 
investigations. The needs of safety/performance analyses, logistic aspects, and political and 
administrative boundary conditions determined the sequence of investigations. This formed 
the basis of the formulation of a site investigation programme. For Oberbauenstock most 
investigations into the host rock will be carried out from underground workings, i.e. motorway 
and annex tunnels. The investigations comprise surface geology and hydrogeology, geophysics 
in existing tunnels, a deep borehole to investigate the lower boundary of the host rock, and 
short boreholes for hydraulic and geophysical measurements of the hydraulic properties of 
both host rock and decompressed zone. In Phase 2, a pilot tunnel and more in situ experi
ments are planned; the detailed programme will be specified according to the results of the 
Phase 1 investigations.
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1. INTRODUCTION

In Switzerland three potential sites for a low and intermediate level waste 
repository have been selected: at Oberbauenstock (host rock: marl), at 
Piz Pian Grand (host rock: various gneisses) and at Bois de la Glaive (host rock: 
anhydrite) [1 ]. Because more and better data were available for Oberbauenstock, 
this site was chosen as the model site for the feasibility study, Projekt Gewähr 1985 
[2]. It is also used as an example in this paper.

The data used for the safety analysis and the development of a site investi
gation programme characterize the waste inventory (both of radionuclides and 
of other waste components), the engineered barriers and repository design, and 
the geology and hydrogeology of the site.

For Projekt Gewähr 1985 the input data are biased towards the more 
conservative side. Although it is reasonable to use conservative data for a 
feasibility study, realistic data and preferably the whole range of parameter 
values should be considered when defining a site investigation programme. The 
safety analysis made for the project was used for the definition of the site 
investigation programme, the expected range of parameter values being taken 
into account only qualitatively.

1.1. Inventory

The waste inventory for which the Projekt Gewähr 1985 calculations were 
carried out is based on an average lifetime of nuclear power plants of 40 years 
and a total installed electric power output of 6 GW. The wastes considered [2, 3] 
are reprocessing waste, operational waste from nuclear power plants, decommission
ing waste from nuclear power plants, and waste from medicine, industry and 
research. For the project the vitrified waste and the hulls and end caps were 
supposed to be disposed of in a high level waste repository. For the realization 
of the low and intermediate level waste repository, the waste will be allocated 
according to maximum allowable radionuclide concentrations in the waste. These 
concentrations will be determined in safety analyses using the results of the site 
investigation, the properties of the engineered barriers and the final repository 
design. For the time being, it is assumed that all waste except the vitrified waste 
and spent fuel might be placed in a low and intermediate level waste repository.

1.2. Repository design and engineered barriers

The repository design is characterized by the following features [2]:

— Disposal is in underground rock caverns with access through a horizontal 
tunnel.

— Disposal is conceived of in such a way that no control or supervision is 
necessary after repository closure.
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— Supervision and control during emplacement and subsequent backfilling are 
ensured. Retrieval of the waste after closure is not envisaged.

— The system of engineered safety barriers comprises: the waste solidification 
matrix (cement, bitumen, polymers), the waste drum (possibly encased in
a concrete container filled with liquid cement), special concrete backfill in 
the remaining empty space, concrete linings for the disposal caverns, and the 
sealing of the access tunnel on closure of the repository.

General data on the design characteristics are listed below:

Geology: host rock: Valanginian marls
overburden: 750-1300 m 

Waste volume: c. 200 000 m3 
Concrete container volume: 17-22 m3 
Connecting tunnel: inner diameter: 5.20 m 

length: 1640 m
Disposal caverns: excavated cross-section: 162-183 m3

lining thickness: 60-90 cm 
total length: 4660 m.

1.3. Geology

The repository has been designed for the area of the c. 2000 m high mountain 
massif known as Oberbauenstock, west of the Umersee in the Valanginian marl 
formation. The numerous data obtained from the construction of a motorway 
tunnel through the marl provide most of the in situ knowledge of the host 
rock [1,4].

The Valanginian marls consist of a series of brownish grey, smooth or sandy 
marls or shales which locally contain up to metre-thick marl beds; on a large 
scale, the series is rather homogeneous but, on a small scale, is very varied. The 
following rock types can be distinguished:

— Marls, finely as well as poorly stratified
— Marly limestone
— Thin limestone beds (local)
— Clayey shales (local).

The Valanginian marls have a very low permeability. The base of the 
Valanginian marls is hydrogeologically significant, the underlying formation 
being either permeable Valanginian limestone or impermeable Lower Tertiary 
shales (the model data set takes both possibilities into account).



628 VAN DORP et al.

The incompetent Valanginian marls were intensively tectonically altered 
during the folding and overthrust phase. Basically, three discontinuity systems 
can be differentiated:

— Stratification and shaly cleavage: strike: approximately east-west; 
dip: about 30° (average) to the south;

— Shear zone system I; strike: approximately east-west; dip: about 40° 
(average) to the south;

— Shear zone system II: strike: approximately east-west (to WSW-ENE); 
dip: about 50° (average) to the north.

The term shear zone is used to designate disturbed zones of 1-10 cm thick
ness with cataclastic rock, clayish filling material, calcite mineralization and 
evidence of movement. These zones were observed and described during the 
construction of the motorway. They are sometimes accompanied by calcite 
deposits. The average distance between two shear zones is around 17 m in system I 
and around 10 m in system II, and their lateral extents are estimated to be 
10-20m.

2. SAFETY ANALYSIS

The safety analysis for Projekt Gewähr 1985 is based on the data presented 
above. A deterministic analysis with parameter variation was carried out.

It was assumed that the ultimate release of radionuclides to the biosphere 
could occur by two routes. These are transport by groundwater, and erosion 
leading to direct exposure far in the future, when resulting radionuclide concen
trations in soil-waste mixtures will be close to natural levels. Only release via 
groundwater is considered in the following discussion since this scenario deter
mines the necessary site characterization data.

2.1. Hydrogeological modelling

The regional hydrogeological regime is characterized by:

— An adjacent lake (Vierwaldstättersee) as the main drainage area;
— Outcrops of limestone as areas of recharge;
— The carbonate series of alternately low and high permeability overlying

the host rock (hydraulic conductivity: 10-4—10-9 m/s);
— The tectonic accumulation of the Valanginian marls with low permeability.

From the observations of the marls during the construction of the motor
way tunnel it can be assumed that water flow occurs mainly in the shear zones 
and lenses of limestone. Because of the frequency and dimensions of the shear
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zones and limestone lenses a continuous network cannot be excluded. The 
observations of moist and dry zones and knowledge of the ventilation rate during 
construction made it possible to estimate the large scale conductivity to be 
10-10 m/s (3 X 10-9 m/s in shear zones and 10-12—10-13 m/s in the rock 
matrix) [5].

Further potential flow paths for water and radionuclides might be provided 
by the decompressed zones around caverns and tunnels [6]. These zones might 
be 5 m thick around the entrance tunnel and 17 m around the disposal caverns.
No data on the hydraulic conductivity of a decompressed zone in marl are 
available, but it was assumed that a zone of 0.5 m behind the tunnel lining would 
have a conductivity of 10-7 m/s and the remainder of the decompressed zone 
10-8 m/s. Porosities were estimated to be 3% in host rock, shear zones and 
decompressed zones, except in the inner part of the decompressed zone where 
4% was assumed.

Examples of results of 2-D hydrological calculations are given in Fig. 1. These 
show the importance of the permeability of the underlying formation. Times for 
flow through the host rock to the biosphere for non-retarded radionuclides would 
be 80 years in case FI and 600 years in case F2. For the boundary conditions, 
parameter values and repository design for Projekt Gewähr 1985 the decompressed
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zone around the repository does not form the shortest pathway to the biosphere. 
However, a change in design or in site specific parameters might make the 
decompressed zone more important.

2.2. Radionuclide release from near field

Under normal conditions, negligible convective water flow occurs in the 
engineered barriers because of their low permeability. The pore water is thus 
stagnant and release of radionuclides is mainly by diffusion. Degradation of the 
barriers is taken into account by assuming an increase in diffusivity in discrete 
steps at 500 and 1000 years.

The maximum concentration of a radionuclide in pore water, which deter
mines the concentration gradient and therefore the ‘driving force’ for diffusion, 
is given by its solubility in the pore water of concrete. The oxygen initially 
present is quickly consumed by corrosion and thereafter reducing conditions 
prevail in the near field. Such conditions generally result in low solubilities of 
important nuclides such as the actinides [7]. However, solubility limits are 
conservatively ignored in the safety analysis and it is assumed that all nuclides 
are dissolved in the pore water of the waste matrix. The porewater concentration 
of some nuclides is, however, reduced by sorption.
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2.3. Near field gas production

Several reactions in the near field produce considerable quantities of gas. 
These processes include corrosion of metals, radiolysis of water and microbial 
processes.

The total accumulated quantities of gas which could be produced (volume 
at STP) are shown in Fig. 2. Depending on the gas permeability assumed for the 
engineered barriers, the rate of gas escape could be less than the production rate 
and thus lead to a pressure buildup in the repository. Such a buildup could 
result in the formation of a gas bubble and displacement of contaminated water 
from the repository, or could even cause fracturing of the concrete of the barriers.

Consideration of available data on the engineered barriers, however, leads to 
the conclusion that the gas will escape through larger pores and hairline cracks. 
This assumption was used in Projekt Gewähr 1985 rather than the alternative 
approach of providing special engineered routes for gases to escape into the 
decompressed zone.
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2.4. Geosphere transport

In the geosphere transport model the following effects are considered:

— Advective flow
— Dispersion
— Sorption throughout the shear zones (linear isotherm, instantaneous reversible 

sorption assumed)
— No matrix diffusion assumed
— Radioactive chain decay.

Several water flow paths and parameter variations have been taken into 
account. The transport calculations fall into two groups, depending on the 
permeability of the rock assumed to underlie the host rock (limestone or shale;
Fig. 1 ). The assumption of limestone leads to shorter travel times in the marl 
and release into the Urnersee with a high dilution. Results of a calculation with 
low sorption in the geosphere are shown in Fig. 3. The assumption of shale gives 
a longer flow path within the marl. Release would be into the motorway tunnel 
(assumed to be collapsed) and from there directly into the biosphere above the 
lake without much dilution.

2.5. Conclusions from safety analysis

The safety analysis for Projekt Gewähr 1985 shows that the following aspects 
are important in a site investigation programme:

— The geometry of the lower boundary of the host rock and the hydraulic 
properties of the underlying formations;

— The hydraulic properties of the host rock (fracture flow/porous medium flow, 
geometries and hydraulic conductivities of shear zones and rock matrix, 
hydraulic gradients and porosities);

— Chemical composition of the groundwater;
— Gas permeability of the host rock.

Taking into account further processes and parameter ranges not considered 
for the project, the following determinations should be included in the previous 
list:

— The geometry and hydraulic properties of the decompressed zone around 
caverns and tunnels;

— Other radionuclide retardation mechanisms, e.g. matrix diffusion.

Near field release is mainly determined by the properties of the engineered 
barriers, and a similar list to that for the site investigation programme has been 
made for the study of the components of these barriers.
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3. DEFINITION OF SITE INVESTIGATION PROGRAMME

3.1. Aims of programme

The licence application for construction of a repository needs both a 
demonstration that it is possible to engineer a repository at the selected site and 
a quantitative assessment of its long term as well as operational safety. The final 
aim of the investigation programme is to provide the necessary site specific data. 
The programme is divided into various phases and the aims of each phase are to 
justify proceeding to the next phase rather than breaking off the investigations, 
and to provide input for optimized planning of subsequent phases.

3.2. Techniques for site investigation

The following techniques are available for the site investigation:

— Geophysical investigations carried out at the surface, in tunnels and caverns 
and in boreholes;

— Geological and hydrogeological surveys at the surface, in tunnels and caverns 
(if no lining is present) and in boreholes;

— Hydraulic tests (borehole and ventilation tests);
— Hydrochemical and geochemical measurements;
— Geotechnical tests;
— Boreholes, from the surface, in tunnels and caverns for hydraulic and geo

physical measurements, and for sampling of rock, water and gas;
— Construction of a pilot tunnel and rock laboratory for detailed investigations 

in the repository area.

3.3. Sequence of investigations

The investigation programme has been divided into two main phases. The 
second consists of the construction of a major pilot tunnel and rock laboratory. 
The site investigations should create only a minimum number of potential water 
flow paths from the repository. Therefore, a pilot tunnel should follow as much 
as possible the planned course of the final repository tunnels and caverns. One 
of the aims of the first phase of the site investigation programme is to provide 
data which can contribute to the optimum design with respect to the positions 
of the tunnels and caverns. Another aim is to test in an early phase whether the 
assumptions and parameter values used for Projekt Gewähr 1985 were realistic, 
too pessimistic or too optimistic. One extreme implication of too optimistic 
assumptions could be that the site might be categorized as unsuited for disposal 
of all or part of the wastes currently allocated.
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Another feature which influences the sequence of the site investigations is 
that some investigations can help to optimize others, e.g. geophysical techniques 
might indicate the positions of shear zones, which then can be tested in boreholes. 
Logistics will also determine the sequence of investigations. Finally, regulatory 
and political aspects can influence time-scales; for example, deep boreholes and 
tunnels are permitted only when a measuring programme has been initiated to 
monitor possible impacts on existing wells.

These considerations have led to a programme divided into Phases 1 A, 1B1, 
1B2 and 2. Figure 4 illustrates the sequence of investigations. At present only 
Phases 1A and 1B1 are defined in detail. Phase 1A consists of a geological survey 
and a survey of wells and, in principle, does not need licences. Phases 1В1 to 2 
need governmental and often local licences. In Phase 1B1 all investigations are 
planned to provide data which are needed to confirm the critical assumptions on 
the basis of which the site was chosen. Phase 1B2 would provide the data which 
are still needed for the design of the pilot tunnel after Phase 1В1. Between 
Phases 1 and 2 an evaluation of all results will be made, which is also required by 
the authorities.

The topography at Oberbauenstock does not make it easy to perform 
investigations from the surface; therefore, most investigations in Phase 1 will be
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carried out in existing underground structures. The activities listed in Fig. 4 have 
the following direct aims:

— The well survey and monitoring will form the basis for an evaluation of a 
possible impact of the investigation on existing wells and will give additional 
information on the origin of the water.

— The civil engineering survey will review the status of existing structures for
an evaluation of possible damage, e.g. by drilling or geophysical investigations.

— The surface geology will give more details, e.g. of major discontinuities and 
hydrogeological features.

— The geophysics of the existing tunnels should indicate the lower boundary 
of and inhomogeneities in the marl, e.g. by geoelectric and seismic measure
ments.

— The deep borehole is primarily for investigation of the lower boundary of 
the marl and calibration of seismic measurements. If possible, it will also 
be used for geophysical and hydraulic tests, otherwise a second deep bore
hole will be planned for Phase 1B2.

— The short boreholes are meant for geophysical and hydraulic tests, especially 
of the more permeable zones, e.g. shear zones.

— It is expected that preliminary studies of the existing decompressed zone 
will also involve short boreholes to test hydraulic properties.

— ‘Studies’ (Fig. 4) comprise all laboratory and theoretical studies as well as 
safety and performance analyses to continuously evaluate new results in 
respect of long term safety.

After Phase 1B1, a possible Phase 1B2 will be defined. Before boreholes 
into the repository area can be licensed, a feasible procedure for properly sealing 
these boreholes must be documented. Additional studies in the decompressed 
zone might be necessary. If the hydraulic measurements indicate that gas 
transport through the host rock could be impeded, special gas permeability 
measurements will have to be carried out. If Phase 1B1 should show the existence 
of a significant unsaturated zone around the existing caverns, further tests may 
be needed. Additional boreholes and seismic studies are foreseen only if the results 
of Phase 1B1 indicate their necessity.

4. DISCUSSION

Although the first investigations are mainly intended as a check on the pre
liminary assumptions, much weight will be put on the evaluation of parameter 
ranges and distributions. The safety analysis showed that it is often not easy to 
decide which side of a range is preferable. For example, impermeable barriers 
might restrict water flow but also hinder the release of gases produced in the
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waste, or a higher conductivity in the decompressed zone might restrict radio
nuclide transport within the repository to diffusion, but could also enhance trans
port to the biosphere once the nuclides have passed the engineered barriers. 
Therefore, ranges and distributions will have to be used in the safety analysis.

This paper presented the principal components of the site investigation 
programme along with the procedure which led to their definition from a safety 
analysis with preliminary data. During the site investigations, results will be 
evaluated and used in safety analysis. This continuous interaction is intended 
to make possible the optimization of the investigations in respect of long term 
safety.

A similar interaction between safety analysis and civil engineering studies 
will also have to account for the influence of the long term safety goals on the 
design of the repository and its engineered barriers.

All results from the site investigations and design studies will be used in a 
final safety assessment. The results will provide a procedure for allocation of the 
waste either to a low and intermediate level or to a high level waste repository.
The option of a repository for low level waste only is also still under consideration 
in Switzerland.
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Abstract
GEOCHEMICAL, GEOMECHANICAL AND GEOPHYSICAL MEASUREMENTS AND 
TESTING OF AN UNDERGROUND DAM DURING THE FLOODING OF A SALT MINE.

The abandoned potash mine in Hope in the north of the Federal Republic of Germany 
was flooded with NaCl saturated brine. A research programme running concurrently was 
designed to register and evaluate data on the geochemical, geomechanical and geophysical 
processes occurring before, during and after flooding. In addition, a bulkhead was built 
using new materials and seals for testing under a hydrostatic pressure of approximately 
2.5 MPa. The work is part of a comprehensive research project to investigate the processes 
occurring during hypothetical water or brine inflow into a repository for radioactive waste 
in salt formations. 1

1. INTRODUCTION AND PROJECT DESCRIPTION

In conjunction with safety considerations for a final repository in salt 
formations -  according to the concept of the Government of the Federal Republic 
of Germany — investigations into the hypothetical accident scenario of an inflow 
of water or brine into a repository are of particular significance. Although such 
a scenario is not very probable, it cannot be entirely excluded, especially in the 
post-operational phase.

The Kali und Salz AG potash salt mine in Hope, abandoned in 1982, was 
planned to be flooded with NaCl saturated brine resulting from the solution 
mining of storage caverns in salt formations near Hannover (Fig. 1). This provided 
a unique possibility of extending research work to the real scale of 1:1, offering 
the opportunity to compare and/or confirm previous findings, statements and 
scenarios.
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N S
HOPE S H A F T  A D O LFSG IÜ C K  S H A F T

The Hope salt dome has an almost circular shape and covers an area of about 
25 km2, with a diameter of almost 6 km at its top (Fig. 2). Seismic and gravimetric 
measurements together with deep drilling showed a marked salt overhang of the 
salt dome to the south, east and north. The Zechstein base lies at a depth of 
4000 m. Active uplifting of the salt dome took place between the Triassic and 
the Muschelkalk.

The Hope potash mine dates back to the year 1907, when the sinking of 
the first shaft began. In 1909 the construction of the second shaft at Hope was 
started. The mine was in production between 1912 and 1926 and between 1963 
and 1982. The total mined-out volume is roughly 1.6 million cubic metres.

Although, on the one hand, the mineralogical and mining aspects of the 
Hope mine are not directly comparable with those of a repository for radioactive 
waste, and, on the other, the investigations are concerned mainly with the study 
of general phenomena, they do allow a better understanding of the processes 
involved. The know-how gained at Hope can thus be integrated into the safety 
analyses of repositories for radioactive waste in salt.

In early 1983 the planning of an R&D programme was begun with the aim 
of compiling the most important data on the processes occurring during and 
after the flooding of the mine, i.e. geochemical, geophysical, geomechanical and 
technical findings. The development, testing and implementation of instruments 
in highly concentrated brines under hydrostatic pressures between approximately 
2 and 8 MPa is an additional part of this project.
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A total of 18 measurement stations (Fig. 3) were installed at four different 
levels in the mine (724, 621, 500 and 324 m), comprising 5 geochemical, 4 geo
mechanical and 8 geophysical stations, as well as a bulkhead with an elaborate 
measurement and instrumentation system.

The instrumentation work in the Hope mine and the work on the data 
compilation station in the survey container above ground were commenced in 
August 1983 and concluded between November 1983 and February 1984. 
Flooding was started on 12 March 1984 and is scheduled to be terminated at the 
beginning of 1987.

2. GEOCHEMICAL SURVEY PROGRAMME

2.1. Description

The direct objectives of the geochemical measurement programme in Hope 
may be itemized as follows:

(a) Observation of the chemical changes within the introduced NaCl solution 
and the resulting dissolution and precipitation processes;

(b) Comparison of the theoretical estimations of changes in the brine composition 
up to final equilibrium with in situ behaviour;

(c) Determination of the time required for solutions to achieve saturation with 
respect to salt minerals cropping out within the mine;

(d) Study of material and heat transport in flooded non-backfilled roads, 
galleries, chambers and shafts;

(e) Observation of an air bubble formed in the mine during flooding.

Four of the five geochemical survey stations operate under brine whereas 
the fifth, at the highest point of the mine (324 m level), records the behaviour of 
the air bubble. Temperature, pressure, conductivity, sound velocity and flow 
velocity in the x-, y- and z-directions are measured in the brine at four locations 
corresponding to different mineralogical compositions. The data collected provide 
both qualitative and semiquantitative information on dissolution, precipitation, 
temperature distribution and transport phenomena in the flooded mine. In the 
air bubble the temperature, pressure, relative humidity and brine level are 
measured. In addition to surveys in the mine using fixed probes, surveys are also 
carried out from above ground using mobile probes in two shafts of the mine.
In doing so, continuous profiles down to a depth of 500 m are recorded, including 
values for density, pH, Eh and 0 2 concentration. Sampling and chemical analyses 
of the samples taken from various depths form a further part of the programme.
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2.2. First results

The most important results to date are presented by way of example in 
Figs 4-6. Figure 4 is a quantitative representation of the midterm theoretically 
predicted solution and precipitation processes occurring during contact between 
introduced NaCl solution and the kieserite and sylvite minerals in the Hope mine. 
One cubic metre of introduced NaCl solution contains 317 g/L NaCl and minor 
quantities of K+, Mg2+ and S04_. This solution is capable of dissolving 0.07 m3 
sylvite and 0.1 m3 kieserite, producing 1.05 m3 of quinary M-solution composed 
of 136.3 g/L NaCl, 98.5 g/L MgCl2, 101.9 g/L KC1 and 81.1 g/LMgS04, with 
precipitation of 0.04 m3 halite (NaCl) and 0.09 m3 glaserite (3K2S04-Na2S04).

The Mg-S04-K2 triangle in Fig. 5 shows all the stable quinary solutions 
marked by letters. The shaded area shows the theoretically expected development 
of thè solution in the Hope potash salt mine, starting from the composition of 
the initial solution on 12 March 1985 and reaching point M. The squares represent 
points at which solution samples have been analysed since the time flooding was 
started up to 7 October 1985. From this it can be seen that the postulates have 
so far been confirmed by the in situ measurements.

Figure 6 shows the values measured by geochemical station 4 probes at 
the 724 m level for temperature, electrical conductivity, velocity of sound and 
pressure in the salt solution. The increases in conductivity and velocity of sound 
clearly indicate an increase in salt content of the solution at this location. But
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if we take the temperature and pressure dependence of conductivity and velocity 
of sound into account, the curves also show that the dissolution and corresponding 
change in composition of the solution are relatively slow. The saturation of the 
introduced NaCl solution with potassium and magnesium is slower than expected. 
Investigation of the rapid conversion and dissolution processes at various locations 
in the mine buildings and in the Hope and Adolfsglück shafts was successful. The 
investigation of the long term conversion processes is ensured with a continuation 
of the R&D programme. The expected equilibrium solution at point M of the 
quinary system will probably first be achieved in a few years. Therefore, further 
measurements, above all in the shafts, are important.

Measurements with mobile probes in the open Hope shaft and backfilled 
Adolfsglück shaft showed fundamental qualitative differences in the behaviour 
of the solution. Whereas the strong currents in open shafts cause rapid material 
transport, it was possible to show that temperature and density gradients had 
become established in the still solution present in the backfilled Adolfsglück shaft. 
This is an important result since, as earlier shaft measurements had shown, material 
transport in still solutions only occurs through diffusion, i.e. very slowly. Possible 
nuclide transport in a backfilled shaft would also take place only at a low rate. 3

3. GEOMECHANICAL SURVEY PROGRAMME

3.1. Description

Despite the existence of a number of flooded mines, insufficient data are 
available concerning the stress-strain behaviour under such conditions. The 
geomechanical measurements undertaken in the Hope mine are thus intended 
to allow local and general observations, and have the following direct objectives:

(a) Testing fixed geotechnical measurement devices in situ in an air bubble to 
determine the suitability and reliability of standard geotechnical measuring 
equipment for long term observations;

(b) Recording the stress-strain behaviour in the rock salt at four selected 
stations in drifts with increasing pneumatic and hydraulic internal pressure;

(c) Entering in situ measurement data, taken before, during and after flooding, 
into the computer models running concurrently with the project.

Four geomechanical survey stations (Figs 3, 7), one at the 724 m level, 
two at the 500 m level and one in the air bubble at the 324 m level, have been 
recording the deformation behaviour of the rock salt since November 1983. 
Volumetric convergence surveys and inclinometer/extensometer and dilatometer 
recordings are taken at hourly intervals. Figure 7 shows the basic set-up of a 
geomechanical measurement station.
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F I G .  7 . G e o m e c h a n i c a l  m e a s u r e m e n t  s t a t i o n :  b a s i c  d e s ig n .
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c o n s t r u c t i o n  o f  a  b u l k h e a d .

3.2. First results

Figure 8 shows, by way of example, the results of the convergence measure
ments in the Hope mine before, during and after flooding. The convergence rates 
measured before flooding accord with predictions and experience gained from 
earlier measurements in air filled cavities. They also concur quantitatively with 
the results from finite element method computations. For example, a convergence 
rate of 1.23 mm/a was computed and 0.9 mm/a was measured for the 500 m level.
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On the other hand, the convergence behaviour after flooding differed from expec
tations. A reduction in convergence velocity is expected with the increase in 
counterpressure due to the salt solution. However, in contrast, a significant 
increase of 2.9 mm/a after flooding was measured. The reasons for this have not 
yet been definitively established.

A possible explanation might be that the salt solution of low temperature 
acts on the walls contacted whilst the hydrostatic pressure of the solution is still 
slight. The temperature reduction at the face causes a short phase of elastic 
contraction of the rock. The induced stresses are released by accelerated creep.
The horizontal convergence measurements (Fig. 8) probably recorded this resultant 
increase. In the long term the predicted trend towards lower convergence rates is 
expected to occur.

4. GEOPHYSICAL SURVEY PROGRAMME

4.1. Description

In the geophysical survey programme the microseismic behaviour was 
recorded before, during and after flooding using five single-component geophones 
at the 724, 621 and 500 m levels, as well as a three-component geophone at the 
324 m level (Fig. 3).

4.2. First results

Evaluable measurements have been available since 1 February 1984. Prior 
to flooding, the number of recorded microseismic events in the Hope mine was 
low, but of a comparable quantity to another salt mine in the Federal Republic of 
Germany (Asse). However, the number of recorded incidents rose sharply 
immediately after the start of flooding. During short interruptions in the flooding 
operations, a marked decline in these events also occurred, the number rising 
again immediately after renewed filling with brine (Fig. 9). It must also be recog
nized that this phenomenon is not restricted to the initial flooding phase. For 
example, in September 1985 the incident rate again increased significantly. This 
had been preceded by a four-month interruption in flooding. This is a clear 
indication of the relationship between the flooding and the event frequency.

The majority of events were of short duration (approximately 100 ms), with 
frequencies around 200 Hz. The characteristics of the seismograms were not 
different before or after the flooding. Around mid-May 1984 a series of low 
frequency (approximately 50 Hz) and longer (approximately 30 s) events was 
recorded. On the basis of preceding events, it was possible to identify some as 
rock falls; others are thought to be of similar origin. Marked stress release activity



646 HERBERT and STOVER

F L O O D I N G  R A T E

(m l/h) i

N o .  O F  E V E N T S

200-,
100 -

10-
juT U ^

о
FEB. MAR. APR. MAY

1_

.?Lijl1 J 1 i1
I SEP 1

10-
« • '  b i d

OCT. I
f » *  l i , J I  I-n 1 « ■ •___
1 NOV. 1 DEC. ГМ ........ ..

JAN.
1984 1905

2 0 0-,

200-1
100 -

T ■ Л я  I  . L « ,  j
JUL. I AUG.

200-1

i.__j j  ,'ili fa, t
NOV. DEC.

F I G .  9 . R e g i s t e r e d  m i c r o s e i s m i c  e v e n t s  a n d  b r i n e  f i l l  r a te s .



IAEA-SM-289/30 647

DEPTH
(m)

1D0 - 

200 

300 

400 

500- 

600- 

700 -

0 100 200 300 400 500 m
W—

324 m

“ :500 m

о » 6 2 1 m

»EVENT • GEOPHONE 

F I G .  1 0 .  L o c a t i o n s  o f  m i c r o s e i s m i c  e v e n t s .

occurred almost exactly one year later. At this time flooding had reached the 
500 m level. The incidents could be accurately located at this level.

Figure 10 shows the depths of the event locations. At the start of flooding 
the majority were located around the 550 m level. This zone was also active prior 
to flooding. An explanation could lie in the statics of the mine excavation and the 
geological structures. During the next flooding stage it was observed that the area 
of strongest activity was also pushed upwards as the flooding level rose. These points 
will have to be clarified during the continuing measurements and evaluation 
programme.

The following are possible explanations for the activities recorded:

— Leaching of load bearing rock sections in the flow paths or in the flooded 
section of the mine.

— Formation of cracks due to volume changes caused by cooling of the rock 
mass. Some of the events located in the galleries could be accounted for 
by such a process.

— Stress changes due tó the mass of brine introduced (approximately 
2500-4500 t/d). This is presently regarded as the most likely cause. This 
would explain the immediate start of activities at the start of flooding. Exact 
calculations have, however, still to be carried out.

— Sliding on previously existing cracks, produced by the increased relative 
humidity. This effect could be classed only as a secondary effect since the 
relative humidity climbed sharply at the start of flooding.
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5. CONSTRUCTION AND OBSERVATION OF A BULKHEAD

5.1. Description

Besides geochemical, geomechanical and geophysical investigations, a bulk
head was constructed to a scale of 1:1 for testing under accident scenario condi
tions 500 m below the surface. The test is also designed to provide a realistic 
exercise for studying the transferability of laboratory results to in situ conditions 
as well as for verification of calculations and predictions. No instruments have 
been employed as yet for measurements under increased static and hydraulic 
compression where data have to be transferred over large distances.

This is the first opportunity for measuring and estimating the tightness 
and consequently the efficiency of a bulkhead in a gallery under a brine pressure 
of approximately 2.5 MPa and, later after additional flooding, of about 6 MPa. 
Possible leakage paths are to be determined, as is the rate of flow within the 
bulkhead. Furthermore, the stress distribution and the deformations and displace
ments of the hulkhead are to be measured.

The bulkhead consists of two supports with an inner seal and a surface seal 
on the brine side (Fig. 11). The front seal is designed to spread the loads and 
prevent the salt concrete-rock interface from reopening. The inner seal is set in 
a circumferential groove cut in the rock salt. This is designed to prevent brine 
from leaching past the bulkhead. The inclined outer surfaces (giving the bulkhead 
an overall wedge shape) produce an efficient load transfer and prevent individual 
bulkhead components from shifting. The inclination of the roof section is designed 
to provide a gap-free joint to the rock formation.

Both bulkhead supports are made of salt concrete. Besides the requirements 
for a minimum compressive strength and a construction material with low permea
bility, the salt concrete mixture was to be optimized according to manufacturing 
and production techniques. The inner seal is made of sand asphalt.

The following parameters are measured at the bulkhead:

— Pressure distribution within the rock
— Pressure buildup at the supports
— Temperature distribution in the bulkhead
— Tightness of the bulkhead
— Dislocation of the construction
— Brine level behind the bulkhead.

5.2. First results

The curing behaviour of the concrete was recorded using temperature sensors. 
The maximum curing temperature was approximately 72.4°C at the centre of 
support A (Fig. 11) two days after termination of the concreting. These sensors
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also enable temperature compensation to be made for further measurements. 
Moisture transducers indicate the penetration of the brine into the support from 
the brine side. Two independent systems are installed at the air side of the bulk
head to measure liquid levels and to allow the volume of any brine inflow to be 
determined. On the brine side two distance gauges register all bulkhead 
displacements.

The 91 different data measurements can be scanned in a cycle between 1 
and 24 h. The values are amplified in situ and transmitted over approximately
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5 km to a measurement container above ground by means of two independent 
cable runs. All data are recorded on magnetic tape and are directly monitored 
on screen. After a measuring period of 17 months the construction was submerged 
under about 60 m brine in February 1986. The intended brine pressure of
2.5 MPa is expected to be reached in May 1987.

Some 525 d after measurements were started a significant pressure increase 
is recognizable, which is temporally correlated to the flooding of the bulkhead, 
at the contact between the bulkhead and the salt rock (Fig. 12). The sudden 
pressure increase indicates frictional connection, i.e. internal contact between the 
converging rock and the bulkhead. Fissuring caused by stress buildup during 
excavation, possible shrinkage and minor convergence events do not allow a 
frictional connection immediately after completion of construction. The con
tinuous convergence of the salt dome leads after a certain time to such a contact 
and hence to a pressure buildup. The temporal relationship between the frictional 
connection and flooding is no coincidence. It is probably a result of the accelerated 
convergence of rock salt during entry of the solution. This result accords well 
with the rock mechanical measurements.

Should instrument failure prevent acquisition of definite data on the tightness 
of the bulkhead, then the possibility of drilling a borehole in the dead-end gallery 
behind the bulkhead must be considered.

6. SUMMARY

Although the measuring programme of the Hope project is still continuing 
and the evaluation and assessment of the results are still under way, the overall 
results obtained in the project during the first three years are without question 
very positive and valuable.

From an engineering point of view the experience gained and documented 
could be of great value in the design of similar projects in the future. From a 
research point of view some of the objectives set have already been achieved and 
additional interesting results are expected. All of the results will be of great 
importance in the assessment of the long term safety of radwaste repositories in 
salt formations.
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Abstract

SAFETY ANALYSIS AS A BASIS FOR THE DESIGN AND CONSTRUCTION OF THE 
KONRAD REPOSITORY.

The safety analysis performed for the operational phase of the planned repository in the 
former Konrad iron ore mine has reviewed, in an iterative process, the extent to which the 
design of the plant itself and the design of the waste packages to be disposed of meet the safety 
requirements in the case of normal operation and design basis incidents. The investigations have 
shown that a repository can be designed in such a way that incidents can be avoided or controlled 
and that radiation exposure remains below the dose limits set by the Radiation Protection 
Ordinance of the Federal Republic of Germany for normal operation and incidents. Results of 
these investigations form the basis of defined safety requirements to be met by the design and 
construction of the Konrad repository and/or the waste packages. These requirements ensure 
that even under incident conditions no inadmissible radiological effects may arise. Experimental 
investigations of retention processes within the facility are taken into account. 1

1. INTRODUCTION

In the Federal Republic of Germany it is intended to dispose of radioactive 
waste with negligible thermal impact on the host rock in the former Konrad iron 
ore mine. According to the Safety Criteria for the Disposal of Radioactive Wastes 
in a Mine, announced by the Federal Minister of the Interior [1], the required 
safety of a repository constructed in a geological formation must be demonstrated 
by a site specific safety analysis which includes the respective overall geological 
situation, the technical concept of the disposal mine and the waste packages.

On the basis of the plans for and design of the repository and the waste 
characterization, the total system comprising the overall geological situation, the 
mine and the waste is subjected, in an iterative procedure, to a safety analysis, 
from which the requirements on radioactive waste result.

653
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Criteria of the safety analysis are given by limitation of the radiological 
effects on plant, personnel and environment. After an appropriate examination 
within the scope of the licensing procedure the requirements thus determined 
lead to final disposal requirements. Since only radioactive waste with negligibly 
low heat development is to be emplaced in the Konrad repository additional 
requirements on the waste packages must be specified.

The present paper is limited to the safety analysis during the operational 
phase. It describes the evaluation of the safety analysis for normal operation and 
design basis incidents and the influence of the analysis on the design and con
struction of the Konrad repository.

2. NORMAL OPERATION

2.1. Procedure

With the application of the Strahlenschutzverordnung (StrlSchV, Radiation 
Protection Ordinance) of 1976 [2], the limitation of radiological effects is 
achieved by observance of the dose limits of Paras 44 and 45 for the environment, 
the dose limits of Paras 49-52 for personnel, and the limiting values of surface 
contamination according to Annex IX.

Limitation of the occupational individual dose due to radiation from the 
waste packages leads to limitations of the local dose rate from these packages. 
Limitation of the occupational individual dose due to internal and external 
radiation from released radioactive substances results in limitations of surface 
contamination and -  in connection with requirements on the properties of the 
waste products and packages -  limitations of activity.

Figure 1 shows the relationship between, on the one hand, the complex of 
local dose rate and radionuclide inventory of the waste packages (or the whole 
repository) and potential exposure of personnel and the environment by external 
radiation, and, on the other hand, the complex of release of radioactive substances 
from the waste packages or their surfaces (or from the whole repository), due to 
the properties of the waste form and containers, and the resultant potential 
radiation exposure of personnel and the environment.

2.2. Inhalation

Figure 2 is a representation of the procedure for the derivation of the limiting 
values for the annual release of radionuclides via the air path or by liquid effluents, 
and for the potential radiation exposure of man in the environment and the 
operating staff. The limiting values for the annual release of radioactivity are 
specified on the basis of the waste spectrum to be disposed of. If, as a starting 
point, these limiting values are applied to radioactivity release in exhaust air via
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F I G .  1 .  R e l a t i o n s h i p s  b e t w e e n  r a d i a t i o n  a n d  a c t i v i t y  r e l e a s e  p r o p e r t i e s  o f  t h e  w a s t e  p a c k a g e s ,  

r e l e a s e  r a t e s  b y  r e t u r n  a i r  a n d  r a d i o l o g i c a l  i m p a c t s  o n  p e r s o n n e l  a n d  t h e  e n v i r o n m e n t  f o r  n o r m a l  

o p e r a t i o n  o f  t h e  r e p o s i t o r y .

a diffusor, in air from above surface facilities via a chimney and in liquid effluents, 
the potential dose for man in the environment of the plant can be calculated by 
means of propagation calculations. At the most unfavourable point in the environ
ment, the effective dose equivalent due to the release of radioactive substances 
from the waste via exhaust air amounts to about 7.5 X 10-s Sv/a and to about 
1.7 X 1СГ5 Sv/a for substances released with the liquid effluents; it thus lies clearly 
below the limiting values laid down in the Strahlenschutzverordnung.

The limiting values of the activity of the waste packages are derived on the 
basis of the limiting values of the annual activity release. The following main 
conditions underlie these calculations:

-  The repository comprises 26 storage chambers with a cavity volume of 
40 000 m3 per chamber and a useful volume of approximately 20 000 m3 
in which 10 000 waste packages will be emplaced.

-  The cavities remaining after emplacement will be backfilled. The remaining 
free volume amounts to 25% of the volume of the chamber.

-  After complete filling, each emplacement room will be sealed by a gallery 
dam.

-  A maximum of four chambers will be accessible at the same time.
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— The radioactive substances released from the waste packages are assumed 
to be airborne.

— A specified tightness of the waste packages is assumed only for the period 
during which the emplacement rooms are accessible.

— Owing to air pressure fluctuations, activity will not be released from emplace
ment rooms sealed with gallery dams.

— In the gallery dam, solid matter, iodine and radon from the waste packages 
are completely retained.

These requirements are met by a gallery dam of the following design:

— Length of the gallery dam structure, consisting of iron ore stowing material: 
about 25 m;

— 100% filling of the space;
— 20% pore volume.

Conditions under which airborne activity from abandoned emplacement 
rooms may be released into the ventilation galleries are volumetric reduction 
(convergence) of the remaining cavities, and diffusion through the chamber’s 
gallery dam and, to a lesser extent, through the loosened zone of the rock 
surrounding the gallery in the area of the chamber’s closing-off structure.

Activity release rates from waste packages have been derived for several 
radionuclides, e.g. 3H, 129I and 14C, and two groups of radionuclides for the waste 
form groups ‘metallic solid matter’ and ‘other groups of waste forms’.

The limiting values of, on the one hand, activity release and, on the other 
hand, the potential radiation exposure of the operating staff by inhalation (not 
more than 1% of the dose limit for the whole body pursuant to Para. 49 of 
StrlSchV) define the limiting values of the activity which can be stored per year. 
The construction measures to be taken on the basis of the safety analysis are the 
following:

— Height of diffuser: 45 m;
— Each filled emplacement room shall be sealed by a gallery dam.

The following additional measures are planned in order to reduce the potential 
radiation exposure of the operating staff due to inhalation:

— Requirements for the waste packages,
— Examination of the waste packages for surface contamination,
— Parallel ventilation of the emplacement and excavation areas,
— No permanent work in areas with contaminated exhaust air.

By these measures the personal dose due to inhalation by staff working within 
the controlled area shall be limited to one-hundredth of the limiting value, 
pursuant to Para. 49 of StrlSchV.
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2.3. Radiation

The main condition for use in determining the exposure rate of the staff due 
to direct or scattered radiation and for use in calculating the potential radiation 
exposure in the environment of the plant due to direct radiation and skyshine is 
the limitation of the local dose rate from the waste packages to 2.0 mSv/h at the 
surface, and to 0.1 mSv/h at 1 m from the surface of cylindrical waste packages 
and 2 m from the surface of rectangular containers. Figure 3 shows how the 
potential exposure rate for the operating staff and that outside the plant are 
derived.

The limiting value laid down in Para. 54 of StrlSchV (10 mSv/a, whole body) 
is the criterion for measures with regard to the exposure of the staff working 
permanently at certain places. The following protective measures will be taken:

-  Shielding of working places:
-  Examination of waste packages after delivery
-  Driver’s cabins for transport of waste packages
-  Driver’s cabins in emplacement vehicles
-  Driver’s cabins in cranes used for handling waste packages;

-  Automation of:
-  Dose rate monitoring
-  Surface contamination monitoring
-  Track mounted transport;

-  Remote control;
-  Time limits for work in unshielded areas.

The exposure rate outside the area of the Konrad mine from waste packages was 
examined during:

-  Delivery to the mine area
-  Transfer in the transfer station
-  Storage in the buffer hall.

Figure 4 shows the layout of the above surface facilities of Konrad shaft 2, 
where the radioactive waste packages are handled. The locations for the temporary 
placing of the waste packages are also shown. The dose rate is calculated along 
the fence; in addition to the direct radiation the contribution due to skyshine 
has also been included.

Under Para. 44.1 of StrlSchV, the whole body dose due to potential radiation 
exposure outside the fence of the plant has been limited to 1.5 mSv/a. As the 
contribution to the potential radiation exposure due to the release of radioactivity 
via exhaust air and liquid effluents is less than 0.1 mSv/a, at any place outside 
the mine the annual potential radiation exposure caused by direct radiation and 
skyshine due to the waste packages handled on the site must not exceed 1.4 mSv/a.
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1 Transfer station 9 Heliport
2 Winding tower with shaft hall 10 Parking place for trucks
3 Oiffuser 11 Suffer hall for waste packages
4 Guardhouse 12 Shielding walls
5 -8  Storage rooms and working areas

FIG. 4. Layout o f  the above surface facilities o f  Konrad shaft 2.

This requirement is fulfilled by the following measures:

-  Parking of trucks loaded with waste packages in places as far as possible 
from the fence;

-  Shielding of loaded wagons by two concrete shielding walls 130 m and 42 m 
in length, 3 m high and 0.35 m thick;

-  Optimization of emplacement operations with a view to shortening the 
delay times of loaded transport vehicles outside the transfer station;

-  Wall thickness of the transfer station: concrete 35 cm thick;
-  Required thickness of the walls of the buffer hall: concrete up to 60 cm thick;
-  Required thickness of the roof of the buffer hall to reduce the contribution 

of sky shine: concrete 40 cm thick.

With the layout of the surface installations described above, the limiting values 
specified in the Strahlenschutzverordnung for the potential radiation exposure 
in the environment of the facilities of Konrad shaft 2 can be complied with.

3. INCIDENTS 

3.1. Procedure

Incident analysis covers the definition of incidents conditional upon events 
inside and outside the plant. With a view to identifying and accounting for 
incidents, this analysis comprises a systematic analysis of the planned sequence 
of operations in the repository and of possible influences on the plant which are 
dependent on or independent of the site.
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Prerequisites for the incident analysis are that a sufficiently detailed concept 
of the plant, including a description of the sequence of operations, is available 
and that the properties of the radioactive waste to be disposed of are known.

To determine the incidents dependent on events inside the plant, the 
repository is divided into three areas:

— The above surface facilities
— The transporting facilities in the shaft
— The underground plant.

The above surface and transporting facilities only cover the installations of 
Konrad shaft 2, as radioactive substances are handled only here.

The sequence of operations in the above mentioned areas is investigated for 
the occurrence of undesired events. An event is regarded as undesired if it leads 
to a mechanical and/or thermal load on the waste packages and may therefore 
result in radioactive substances being released. In the main, only the following 
events can lead to mechanical and/or thermal stresses on waste packages:

— Dropping of waste packages
— Dropping of heavy loads on to waste packages
— Collision of a vehicle, with and without resulting fire
— Burning of a vehicle
— Fire inside the plant
— Explosion inside the plant.

The analysis of all sequences of operation in the repository has led to the deter
mination of about 50 undesired events which can be classified in accordance with 
Ref. [3] into the following two classes:

— Class 1 : incidents whose radiological effects are limited by the design of 
the plant and/or waste packages;

— Class 2: incidents which are precluded by the design of the plant and/or 
waste packages.

This classification is based on:

— An arrangement of individual events in representative groups;
— An evaluation with regard to the precautions to be taken and the resultant 

kind of proof to be furnished of such precautionary measures.

For the first class of design basis incidents it is proved by radiological 
calculations that the incident dose limits imposed by Para. 28, Article 3, of 
StrlSchV are complied with. For the second class of incidents no radiological 
calculations are required, but it is necessary to demonstrate that the precautions 
which have been specified have been taken. The incidents concerned are either 
prevented or controlled by these precautions.
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С Safety requirements in 
case of incidents are met )

FIG. 5. Derivation o f  requirements on the design o f  the repository and/or waste packages 
in the case o f Class 1 incidents.
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Hence the design and construction of the repository as well as the require
ments on the waste packages result from an iterative process which is shown 
schematically in Fig. 5.

3.2. Class 1 incidents

Following the analysis of undesired events, three incidents have been classified 
as being radiologically representative (Class 1 incidents) in the case of the Konrad 
repository:

Above surface facilities

-  Dropping of waste packages during handling from a height of 3 m to the 
ground of the hall.

Underground plant

-  Dropping of waste packages during emplacement in a chamber from a height 
of 5 m

-  Collision of a vehicle, resulting in a fire, during transport of waste packages 
in a transport gallery.

The necessary protective measures against these three types of incident are 
regarded as having been taken if the potential radiation exposures in the environ
ment of the plant, which have been determined for the incidents, are below the 
incident dose limits according to Para. 28, Article 3, of StrlSchV. This is 
guaranteed by the design of the facility (e.g. top limit of lift) and by the require
ments on the waste packages, such as the limitation of activity.

3.2.1. Requirements on waste packages

Requirements on the waste form, the packaging of the radioactive waste, 
and the composition and activity of radionuclides contained in the waste packages 
are derived from incident analyses. The determination of the radiological effects 
in the case of incidents is divided into the following steps:

-  Determination of the fractions of radioactive substances released from the 
waste packages as a result of incidents;

-  Determination of the retention of radioactive substances within the plant;
-  Calculation of the radiation exposure in accordance with Ref. [4] and 

derivation of the maximum permissible activities of a- and /З/7-emitters per 
waste package.
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To determine the fractions of radioactive substances released from the waste 
packages as a result of incidents, waste packages with a comparable release 
behaviour, characterized by the packaging of the waste and the waste form, are 
arranged in groups.

Six waste form groups have been defined, and the many different waste 
forms assigned to these groups:

-  Solid matter
-  Metallic solid matter
-  Cemented/concrete waste
-  Compacted waste
-  Concentrates
-  Bitumen and plastic products.

Two classes can be distinguished for the packaging of the waste, depending on the 
qualities of the waste container, which are characterized by the release behaviour 
of radionuclides from the packaging in the case of an incident.

Requirements on the composition and activity of the radionuclides in the 
waste package lead to an activity limitation criterion in the form of a sum rule. 
Limiting values derived for the activity of the radionuclides in the radioactive 
waste form the basis for the application of this criterion. Owing to the different 
release behaviours in the case of mechanical and thermal stresses, these limits of 
activity depend on the waste form group and the waste class. The activities in a 
waste package are checked for compliance with the limiting values defined for 
the activity by applying the sum rule. The criterion can either be used within 
a simplified procedure, exclusively with the limiting values of the activity of 
15 radionuclides which are radiologically the most important with regard to 
incidents, and for unspecified a- and (З/7-emitters, or it can be applied in 
connection with limiting values for the activity of other radionuclides.

3.2.2. Retention o f  radioactive substances within the plant

As indicated above, the derivation of limits of activity takes into account 
the retention of radioactive substances within the facility, for example the 
retention of aerosol bound activity resulting from incidental release within the 
mine openings.

A representative event is the dropping of a waste package during emplace
ment in a chamber from a height of 5 m. The return air is drawn off from the 
emplacement rooms through air ducts with a length of up to 1500 m using one 
or several fans, and then along air paths from the emplacement rooms to the up
cast ventilating shaft.

If it is assumed that the incident takes place when emplacement in the 
storage chamber is almost finished, the length of the air ducts is very short.
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TABLE I. RETENTION FACTORS IN 
RETURN AIR GALLERIES

Particle size interval 
(цш) Retention factor

0-5 0

5-10 0.15

10-20 0.15

20-30 0.26

30-40 0.49

40-50 0.69

50-60 0.84

Moreover, the chamber can be placed within a storage area in such a way that 
the transport path of the return air through the air duct into a return air gallery 
is minimal. Hence, the retention processes within the air ducts are not taken 
into account.

The effectiveness of the retention processes in the return air galleries from 
the storage area to the shaft depends on the length of the air paths, the ventilation 
velocity and the size distribution of aerosol particles. For the Konrad repository 
the most unfavourable conditions are when the air path length is 200 m and the 
ventilation velocity is 2 m/s. These are used as a basis for determining the radio
logical effects of the representative incident in the environment.

To quantify the transport and deposition behaviour of aerosol particles in 
the return air galleries, aerosol experiments have been carried out in the Konrad 
mine, covering a size range from about 0.1 to 60 /urn aerodynamic equivalent 
diameter (AED). The experiments show that the airborne aerosol concentration 
n¡ in the size range i as a function of transport time t in an underground gallery 
can be described by n¡ = n¡o exp(—ftt), where ni0 is the initial aerosol concentration 
The deposition rate ßi as a function of particle size has been determined from the 
reduction of n¡o along the transport path. The results obtained are applied within 
the safety analysis for the operational phase of the planned repository.

The retention factors in the return air galleries as a function of aerosol 
particle size are given in Table I.

3.3. Class 2 incidents

For Class 2 incidents it is sufficient to demonstrate in the licensing process 
that the precautions specified have been taken, since Class 2 incidents are prevented 
by these measures.
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Internal plant fires and explosions and/or unacceptable effects of these 
incidents are prevented by measures of active and passive fire protection, such as 
minimizing the amounts of inflammable material, keeping thèse away from 
ignition sources, fire cells, flaps in ventilation and air filtration systems, and 
explosion protection measures.

Examples of the realization of these general requirements in the design to 
prevent internal fire and the burning of a vehicle are given here for the transfer 
station:

— Automatic fire alarm system covering the whole area;
— Wall mounted hydrants, hand held fire extinguishers;
— Smoke funnel;
— Stationary deluge sprinkler in the truck lane at the point of transfer of the 

packages and at the place where the contamination of the trucks is measured.

The type and scope of precautionary measures described prevent the break
out and propagation of destructive fire. Fire is detected as soon as it breaks out, 
a fire alarm is given and the fire is effectively fought (by staff trained in fire 
fighting and fire brigades from the surrounding area). As a result of the active 
and passive fire protection measures, fire does not have any radiological effects 
on the environment.

All design basis incidents which have been identified in the area of the 
transporting plant in the shaft have been classified as Class 2 incidents. Extensive 
practical experience has been gained in transport operation in the shaft. This 
experience is reflected in the technical requirements for hoisting plants and 
inclined conveyors and in the additional requirements of the mining authorities 
for the design, operation and supervision of such plants. In this way a high degree 
of safety is guaranteed in the operation of hoisting plants in shafts.

In addition, essential safety elements which serve to prevent damage have 
been allowed for in the design of the Konrad 2 hoisting plant. The following are 
examples:

— A multirope hoisting plant has been provided in the Konrad 2 shaft.
— The checks of the insets in the shaft will be intensified. The mass of each 

waste package will be verified and the package adequately fixed during 
transport.

— The brakes of the winding engine and the stopping distances at the end of 
the guide rails will be specially designed.

— The speed control is checked continuously and at certain points.
— Loading and locking devices for the cage, which are included in the winding 

engine’s safety circuit, will be used at the pit-head bank and at the bottom.

Among the design basis incidents which may occur in the area of the hoisting 
plant is, for example, the dropping of waste packages when the cage is loaded
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above the ground. The precautionary measures taken with due regard to the 
situation in the Konrad repository are described below for this example.

The shaft is located symmetrically between the approach track and the 
return track. Each of the tracks, running in parallel, ends at a turntable equipped 
with telescopic pulling and pushing devices. The track haulage device of the 
transfer facility positions the platform lorry on the approach track in a lorry 
stop located in front of the turntable. The pulling device pulls the lorry on to 
the turntable which, for this purpose, has been turned into the direction of the 
approach track.

The loading operation from the turntable to the cage starts when:

— The brakes of the winding engine have been locked;
— The cage floor rests on the plugs;
— The turntable has moved to the direction of the cage;
— The empty platform lorry has been taken up by the turntable located in the 

return track.

Having been pushed up, the platform lorry loaded with a waste package is 
positioned in recesses in the rails. The lorry is fixed to the cage floor by retaining 
bolts which are operated automatically when the cage floor is lowered.

The design described above for the loading and locking devices guarantees 
that the dropping of waste packages during loading of the cage and physical 
damage to the waste packages due to the dropping of a platform lorry into the 
shaft are avoided.

REFERENCES

[1] BUNDESMINISTER DES INNERN, Sicherheitskriterien für die Endlagerung radioaktiver 
Abfälle in einem Bergwerk, Bundesanzeiger 35 2 (1983) 45-46.

[2] BUNDESMINISTER DES INNERN, Verordnung über den Schutz vor Schäden durch 
ionisierende Strahlen (Strahlenschutzverordnung — StrlSchV), Bundesgesetzblatt,
Teil 1 No. 125 (1976) 2905-2995.

[3] BUNDESMINISTER DES INNERN, Leitlinien zur Beurteilung der Auslegung von Kern
kraftwerken mit Druckwasserreaktoren gegen Störfälle im Sinne des § 28 Abs. 3 
StrlSchV — Störfall-Leitlinien, Bundesanzeiger 35 245a (1983) 3-9.

[4] BUNDESMINISTER DES INNERN, Störfallberechnungsgrundlagen für die Leitlinien 
des BMI zur Beurteilung der Auslegung von Kernkraftwerken mit DWR gemäß § 28 
Abs. 3 StrlSchV, Bundesanzeiger 35 245a (1983) 11-24.





IAEA-SM-289/32

ROLE, STATUS AND DEVELOPMENT OF 
PERFORMANCE ASSESSMENT IN THE SWEDISH 
NUCLEAR WASTE MANAGEMENT PROGRAMME

N.A. KJELLBERT, T. PAPP, C. THEGERSTRÖM 
Swedish Nuclear Fuel and 

Waste Management Company,
Stockholm, Sweden

Abstract
ROLE, STATUS AND DEVELOPMENT OF PERFORMANCE ASSESSMENT IN THE 
SWEDISH NUCLEAR WASTE MANAGEMENT PROGRAMME.

So far, the R&D efforts made by the Swedish Nuclear Fuel and Waste Management 
Company concerning the final disposal of spent fuel have been dedicated to showing the 
feasibility of a safe disposal concept. In the future, a greater emphasis will be placed on site 
screening and ranking and on the successive optimization of the disposal system. Hence, a 
further development of the performance assessment methodology used in the KBS-1 and 
KBS-3 feasibility studies is necessary. This includes detailed research related modelling of 
basic processes and phenomena, radionuclide transport modelling, probabilistic systems analysis, 
database development and confidence enhancement by, for example, validation and verifi
cation of models. 1

1. BACKGROUND

1.1. KBS-1 and KBS-3

In Sweden, the producer of nuclear energy is given the responsibility for thè 
safe handling and final disposal of the radioactive waste that it generates. The 
Swedish Nuclear Fuel and Waste Management Company (SKB) is owned jointly 
by the nuclear utilities and has the task to design, construct and operate the facilities 
necessary for waste management outside the nuclear power stations. The SKB is 
also executor of research and development work needed to accomplish an 
acceptably safe management system. The main R&D effort is placed on the 
repository for spent fuel and this paper will only treat performance assessment work 
related to that system. The geological investigations and the development of the 
SFR, a repository for low and intermediate level wastes, are covered in other 
contributions to this Symposium [1,2].

669
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NUCLEAR POWER UTIL ITIES

Contractors

FIG. 1. Organizational framework for SKB activities.

An authority entirely dedicated to the supervision of the SKB R&D pro
gramme has been organized by the Swedish Government; this is the National 
Board for Spent Nuclear Fuel (SKN). The authorities responsible for regulatory 
and licensing issues are the Swedish Nuclear Power Inspectorate (SKI) and the National 
Institute of Radiological Protection (SSI). The organizational framework for 
the activities associated with the task of the SKB is illustrated in Fig. 1.

So far, the SKB work on the final disposal of spent fuel and high level waste 
has been dedicated to showing the feasibility of safe final storage as required by 
the Stipulation Act (now replaced by the Act on Nuclear Activities [3]). On the 
basis of two reports, usually referred to as KBS-1 [4] and KBS-3 [5], and the 
aforementioned Acts, the Swedish Government has accepted the feasibility of 
the safe final storage of vitrified waste (1979) as well as spent fuel (1984).

1.2. Future research and development

The objective of the SKB R&D on the final disposal of spent fuel is at 
present to have a repository operational in the year 2020. A ten-year period is 
reserved for construction and another ten years for the whole licensing process, 
including handling by the Government, local community actions and public 
participation. Consequently, a siting application is needed around 2000.

For the next 15 years a number of secondary goals have been set (Fig. 2).
The ongoing site investigations will continue to the end of the 1980s, when the 
results for 10-15 sites will be evaluated. Two or three will then be selected for 
detailed investigations, including the sinking of an exploratory shaft down to
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repository level (500 m). The investigations are expected to require five to 
seven years to be completed.

In parallel to the site investigations, alternative designs for the repository and 
barriers will be assessed. Around 1993 enough information should be available to 
permit the selection of the most favourable barrier configuration. After this an 
optimization process will start, resulting in an optimized design for the most 
suitable site in 1998. Around 2000 a preliminary safety analysis report (PSAR) 
will be submitted to the Government in support of a siting application.

The disposal concept discussed in Sweden was presented at an earlier IAEA 
conference [6]. This paper will discuss the strategy and state of development of 
the assessment methodology, with the main emphasis on the availability of data 
and models.

2. ASSESSMENT STRATEGY

Since the long term future consequences of implementing a disposal system 
cannot be measured directly, one has to rely for predictions on assessments of the 
performance of the system based on mathematical modelling and short term experi
ments on parts and components of it.

1 9 9 0  2 0 0 0  2 0 1 0  2 0 2 0  2 0 3 0  2 0 4 0  2 0 5 0

Д  Д Д Д Д |

R&O and Site Investigations

Systems design & optimization

Technology development

Licensing, etc.

I Design Operation

Construction

Л Updating of R&D programme

▲ J Safety evaluation for 
site comparisonLICENCE

APPLICATION ▲ 2 Safety evaluation for 
final site selection

FIG. 2. Overall time schedule for the SKB R&D programme.



672 KJELLBERT et al.

During the different phases of the development and licensing of a final reposi
tory the objectives behind the assessment will shift. In the early stages, the per
formance of the parts of the repository is evaluated to guide the development of 
the system and the R&D effort. In an intermediary phase a balance must be 
found between the safety barriers, and the design of the system must be optimized 
with respect to performance and cost at a level of acceptable safety. At the licen
sing stage it must be demonstrated formally that the system possesses safety 
characteristics in compliance with the requirements of society. All these aims pose 
different requirements on the quality of the performance assessments.

The activities of the Nuclear Fuel Safety Project (KBS) represent a mixture 
of the early and the licensing stages since the development of the disposal concept 
was carried out alongside the studies of feasibility that were required by law. The 
strategy adopted for the performance ássessments of KBS-1 and KBS-3 was adjusted 
to the fact that in a feasibility study certain simplifications can be made to the 
analysis as long as it can be shown that the consequences are not underestimated.
It must be shown that the technology exists to create the system, that under
standing and data are sufficient to determine some upper boundary for the conse
quences, and that this upper boundary is still acceptable to society. No credit 
can be taken for beneficial phenomena unless their effects can be quantified.

Since the data and models for the evaluation of the performance of the 
barriers are of different quality, the safety margin applied to avoid underesti
mating the effects will also vary. This implies that the system will be far from 
optimized and that the barriers in the repository will not be appropriately balanced 
for the most efficient effect under likely circumstances.

After publication of KBS-1 and KBS-3 the performance assessment R&D 
goals were redefined. We are now entering a phase in which more site specific 
studies have to be made as a basis for the process of selecting a site and designing 
the repository. This necessitates the further development of the appropriate 
procedures and methodology for:

— The continued identification of R&D priorities;
— Evaluating a number of possible alternative sites and barrier concepts in 

order to form a basis for site screening and ranking as well as optimization 
of the repository design ;

— Providing the necessary database and models for the evaluation of the 
alternatives;

— Assessing the uncertainties in the performance, consequence and safety 
predictions and the sensitivity of the results to variations in design parameters 
and uncertainties in database components;

— Doing a safety analysis of the final disposal concept;
— Increasing the credibility of and confidence in the predictions.

The development of the necessary ingredients -  the models and the database -  
is described below.
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FIG. 3. Assessment procedure used in KBS-3.
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3. MODEL DEVELOPMENT

A very important ingredient in the SKB performance assessment plan is the 
continued modelling work at different levels:

— Detailed research related modelling of processes and phenomena in geo
chemistry, fuel matrix dissolution, radiolysis, etc., and their interactions 
(scientific models) ;

— Near field, far field and biosphere modelling for radionuclide transport 
calculations (assessment models);

— Development of a computer code for use in uncertainty and sensitivity 
analyses, as well as in probabilistic safety assessments, where inputs can be 
entered as probability distributions (probabilistic systems analysis models).

TABLE I. ASSESSMENT CODES IN SKB PERFORMANCE ASSESSMENT 
WORK

Code Use Features

HYPAC/GWHRT Geohydrology 3-D, homogeneous medium, 
double porosity 

Forced convection 
Various boundary conditions 
Finite elements

QEQCAL Near field migration Design specific
Diffusion through clay barrier to 

cracks in rock

LCHCAL Near field migration Chain decay 
Solubility limitations

NUCDIF Far field migration 1-D matrix diffusion 
Single nuclide
Decaying band concentration 

boundary condition 
Semi-analytical

TRUCHN
(TRUMP)

Near and far field 
modelling

General 1-D, 2-D or 3-D 
Chain decay
Arbitrary boundary condition 
Integrated finite differences

BIOPATH Biosphere modelling 
and dose calculations

Compartment theory



IAEA-SM-289/32 675

The basic research, the collection of data and the detailed modelling of 
processes and phenomena constitute the scientific basis for the rest of the 
assessment and modelling work. Results from scientific models are often used 
directly as inputs to the assessment models.

The scientific background will continue to be emphasized by the SKB. At the 
same time, efforts will increase with respect to the quality of the computer pro
gramming, administrative control, the testing of computer codes, and other 
measures for enhancing the confidence in the model predictions, such as verifica
tion and validation (Section 6). The importance of models in the KBS-3 safety 
analysis can be understood from Fig. 3.

The SKB is also supporting work on the modelling of coupled processes such 
as hydrology-geochemistry and rock mechanics-hydrology. Further development 
of the assessment models used in KBS-3 as well as new ones is taking place together 
with efforts to streamline the computer program interfaces in order to obtain a 
smoother administration of the assessment code package.

A collection of assessment codes (some of which can also be regarded as 
scientific codes) that have been used in the KBS work or will be used in the future 
is given in Table I.

4. PROBABILISTIC SYSTEMS ANALYSIS

4.1. The PROPER code

The new performance assessment tool developed by the SKB, the PROPER 
computer code, is designed for use in identifying R&D needs, site selection, etc., 
as described above. It allows the following possibilities:

-  To use probability distributions for the input parameters to obtain the 
related uncertainty in the computed results,

-  To do sensitivity analysis to find the most important parameters with respect 
to the results themselves as well as their variability,

-  To have a very general and modular system for the fast and flexible handling 
and linking of a library of submodels for radionuclide transport calculations 
(assessment models).

PROPER is inspired by and to some extent based on the ideas of the SYVAC 
code of Atomic Energy of Canada Limited. Like SYVAC, it uses a Monte Carlo 
technique to find the variability of the results. This technique necessitates the 
use of simplified submodels representing radionuclide transport.
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F I G .  4 .  P R O P E R  e x e c u t i v e  p r o g r a m .

F I G .  5 .  P R O P E R  m o d u l a r  c o m m u n i c a t i o n .

4.2. The executive program

The core of PROPER is the executive program [7], a very general system 
for the linking of program modules (submodels, i.e. subroutines or separate 
programs) and the handling of communication between them, for sampling 
input data and for collecting statistics from calculations (Fig. 4). The monitoring 
part of the executive program allows two kinds of input to the submodels: 
parameters and time series; and one kind of output: time series (Fig. 5). The 
user can make a choice from the library of submodels and link them any way 
he or she likes with the restriction that no feedback is allowed between submodels 
(Fig. 5).
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F I G .  6 . F i r s t  s e t - u p  o f  P R O P E R  s u b m o d e l s .

The post-processor (Fig. 4) is a separate program for statistical processing 
of the results. On account of the Monte Carlo simulation scheme, simplified 
submodels and variance reduction methods have to be used.

4.3. Submodels

The detailed scientific models are much too complicated to be used as 
submodels for PROPER. Rather, simplified submodels have to be used. The first 
set-up of submodels is depicted in Fig. 6. They are simplified versions of models 
used in KBS-3 and they are based on a generic site, KBS-3 design with one canister 
only and no variability in the biosphere.

The library of submodels will later be extended to incorporate the entire 
repository with spatial dependencies, site specific hydrology and biosphere, 
alternative designs and variability in the biosphere, etc., as the management pro
gramme moves ahead from site screening and ranking through design optimization 
to the preliminary safety analysis report.

5. DATA

5.1. Computerized database

The large amount of data generated from the geological site investigations 
and from the laboratory experiments has to be administered in a systematic way.
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To this end a computerized database is under development at the SKB. The 
objectives are:

— To accomplish centralized storage of data directly connected to the SKB, 
which has the overall programme responsibility ;

— To promote quality assurance and long term retrievability of data;
— To collect and structure data sets in a common database that is readily 

available to the scientists doing R&D and assessment work for the SKB;
— To provide a tool for making statistical analyses of data.

The hardware of the system is a VAX-11/750 computer. A flexible system 
for loading, storing and retrieving data is under development, and is based on a 
relational database system called MIMER. The data are organized in separate sets on 
geology, geophysics, hydrogeology and groundwater chemistry. For each of 
these areas the data generation and the data flow are being analysed in detail to 
determine how, at what stage and with what quality control procedures data 
should be stored. The system will be ready for use in mid-1986, but much work 
will still be done to improve it. Data from the Stripa investigations will also be 
entered.

The development of simpler assessment models will require a parallel develop
ment of appropriately lumped or reduced data sets without undue loss of primary 
information. This is particularly true for the simplified models which have to be 
used in PROPER.

5.2. Geoscientific data

Field investigations have been carried out in Sweden since 1977 to define 
site specific geological characteristics of importance for the safety of a final 
repository in crystalline rock. So far, more than ten areas have been investigated 
in detail, each investigation starting with extensive geological and geophysical 
surface mapping. In eight areas the investigation has been followed by diamond 
drilling of about ten coreholes down to depths between 500 and 1000 m. The 
fissures and the fissure filling material in the cores have been logged, the hydraulic 
conductivity has been measured in different sections of the holes and the ground- 
water has been analysed chemically. Furthermore, between ten and twenty 
shorter holes have been drilled, mainly to define the geometry and characteristics 
of existing fissure zones. As indicated above, such investigations will continue 
during this decade to give an extensive basis for site selection in Sweden. Thé 
data are needed for an overview and understanding of the Swedish bedrock in 
general and for the site selection process in particular. The SKB geological 
investigation programme is described in another contribution to this Symposium [ 1 ].
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5.3. Data on barrier materials

For the data on possible safety barriers the situation in Sweden is somewhat 
unbalanced. There exists an extensive database on those materials that have 
been studied in detail, such as copper and bentonite, while the data on other 
materials are rather scarce. The intention is to make an effort over a five-year 
period to screen all potential barrier arrangements that could be used in the 
Swedish crystalline rock. The intention is to have a continuous screening process 
so that R&D priorities can easily be adjusted as new data give new insights into 
the potential use of the different barriers.

5.4. Biosphere data

The data used in biosphere modelling are somewhat particular. Besides 
exhibiting substantial regional and local variations (for example, the geoscientific 
data), they are often also affected by change rates that are high compared with 
those characterizing stable areas of the geosphere and conceivable releases from a 
repository. The changes occur on different time-scales:

— Over a hundred years substantial changes can occur in the groundwater 
recipients owing to eutrophication of lakes, change of groundwater-level, 
etc. On the same time-scale substantial changes may also occur in the 
dose-effect relationship for man as a result of medical advances.

_  Over ten thousand years substantial climatic changes are expected to occur, 
such as a global temperature rise or regional glaciation.

— Over a million years evolutionary changes, such as the establishment of new 
species, might occur, including possible changes in man and his dietary habits.

This situation causes unavoidable uncertainties in the consequence estimations, 
and will reduce the possibility of a simple application of the knowledge of presently 
prevailing biospheric transfer factors. There is a need for international consensus 
on how these uncertainties should be handled.

To create a basis for a thousand-year perspective, the SKB is supporting the 
establishment of a joint regional biospheric database for Scandinavia, which will 
place a special emphasis on the brackish water system of the Baltic.

6. CONFIDENCE ENHANCEMENT

The degree of confidence that can be placed in results from models and 
computer codes is subject to some discussion among scientists in the waste 
management field. The SKB is involved in R&D work and programmes dealing 
with:
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-  Validation of models (or rather the concepts behind them);
-  Verification of the mathematical treatment in the models;
-  Calibration of simplified models against the more elaborate ones, which is 

particularly needed for the submodels used in probabilistic systems analysis 
models;

-  Implementation of software quality assurance procedures, such as standar
dized and structured programming and standardized testing procedures.

The validation of models is made by comparing predictions with direct or 
indirect observations of natural phenomena. Thus, it will be necessary to include, 
for instance, research on basic phenomena in geochemistry, field observations of 
geohydrology, in situ migration experiments and studies of natural analogues 
and laboratory experiments. Activities in all of these and similar areas are part of 
the continued SKB R&D programme. The use of natural analogues for validation 
and confidence enhancing purposes in the waste disposal field is given special 
attention [8, 9].

The study of groundwater flow in fractured rock is another area that is given 
high priority. The effects of channelling, the validity of homogeneous medium 
approximations on different scales, and the use of geostatistics and stochastic 
hydromodelling are being studied with the purpose of developing a realistic model 
representing the movement of groundwater in deep rock.

The NUCDIF and TRUCHN transport models used in the KBS-3 study were 
included in the verification and validation study recently concluded in the 
INTRACOIN project [10] initiated and managed by the Swedish Nuclear Power 
Inspectorate. A general conclusion from the verification exercise appears to be 
that no programming errors seem to have occurred. Larger differences between 
results emanate from misunderstandings as to what input data should be used and 
from more general shortcomings of the various codes. NUCDIF and TRUCHN 
seem to have performed fairly well.

In the present HYDROCOIN project valuable results have already been 
obtained for a number of flow problems. The HYPAC/GWHRT code package 
developed within the SKB programme is one of the pieces of software used. 
HYPAC/GWHRT is also used in the validation study in connection with the 
Underground Research Laboratory drawdown experiment at Lac du Bonnet, 
Canada.

It is unlikely that the simplified models used in PROPER can be validated 
directly. They will have to be calibrated against scientific models and assessment 
models which have been validated, verified and calibrated. The SKB also takes 
part in the work conducted by the Users’ Group for Probabilistic Systems Analysis 
Codes of the Nuclear Energy Agency of the OECD. In this work a level 0 code 
intercomparison is planned primarily to test the executive programs of the 
participants’ computer programs.

A programming standard has been developed for PROPER to facilitate 
the documentation and maintenance of the code. The standard defines a subset
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of Fortran77 and includes recommendations for structured top-down programming. 
Production of further manuals on testing procedures, documentation, change 
control, etc., is under way.

The development of regulations and acceptance criteria for radioactive waste 
disposal in Sweden is the responsibility of the authorities. The final choice and 
optimization of disposal concepts will have to take full account of the criteria 
still under development. The SKB intends to continue supporting the international 
harmonization of methods, codes and praxis in performance evaluation of reposi
tories for radioactive waste.
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DISCUSSION

(Summary of discussion held on the papers in Session IV)

In a discussion of Paper IAEA-SJVI-289/25 regarding the dropping of a fuel 
bundle container into the access shaft, it was mentioned that the hoisting equip
ment is of conventional design, with a duplicated braking system having different 
power sources. The cable is stranded and has a high degree of redundancy. The 
cage can be accurately positioned, and lined induction coils fitted around the cable 
headframe provide additional verification of integrity along the length of the cable. 
On the basis of the general industry statistic for drops per lift from a crane, and 
taking into consideration the special design features of the system, it is indicated 
that the probability of dropping the container into the access shaft would be 
lower than 10-2 event/year; most likely it would be in the 10-3 — 10—4 range.

In response to a question on Paper IAEA-SM-289/28 on the criteria used to 
select an annual probability of occurrence of 10"5 per year as an acceptable 
individual health risk, it was explained that while note has been taken of the 
individual health risk limits proposed by the International Commission on 
Radiological Protection and by an expert group of the Nuclear Energy Agency 
of the OECD, the authorities in Finland have yet to establish the criteria to be 
applied. In this situation, only the individual health risk value of 10-s per year 
as an upper boundary for an acceptability limit has been used pending final 
decisions by the Finnish authorities, who may very well decide on a lower figure.
It was further clarified that the well scenario includes only drinking water as it was 
found in earlier studies to be dominant. The use of water for irrigation is taken 
into account as a pathway in a lake environment. The dominant nuclide in the 
basic scenario is 226Ra; the contribution of the second nuclide, 129I, is significantly 
lower. In the worst disruptive event scenario due to large post-glacial block move
ment in the bedrock, the most important nuclides are 237Np and 135Cs.
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PERFORMANCE AND SAFETY ASSESSMENTS AND 
THEIR INTERACTIONS WITH FIELD INVESTIGATIONS 

OF DEEP GEOLOGICAL REPOSITORIES
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1. HOW DO SITE SELECTION AND INVESTIGATION HELP IN
DEFINING NUCLIDE RELEASE SCENARIOS?

Introducing this question, Mr. Bonne considered that the selection of a site 
meant an important change in safety assessment from generic towards site 
specific and formation specific research. In a generic approach the assessors were 
confronted with a frustrating wealth of possible scenarios, options and para
meters from which to choose, whereas in a specific approach they had to determine 
whether a particular solution would satisfy the requirements. In generic safety 
and performance assessment approaches there was a trend to develop more and 
more sophisticated and comprehensive tools for the selection of potential release 
scenarios and for modelling with a view to assessing the consequences of all 
possible release situations.

A site specific approach was normally supported by an intensive site 
investigation programme. Such a programme had to provide local and regional 
data for the detailed engineering of the repository and data for the safety and 
performance assessments of the disposal concept for the particular site. In site 
specific approaches there was a trend towards simplification. For instance, 
it could be proven in some cases that one-dimensional modelling provided as 
reliable results as a three-dimensional model. Moreover, the repository concept 
could be defined with a higher degree of realism. For each component, realistic 
dimensions and characteristics could be proposed, its function determined in 
detail and its performance requirements formulated. The long term evolution of 
the site and the potentials of possible disruptive phenomena to cause a release of
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radionuclides might also be defined with a higher degree of confidence; precise 
boundary conditions could be defined for such release scenarios and the range of 
uncertainty about the parameters narrowed.

Another important aspect was that in the site selection process appropriate 
factors were used to choose a site with a configuration and location such that 
release of radionuclides was almost completely excluded. As a consequence, 
disruptive release scenarios would have extremely low probabilities of occurrence. 
Safety assessments of properly selected sites would thus be confronted with the 
problem that only unlikely events remained to be assessed. Among these were 
the high consequence, low probability scenarios, a characteristic of which was 
that in many cases there was great uncertainty about the ‘script’ of the scenario 
and about the parameters to be used. For a repository at a specific site, the 
normal evolution scenario could be documented with a high degree of confidence. 
However, in such an apparently deterministic scenario, substantial uncertainties 
about some parameters would remain which could not be resolved or treated in a 
deterministic manner.

Mr. Bonne then spoke about the scale of site investigation. The first scale 
of investigation was that of the repository and its immediate surroundings, the aim 
being to confirm and specify the postulated and required site characteristics. At 
this scale, data were collected which allowed a precise repository design to be 
drawn, the near field effects and the phenomena in a normal evolution scenario 
to be identified, and the release mechanisms of the radionuclides within the near 
field to be modelled appropriately.

The regional scale investigation helped to define the boundaries of the 
repository and allowed the overall evolutionary trend of the area and the site 
to be identified. The relevance of disruptive events could be assessed reasonably 
only if these were evaluated on a regional scale, allowing parameters to be 
sampled over a sufficiently large volume or surface area.

Many techniques had already been proposed and used for identification and 
selection of release scenarios, such as fault tree analysis, event tree analysis, 
check-listing and Monte Carlo techniques. But whatever technique was used, 
the assessors had to provide the data. In generic approaches, the assessors tended, 
for the sake of conservatism, to sample systematically the parameters they needed 
in the areas or geological time spans in which the scenarios that they were 
assessing were dominant or very pronounced. There was also a tendency to take 
into account a large range of uncertainty. As a result, the assessors identified 
a large number of release scenarios. When these approaches were applied at the 
site or regional scale, more realistic and representative data were produced which 
could be used for selecting a smaller number of scenarios.

In response to a comment from one speaker that the result of a site selection 
should depend to a large extent on a general kind of generic scenario analysis,
Mr. Bonne agreed that there was continuous mutual interaction between site 
selection and performance analysis scenarios.
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2. HOW CAN SAFETY ASSESSMENT BE USED FOR DEFINING SITE
INVESTIGATION PROGRAMMES?

Mr. McCombie used examples from Swiss geological field-work to illustrate 
this theme. In the case of one potential repository site for intermediate level 
waste, the first hydrological analysis showed that the consequences of the 
groundwater release scenarios depended directly on the properties of the unknown 
formation underlying the marl host rock. It was currently proposed to take the 
simplest option of drilling a vertical borehole to obtain the first information. In 
another case involving crystalline rock, preliminary analyses showed that the 
critical factor determining possible release rates was not the petrographic composi
tion of the rock but more probably the diffusivity in the pore water of the rock 
near flowing water systems.

Although the important parameters could be identified by doing assessments, 
it was not so easy to determine the accuracy with which these parameters should 
be measured. This could be investigated using models in a variation mode, e.g. 
simple parameter variation or more systematic variation. Mr. McCombie stressed 
that, because field programmes were lengthy and ‘time is money’, it was 
important for the assessor to tell those working in the field not just what 
to measure but also how accurately to measure. For example, in the Swiss 
programme it was decided to sample water in deep boreholes during the drilling 
phase to minimize disturbance of the hydrochemistry, but this proved expensive 
because of the overhead costs (in particular, those of the drilling crew and 
team of scientists standing by). Optimization of cost and benefit was thus clearly 
needed even at the level of individual field tests.

Mr. McCombie went on to consider cost-benefit optimization of a total 
repository development programme, and in particular the number of sites to be 
selected for study. The general picture gained from the programmes described 
at the Symposium was that initially 10-15 sites would be identified; these 
would be reduced to 4 or 5 and then 2 or 3; such numbers might be difficult to 
justify, since two sites in general cost twice as much as one. An economic and 
technically justifiable strategy would be to investigate one site after another, 
judging the acceptability or unacceptability of each in turn. However, this often 
could not be done because of time constraints. In Switzerland, for example, 
three sites were chosen as a compromise between doing enough work to make 
sure that at least one of the sites would be finally accepted and not doing too much 
unnecessary work. There might be other reasons for choosing to characterize 
several sites, such as political reasons. Mr. McCombie cautioned that if sites were 
chosen for reasons that were not technical, or safety related, one should not 
thereafter look among them for a ‘best’ or ‘safest’ site. The objective was to look 
for acceptable sites with demonstrable safety. In this search, assessment models 
should be used to help optimize individual tests, site programmes and total 
repository programmes.
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Mr. McCombie expressed the view that performance assessment was essential 
for specification and quantitative definition of the requirements of a site 
investigation programme; indeed, it was the only justification for most site 
studies. At the same time, it had to be realized that performance assessment was 
not a high resolution tool. The most likely conclusion from the analysis of many 
sites would be that there were acceptable ones, unacceptable ones, and borderline 
cases that one was compelled to judge as unacceptable. Most probably the 
resolution of this tool was such that the overlap between the sites would far 
outweigh any absolute differences in safety.

A speaker commented that as yet no agreed level of safety had been defined 
that could be considered adequate for all practical purposes. Mr. McCombie 
replied that the regulatory bodies in different countries had defined safety goals 
in terms of doses or risks.. The current trend was to make a risk-type assessment, 
and unity was being achieved in terms of the definition of acceptable risk levels. 
However, it would be difficult to compare predicted levels of safety with some 
defined threshold risk level because of sometimes huge uncertainties in the 
predictions. In quantifying system performance, there would still be a large range 
of possible values, but this range should be smaller than its distance from the 
defined acceptable level.

The meaning of ‘risk’ was discussed. Mr. de Marsily defined risk in waste 
disposal as being not only the consequence of a harmful event but also the 
probability of its occurrence. Mr. Chapman said that the consequence was 
measured in terms of the medical effects on an individual, which was usually taken 
as being one death by cancer; the relevant authority then set a risk limit, such as 
one in a million.

A speaker commented that possibly waste disposal concepts had evolved 
to the point where more and more was being learned about what was less and less 
significant. Mr. McCombie replied that as a result of many studies it was now 
agreed that safe waste disposal was feasible; some processes were now known to be 
unimportant, while others were important but still not sufficiently understood in 
some respects. The spectrum of issues to be examined was much narrower then 
ten years ago, and a better idea had been gained of which issues were important.

3. CAN FIELD INVESTIGATION PROGRAMMES REALLY 
BE OPTIMIZED?

Speaking on this topic, Mr. Gera considered that ‘optimization’ of a field 
investigation programme could be defined as a formalized procedure for addressing 
all pertinent issues and obtaining all data required for the performance assessment 
of a repository in the most cost effective manner. He doubted whether optimization 
was possible and gave his reasons.
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Realistic release scenarios or, more generally, performance assessments for 
radioactive waste disposal systems were dependent on the nature of the host rock, 
the repository design, the waste emplacement concept, the engineered barriers, 
general geological conditions at the site and the imagination of whoever carried out 
the assessment. Field data of the most variable nature might be necessary to assess 
the performance of different disposal systems. Consequently the field investigations 
required to obtain them could be equally variable.

Performance assessments based on undefined or poorly defined repository 
designs with generic geological conditions could be useful in demonstrating 
assessment procedures but could not be used to demonstrate the safety of 
disposal. Any attempt to define an optimum field investigation programme 
without a specific site was an exercise in futility.

Generic field investigations were necessary, on the other hand, to improve 
knowledge, to widen the database and to assess the potential importance of 
specific phenomena. For example, assessment of the importance of erosion might 
require field studies to determine potential rates in different materials and 
environments, and to identify the relative significance of modifying factors 
such as climate and human action.

A second example was the response of the proposed host rock to faulting, 
which was of importance in the Italian programme for assessing the feasibility of 
disposal in argillaceous formations. Italian clays were characterized by extremely 
variable properties. Field investigations had revealed that clays were always 
intersected by discontinuities; most of them were latent fissures or joints, but 
true faults existed as well. Generally, the discontinuities were closed and had a 
negligible effect on the permeability of the formation. In some cases, however, 
the discontinuities transmitted water and the clay formation could not be 
considered impermeable.

To find which factors determined the different hydraulic properties of 
discontinuities in different clay formations was a typical problem that required 
a broad understanding of the behaviour of a complex class of materials with 
differences in composition, geological history, stress field, etc. Only a large 
number of field observations could provide the database required to understand 
the processes at play. This understanding was a prerequisite for modelling and 
predicting the behaviour of materials at specific sites.

This kind of study could be classified as research, and it was therefore 
difficult to imagine that the cost or the time of completion could be defined 
in advance with any degree of confidence. Such generic field studies to improve 
knowledge of particular processes could not be optimized.

Mr. Gera then considered the entirely different situation of a specific site.
He felt that at the present time, when site specific investigations and performance 
assessments were relatively new activities, it was too early to consider optimization. 
Too many considerations resulting from politics, public relations requirements 
and subjective perceptions of the importance of scenarios that were impossible 
to quantify could interfere with the optimization process.
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On the other hand, a more positive view could be taken of sensitivity 
analysis, a procedure by which common sense could be introduced into assess
ment. This technique should be able to shift the emphasis of field investigations 
away from processes that had no influence on the results of performance assess
ments. However, there were cases where studies had been directed towards 
investigating irrelevant processes simply because public opinion demanded it 
or because opponents perceived them as important. The studies had been carried 
out despite the results of sensitivity analyses, thus negating the very concept of 
optimization.

Since optimization of programmes was a highly rational undertaking, 
it could hardly be imagined to succeed in a field such as radioactive waste disposal, 
where decision makers did not always understand the issues or pretended not 
to understand them, or worried too much about the irrational fears of the public.

In an ideal world the optimization process could be imagined as an iterative 
procedure. The first series of field investigations would provide preliminary data 
to be used for a first performance assessment. Results of the assessment, sensitivity 
analyses of the results, and any unexpected features revealed by the field 
investigations would be used to define a second phase of field investigations. A 
third phase and then possibly a fourth would be conceivable, depending on the 
outcomes of the previous analyses and on the degree of confidence that the 
decision makers required. Mr. Gera commented that the whole process was highly 
speculative. An important question was when the cost of the investigations, 
obviously an important aspect, would become capable of shaping the programme. 
Field investigation programmes had so far been designed around the availability 
of money.

A speaker commented that the retrievability of waste was a condition 
imposed in some countries, while others did not want this option. Mr. Gera felt 
that retrievability had been imposed as a requirement in some countries out of 
public relations considerations more than out of technical considerations.
To include retrievability in the waste isolation system would entail leaving open 
pathways between the waste and the biosphere, which would weaken the disposal 
concept and increase the short term risk of disposal. He did not therefore 
believe that retrievability was a sensible requirement.

4. REPRESENTATIVENESS OF DATA

Mr. de Marsily referred to the geostatistical approach for investigating 
whether there was a horizontal or vertical correlation between measurements of 
a parameter at different locations, and mentioned that variograms had been 
collected for a long time for various geological materials. Because formations 
could show very different correlation structures, the representativeness of data 
could be a criterion for selection of a formation or a site.
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In sedimentary layers the correlation structure was generally very good in 
the horizontal direction, and in some circumstances it was possible to predict 
parameter values kilometres away from the points of measurement in the 
horizontal direction. However, this was probably not possible in the vertical 
direction. For alluvial deposits where erosional or depositional processes had 
shaped lenses of gravel and sand, the correlation length was very short — no more 
than a few tens or hundreds of metres. Mr. de Marsily noted that correlation 
length was basically a function of the depositional process that created the 
formation, and therefore this could be extrapolated, though with some uncertainty, 
from one measured area to another where it was desired to locate a geological 
repository.

Fractures, however, were the main difficulty because correlation could not 
help to predict their locations. Though major faults had to be investigated using 
geophysical techniques, for example, geostatistics could be used when fractures 
were smaller and more numerous. A number of results had been obtained, for 
example in the Fanay granite in France, by studying the density of these fractures.

On the subject of the temporal representativeness of data, Mr. de Marsily saw 
three reasons why current data might be invalid for predicting conditions in the 
long term. The first reason was that the system might vary naturally owing to 
climatic changes or glaciation, for instance. In France, a code was being developed 
to predict the possible influences of such natural mechanisms on the permeability, 
the sealing and opening of fractures, etc., of a geological medium over time. A 
second cause of system variability would be the waste itself, which could have 
thermal, chemical and mechanical influences on the geological formation. There 
was currently much interest in ‘coupled processes’. For instance, thermal output 
could modify the kinetics of chemical reactions. The third factor which could 
make data unrepresentative of future conditions was human activity, not only in 
direct connection with the waste but also action indirectly affecting the efficiency 
of the barriers. Mr. de Marsily considered that the study of scenarios should take 
account of this activity.

Many assessments of the consequence to man of the geological disposal of 
waste used the well scenario. Mr. de Marsily observed that these studies assumed 
dilution factors that differed by three, four or five orders of magnitude between 
different analyses. He urged that work be done to obtain dilution factors that 
were, if not measured, at least coherent between the various assessments.

5. RADIONUCLIDE TRANSPORT MODELS AND THEIR VALIDATION

Mr. Neretnieks described the various processes that typically contributed 
to radionuclide transport from a repository in a fractured rock mass, such as 
granite or gneiss. Most of the fractures were closed; the few that transported 
water did so in distinct channels and not all along the fracture. Of importance



692 PANEL

were not only the minor fractures in the ‘good rock’ but also the small fracture 
zones which had higher conductivities.

The radionuclide transport rate and the rate of release to the water were 
determined not only by the water flow rate but also to a very large extent by the 
interaction of the radionuclides with the rock. The interaction would depend on 
how much rock surface was encountered by the water and radionuclides, and on 
the kinds of chemical reaction, such as sorption, ion exchange and precipitation.
It would further be strongly influenced by how much micropore surface within 
the rock blocks could be reached by the radionuclides. By diffusion in the 
connective pore system of the matrix, the radionuclides migrated far into the 
matrix and were retarded by sorption on the inner surfaces.

All these mechanisms had been modelled, but not in a single model, and 
Mr. Neretnieks illustrated some time and length scales to be considered in 
modelling. In modelling of advective transport, the length scales usually considered 
were from hundreds of metres to ten thousand metres or more, and the time- 
scales from hundreds of years to well in excess of ten thousand years. Dispersion 
and channelling were characterized by the same scales.

Matrix diffusion was characterized by a quite different length scale. The 
distances that the strongly sorbing nuclides penetrated by diffusion into the rock 
during the long times that they might be in contact would often be no more than 
a few tens of centimetres. The more weakly sorbing nuclides might penetrate up 
to tens of metres. The time-scale was determined not only by the water transport 
time but also by the longer transport time of the retarded radionuclides. Times 
well in excess of a million years had to be considered.

For sorption on mineral surfaces an appropriate length scale was of the order 
of a micrometre, and up to a millimetre in the case of porous crystals. Sorption 
rates were usually very fast, so time-scales were a fraction of a year or less. An 
added complication was that the system was not static. The pathways would 
change with time, partly because of movement of the geological system and partly 
because of precipitation and dissolution processes; they would also be influenced 
by changes of chemistry, for example during an ice age or during changes in 
growth in the topsoil. Typical time-scales for these processes were from 
ten thousand years up to many millions of years.

Current transport models included at most three of the relevant mechanisms 
but there was no single model available, and there would probably not be such 
a model for another five years, which included in a sensible way all the mechanisms 
at the same time. Especially difficult was the detailed description of the fracture 
geometry. Statistical models were being developed to circumvent this problem.

Mr Neretnieks then discussed the need for proper measurements if a 
comprehensive model were available for validation. In the case of radionuclide 
transport it was important not only to study average water velocities and transport 
rates, but also to locate fast transport channels. Observations indicated that 
fractures had closed parts where the rock surfaces were in contact with each
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other, with lakes or rivers in between where the water flowed. Exploration 
methods were required which would permit such information to be obtained.

Most present day exploration methods used boreholes, but boreholes would 
seldom intersect narrow channels. For example, in a borehole which intersected 
five fracture planes, if the channels in the planes constituted 20% of the surface, 
80% being closed, then the hole would probably intersect four fractures which 
were closed and one which was ‘open’. This situation would be difficult to 
distinguish from one where there were no channels but where every fifth fracture 
was fully open and the other channels were fully closed. The flow networks 
would be entirely different, however, in the two cases, with consequences for 
nuclide transport which could not at present be appreciated. Mr. Neretnieks felt 
that current techniques were not suitable for providing the required information, 
and that other methods should be devised to explore channelling.

To ensure that all the important processes were understood and that no 
major processes were omitted many experiments would be required, illustrating 
different mechanisms and different spatial and temporal scales. The time-scales 
presented a special difficulty because the longest conceivable experiment that 
could be carried through was probably of the order of the lifetime of a PhD 
student, whereas the processes to be described had time-scales of tens of thousand 
of years.

In reply to a question on the contribution of geochemistry to the under
standing of nuclide transport, Mr. Neretnieks said that he considered it to be of 
prime importance. For example, actinide solubility and sorption were strongly 
influenced by pH and also by Eh. In the case of Eh values, a water containing 
some oxygen would have a certain solubility limit for uranium and some actinides. 
If the oxygen disappeared and the water became reducing, the solubility would 
drop by up to five orders of magnitude, making the amounts which could dissolve 
so low that the water itself might be considered one of the major barriers. Why 
waters were oxidizing or reducing was to be answered by geochemistry.

A speaker mentioned the difficulty of site specific model validation, and 
cited as an example extrapolation from small scale experiments in low permeability 
rocks or large scale experiments in high permeability rocks to large distances in 
low permeability rocks, with dispersion as a typical parameter. Mr. Neretnieks 
said that because of the spatial and temporal scales involved, it was not possible 
to devise man-made experiments which covered distances of more than about 
a hundred metres in low permeability rock, whereas predictions had to be made 
over thousands of metres. The only reliable approach was to have a conceptual 
model that correctly described the processes involved. Mr. Brewitz mentioned 
that little was known with respect to long term experiments on radionuclide 
migration, and suggested that this be followed up in the various national 
investigation programmes.

Mr. Chapman said that it was possible to find analogues for dispersion; 
for example, a point source of release at a geochemical discontinuity of some
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natural decay series radionuclides. Programmes of this type were under way 
to study dispersion over long periods in sedimentary and crystalline rocks. It was 
necessary to be confident of one’s understanding of the boundaries of the system, 
the time for which the hydraulic conditions had been operating that were being 
taken into account in the model, and so on. It was then possible to use an 
analogue for that purpose. However, it would not be possible to find an analogue 
for every process which presented a problem.

6. IS THERE A NEED FOR LARGE SCALE AND LONG TERM
VALIDATION EXPERIMENTS?

Mr. Brewitz said that large scale experiments were mainly required for the 
determination of parameters and the investigation of processes relating to inter
actions between the waste or repository, the engineered barriers and the host rock 
and to physical and chemical changes within the geological barrier. One had first 
to be sure that-the defined objectives of such experiments could be achieved with 
reasonable effort and within an adequate time. It was most important to clarify 
the following: the expected accuracy of the methods and data; the likely effects 
of the data to be determined on the results of a detailed safety analysis; and the 
transferability of data for assessment of the long term safety of the repository.

Large scale experiments were feasible under different technical conditions, 
for example underground or in boreholes drilled from the surface. Their appli
cation was highly recommended in cases where, owing to the complexity, 
separate investigations would not produce the required data and/or individual 
measurements would not be suitable for extrapolation. Conclusions from 
analogues and/or time accelerated laboratory experiments were only of limited 
value to the reliable assessment of long term effects resulting from waste disposal. 
Even if such data had been used for the numerical modelling of these effects and 
for a conservative safety analysis, there was still a strong need for verification of 
the database and validation of the long term safety assessment by large scale 
experiments.

On the question of how long the experiments had to be performed,
Mr. Brewitz commented that the longer the tests were run the more established 
the results would be, thus meeting best the principal purpose of all validation 
experiments. But for a great number of tests there was a time limit after which 
additional results would not lead to new basic findings. At this time the test 
should be concluded and the measured data extrapolated. On the other hand, 
there were some tests for investigating very slow processes in the geosphere for 
which this time limit lay very far in the future or the possibility of sudden dis
ruptive events strongly reduced the chance of a reliable forecast. Neither in these 
cases could an extension of the experiments for an indefinite period be afforded. 
Since the concept accepted worldwide was to design and construct repositories
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in deep geological formations in such a way that post-operational surveillance 
would be unnecessary, such investigations should end with shutdown of the disposal 
site at the latest.

Referring to the more regulatory aspects, Mr. Brewitz remarked that the 
decision on such a procedure depended entirely on the licensing authority.
Should all validation experiments be finished strictly before licensing? From the 
scientific point of view the use of conservative but realistic parameters for the 
safety assessment should be sufficient for licensing. If some parameters required 
additional validation by large scale and long term experiments, this could be done, 
in his opinion, as part of the conditions under which a licence was granted. 
According to recommendations of the International Atomic Energy Agency, 
the monitoring of those site conditions and parameters on which the isolating 
function of the repository depended might be important. The monitoring data 
would essentially contribute to predictive capability regarding future performance, 
and consequently to the assessment and confirmation of long term safety.

Mr. Brewitz mentioned that in the Federal Republic of Germany safety 
criteria for the final disposal of radioactive waste in underground mines were 
formulated by the Minister of the Interior and published in the Government 
Gazette (Bundesanzeiger) in 1983. Under paragraph 7.4 it was stated that beside 
radiological surveillance other types of surveillance would be required in the 
operational stage. Such a surveillance programme would be good for verifying 
important parameters which were used for the safety assessment on the basis of 
which the repository licence was granted.

In view of both the IAEA recommendations and the safety criteria formulated 
by the Government of the Federal Republic of Germany, Mr. Brewitz considered 
that there was a definite need for validation experiments. However, the type, 
extension and duration of such experiments depended very much on the site 
specific situation and on the type of repository. Therefore, only general . 
recommendations could be given.

7. MODEL VALIDATION AND THE USE OF NATURAL ANALOGUES

Mr. Chapman observed that natural analogues were normally used as a last 
resort for validating models of repository performance, when no suitable 
experiment could be found. Because such models were partly based on laboratory 
experimental data extrapolated to predict radionuclide release rates as far into 
the future as 106-107 8 years or more, there was clearly a problem of producing a 
reliable validation of these models. He wished to add a note of caution because 
analogues had been misused in the past, and to explain how they could be applied 
sensibly. It was important to realize that no natural analogue existed that 
was equivalent to a complete repository system. It was also difficult to validate a 
complete model, such as SWIFT, SYVAC or BIOPATH, by applying an
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analogue, which was usually very complex. In fact, natural analogues could only 
be used to validate quantitatively parts of models or codes, or to demonstrate an 
understanding of the concepts and processes involved in the construction of those 
models or codes.

Mr. Chapman defined a natural analogue as an occurrence of materials and/or 
processes which are analogous to those expected to be found in a waste isolation 
system or repository. There were two kinds of model to which analogues could be 
applied: research models and assessment models. Research models were usually 
rather technical and went into considerable detail; they were used to guide 
research and to develop and test concepts, and often applied only to one very 
specific process; in general, they increased the understanding of various processes 
and mechanisms, and often formed components of assessment models. In contrast, 
an assessment model would probably not go into the same level of detail. It would 
set bounds on the individual models or codes that it incorporated, and would link 
these submodels together to produce an answer; for example, a probabilistic 
model would produce a final result in terms of dose or risk, which could then 
be used for safety analysis.

With respect to the application of analogues to the two types of model 
Mr. Chapman mentioned four potential uses. The first application was as natural 
experiments replicating a process or a group of processes that were being modelled. 
This was probably the most quantitative application, and it allowed reliable 
constraints to be placed on, for example, extrapolations of laboratory experiments 
to larger time or space scales -  obviously an approach for research models. The 
second application was for determining the bounds of specific parameter values.
This was probably most useful at the stage where a modeller needed limiting values 
on a particular parameter, but these could be obtained from many geological 
systems. The origins of the data were not particularly important, and did not have 
to be linked to the process being modelled; an example might be thermodynamic 
or kinetic data. The third application of analogues was as very simple signposts 
indicating that a phenomenon could occur in the system being modelled by 
reference to a parallel natural system. This qualitative application gave a yes/no 
answer or indicated the direction in which a long term process was evolving.
It would be the very first means of application to use to find the effect of a 
process on a whole system. The final application was the use of analogues in an 
empirical sense to integrate the results of many processes at one site over long periods. 
Not all of the processes involved, or the way in which they were linked, might 
be evident. Only the end result was important in this case, and in this sense the 
fourth application was of most direct use to a safety assessment. An example 
would be the (non-quantitative) determination of whether there was any 
surface radiological manifestation of a deeply buried uranium ore body. The 
majority of analogues were really of best use in helping to cross-check research 
models.
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Mr. Chapman described some natural analogues that were used in the ways 
mentioned above. One example was of archaeological studies of cements, in 
which the long term stability of concrete or the porewater chemistry of cements 
over very long periods was examined by using ancient concretes. Stability and pH 
development were very important for assessing a repository in a cement matrix, 
and resorting to analogues was the only direct way of obtaining quantitative data.

High pH springs were another analogue being used to assess the tolerance of 
microbes which may live in the near field of a waste repository to high pH 
environments, such as those generated by cement, and to study the spéciation 
of various elements in solution in groundwater, as a direct analogue of cement 
pore waters.

A third example was long term diffusion processes in clays across geo
chemical discontinuities; these might be very small scale analogues involving a 
few metres of clay, in which diffusion had occurred over thousand of years, or 
they might be very large scale analogues, concerned with the development of pore- 
water chemistry in thick clay sequences over very long periods.

All of the analogues described were notable for their specificity; they 
corresponded to very detailed parts of a model where the modeller had identified 
a need for good validation data. They were not analogues in search of an 
application, and Mr. Chapman emphasized that the exact modelling requirements 
should be defined before an analogue was sought.

A speaker mentioned that, although nuclide migration calculations might 
show that nuclides from a repository would only enter the biosphere after several 
million years, it was not really possible to predict with credibility the state of the 
geological environment so far in the future. Mr. Chapman commented that future 
human activities, such as those related to diet, were extremely difficult to predict, 
and it was ridiculous to expect to be able to predict flow conditions, as a 
determinant of nuclide transport, 106 or even 1010 years ahead. He suggested 
that climatic predictions be used because climate would have a considerable 
influence both on the hydrogeological regime and on the way people lived.
Ten thousand years from now, roughly the time of the next ice age, seemed a 
useful cut-off for the predictions.

Mr. Gera observed that, apart from problems in placing a level of confidence 
on such long term predictions, this was really a question of perspective. The risk 
to the environment of future populations from radioactive waste in the earth’s 
crust would decrease with time owing to decay, and could be compared with, for 
example, the risk from the uranium ore that was mined to produce the fuel that 
gave rise to the waste. Over the very long term, perspectives of this nature would 
be the most reassuring and the most convincing.

In concluding the discussion, Mr. Thomas, on behalf of the Agency, thanked 
the panel members and chairman for their valuable contributions. The presenta
tions and discussions had helped greatly in clarifying the scientific understanding 
of the subject of the panel, which was of major importance in the practical 
implementation of waste disposal projects in the Agency’s Member States.
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Mr. Chairman, distinguished panel, ladies and gentlemen: I am very pleased 
to have the honour of providing an overview of this Symposium. We have come 
to the close of this important event. The week has been most productive and the 
range of topics covered has certainly been impressive. I also believe our hosts from 
the Federal Republic of Germany have contributed to the success of the meeting 
both by making their sites available for inspection and by providing evening 
opportunities for further discussion. And finally, of course, a large measure of 
thanks must go to the International Atomic Energy Agency, the Scientific Secretary 
and the IAEA staff for the outstanding arrangements and support.

In his welcoming address, Dr. Lehr of the Federal Ministry for Research and 
Technology stated that he would welcome it if the results of this Symposium 
would reach those who are politically responsible with the answers to the questions 
regarding the safety of operation of radioactive waste disposal facilities. In 
addition, in his keynote address Dr. Kühn posed the question, “Are we ready to 
construct and operate an underground repository?” I propose to attempt to 
address these questions, using as a basis a review of the excellent papers we have 
heard this week. Let us look first at those facilities that are or have been in 
operation.

On Wednesday, we had the opportunity to visit the Asse mine, which has 
been operated in the Federal Republic of Germany as a low level waste disposal 
site for more than ten years. The German Democratic Republic has operated its 
site for low level and intermediate level wastes since 1979 and there are three low 
level waste burial sites in operation in the United States of America. In France, 
the La Manche site for the disposal of low and intermediate level wastes has been 
operated successfully for over ten years. It is expected that this site will be filled 
by 1990 and plans are well advanced towards opening a second site in France.

But now let us look at what is being done to press forward towards an 
operating repository. The disposal of radioactive wastes requires that many 
preparatory steps be taken. My presentation will discuss where we stand with 
respect to each of these preparatory steps; specifically, are the organizations and 
authorities in place with clear responsibility, are the goals and criteria defined, 
have we achieved site selection, what are the technological alternatives being 
considered, and where do we stand on safety assessment and licensing?
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RESPONSIBILITY

In terms of responsibility, many of the countries participating in this 
Symposium are moving ahead with a well planned disposal programme. Because 
of the long term nature of the hazard associated with radioactive waste, each of 
these programmes has significant governmental involvement. Several countries 
have explicitly allocated responsibility between the government and the waste 
generators.

For example, in the Federal Republic of Germany, the development and 
operation of disposal facilities are ultimately the responsibility of the Federal 
Government. Similarly in the USA, responsibility for the disposal of high level 
waste and spent fuel has been assigned to the Federal Government. Both these 
countries have made provision, however, that the cost of disposal shall be borne 
by the waste generator. That is, the small incremental cost of disposal is added to 
the cost to the user of electricity which has been generated by nuclear power.

In several other countries, such as Canada, Switzerland, the German Democratic 
Republic, Finland, the United Kingdom and Sweden, radioactive waste disposal is 
the responsibility of the nuclear utilities. However, in each case, proposed disposal 
facilities must be reviewed and approved, or licensed, by the government authorities.

In other countries, the government has taken responsibility for all disposal 
activities. In any event, from what I’ve heard this week responsibility has been 
clearly assigned and accepted.

GOALS AND CRITERIA

In many of the countries represented here this week, law has specified 
dates by which disposal operations must begin. Some of these countries, such 
as Switzerland, Finland and the USA, have specified steps to be taken in 
achieving those goals.

The IAEA has issued several guides for the disposal of radioactive wastes. 
These guides have been the basis for criteria development in numerous countries.

Many of the countries represented here have referred to siting guidelines 
being used for site selection and limits on radionuclide releases or exposures 
acceptable from radioactive waste repositories. In several countries, criteria are 
still under development. The USA has yet to establish the method of disposal 
required for intermediate level waste. Sweden has regulations and acceptance 
criteria for waste disposal under development. Yugoslavia is studying issues 
related to regulatory requirements.

So, while much work has been done in establishing goals and criteria, more is 
needed, especially in the area of regulatory requirements. These requirements will be 
an important factor in .the development of repository designs and thus must be 
pursued vigorously.
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SITE SELECTION

All of the countries for which papers were presented this week have extensive 
site screening efforts under way. Some have advanced to the detailed 
characterization of sites intended for the construction of repositories.

The majority of these siting efforts have focused on the immediate problem 
of disposal of low level and intermediate level wastes. For example,
Czechoslovakia, India, Belgium and Finland have selected sites for detailed 
characterization at which they intend to construct repositories for disposal of low 
and intermediate level wastes; Yugoslavia and Switzerland have identified several 
sites for further screening; and Canada, the United Kingdom and Japan have 
established which general environments are considered suitable for low and 
intermediate level waste disposal. And so we can see that the siting of low level 
and intermediate level waste disposal sites is well advanced.

Significant progress has also been made in the selection of sites for high level 
waste repositories. Most notably, the Federal Republic of Germany has begun 
sinking shafts for the exploration and characterization of the Gorleben site. The 
USA is about to recommend sites for detailed characterization in which shaft 
sinking is planned to begin in 1987. Finland has selected sites at which preliminary 
field studies will begin in 1986, and Belgium and Argentina have selected their 
sites for waste disposal.

Several of the countries represented here have well advanced programmes for 
the determination of suitable environments for radioactive waste disposal, and 
significant progress has been made in the international community in the determina
tion of the characteristics required for a suitable disposal site.

TECHNOLOGY DEVELOPMENT

We have seen this week a general consensus on the technological feasibility of 
and approach to radioactive waste disposal. We have also seen how this approach 
has been adapted to the special conditions found in several countries.

There is consensus in the community that isolation of wastes will be ensured 
by way of a multibarrier disposal system. And there is broad agreement that 
disposal in underground repositories is the preferred approach. In fact, many of 
the countries presenting papers this week have just recently made this important 
decision. For example, shallow ground disposal of low and intermediate level 
wastes has recently been accepted in Yugoslavia. The United Kingdom has 
developed and assessed design concepts for shallow burial of low and intermediate 
level wastes and has shown that no obstacles exist to this approach. Finland 
completed a study in 1985 to show the feasibility of high level waste disposal in 
the Finnish bedrock.
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There is extensive study around the world on engineered or technological 
barriers to be used in waste repositories. For example, Argentina is studying the 
use of lead in waste canisters. Canada has several barrier evaluations under way; 
specifically, the examination of glass and glass-ceramic waste forms, the 
leachability of used fuel, and various container and backfill materials. India is 
evaluating alternatives for the conditioning of shallow land burial trenches.

SAFETY ASSESSMENT AND LICENSING

Thus far there is little international experience in the licensing of radioactive 
waste repositories. Sweden has licensed its low and intermediate level waste facility 
and the German Democratic Republic its low level waste facility. No application 
has yet been made for a high level waste repository.

In 1985 in the Federal Republic of Germany an application was submitted for 
a licence to construct and operate the Konrad mine as an intermediate level waste 
repository. Yugoslavia is preparing its safety assessment and studying regulatory 
requirements. Argentina has validated its site for high level waste disposal.

An essential element of the licensing of radioactive waste disposal is the 
assessment of the safety of proposed facilities. There has been extensive work in 
this area, as evidenced by the papers presented at this Symposium. However, 
there is still debate on several issues related to safety assessment. For example, 
how far models can be used towards proving safety, and the application of 
probabilistic risk assessments to safety assessment are two important issues.

There is a great deal of work ahead of us in this area. We must first achieve 
consensus amongst ourselves in the technical community on the appropriate 
approaches to safety assessment and its role in the licensing of repositories. Once 
the technical community agrees we are still faced with the task of assuring the 
members of the public communities that safety will indeed be maintained. I 
think you will all agree with me that this is no trivial task.

In closing, I think it is fair to say that the repository programme for each 
country is generally at the correct stage for each country’s needs. Certainly, some 
nations are further along in the process than others. So when Dr. Kühn asks the 
question, “Are we ready? ” , the answer must be yes for each nation, but the 
reason for that answer is different. For some, the answer refers to the progress 
of the technology, for others, to the status of field activities, and for others, to 
actual underground construction and exploration, or perhaps to a combination 
of all three.

I am optimistic. I see strong progress everywhere. And of personal 
importance to me is to be able to describe, to the public in the USA, with whom
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I often meet, this progress of my colleagues. I believe, in the end, this ability 
of all of us to describe the active work in progress and success worldwide on waste 
disposal will serve to generate confidence in the public and the political leaders 
that this technology will be ready to meet each nation’s needs in accordance with 
individual time schedules.
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